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ABSTRACT
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DC/AC converters are power electronic devices which convert direct current (DC) elec-
tricity into alternating current (AC) electricity. They are known as inverters and are commonly
used to connect renewable energy resources to the electricity grid, or to drive motors in electric
transportation applications amongst many other uses. In the race to combat global climate
change and reduce carbon emissions, the prevalence of renewable energy resources and elec-
tric transportation is set to increase, and with it, the need for energy efficient, low cost, and
compact power electronic converters as an enabling technology.

Inverter output needs to be conditioned using passive components as filters since it con-
tains high levels of unwanted harmonic content which leads to undesirable effects in power sys-
tems and electrical machines. Strict industry standards dictate the level of filtering required.
Passive components remain a stumbling block in improving the size, cost, and efficiency of in-
verter systems. It is for this reason that the development of fast and accurate design and model-
ling tools for passive components is needed in order to easily study and optimise their perfor-
mance.

In this thesis, a way of rapidly designing, modelling, and constructing filter inductors for
DC/AC inverters is investigated. A design tool is developed to provide multiple design possibili-
ties by varying geometric parameters. The designs are then analysed using a MATLAB Simulink
inductor model which provides accurate information about the losses in the designed inductors.
Of the hundreds of inductors designed, a few are selected to be constructed in an effort to vali-
date the design tool and simulation model. The construction process highlighted challenges in
prototyping inductors with non-standard geometries. Recommendations are given on how to
improve the design tool, simulation model and construction process going forward.

Keywords: area-product method, core losses, filter inductors, harmonics, inverters
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LIST OF SYMBOLS AND ABBREVIATIONS

f control
ffundamental

fn
fsw

ftri
F

ipp,max

Steinmetz coefficient for frequency
Steinmetz coefficient for flux density
skin depth

magnetic flux linkage

absolute permeability

effective permeability of gapped core
differential permeability

relative permeability

permeability of free space

resistivity of conductor

conductivity of core

magnetic flux

Dowell’s equation factor
cross-sectional area of a surface
cross-sectional area of conductor
area-product

average flux density

magnetic flux density

magnetic flux density vector
maximum flux density

remanent flux density

saturation flux density

excess loss coefficient

excess loss coefficient
lamination thickness

conductor diameter

inner diameter of toroid

outer diameter of toroid
frequency

control signal frequency
fundamental frequency
frequency of nth harmonic
switching frequency

carrier signal frequency
magnetomotive force

fringing factor

AC-to-DC winding resistance ratio
core height

local magnetic field strength
surface magnetic field strength
magnetic field strength vector
coercive field strength

current

AC winding current

DC winding current

inductor current

maximum peak-to-peak ripple current



Pex

Plamination

P
Ptotal
Pwinding

RMS current

current amplitude

current density amplitude

ratio of bare and insulated conductor diameter
fill factor

effective winding window

insulation factor

ratio between core inner and outer diameter
Steinmetz coefficient for hysteresis losses
Steinmetz coefficient for eddy current losses
window utilisation factor

mean magnetic path length

conductor length

air gap length

inductance

required inductance value

leakage inductance

amplitude modulation ratio

harmonic order

number of winding turns

number of winding layers

power density of eddy current losses
power density of excess losses

power density of hysteresis losses
power density for rate-of-change of magnetic field energy
AC winding losses

eddy current losses

core losses

DC winding losses

excess losses

hysteresis losses

resistive losses in lamination

resistive losses in solid core

total losses

winding losses

radial distance from centre of conductor
winding resistance

AC winding resistance

DC winding resistance

load resistance

reluctance of core

reluctance of air gap

reluctance of air gap with fringing effect
total reluctance

open surface

inverter switch

period of waveform

switching period

voltage induced in core

PWM reference signal

inductor voltage

RMS output voltage of nth harmonic
inverter output voltage



Vtri PWM carrier signal

Virms fundamental component of output voltage
Vbe inverter input voltage

W, magnetic energy

W, winding window area

AC alternating current

DC direct current

EDM electric discharge machining
IGBT insulated-gate bipolar transistor
MMF magnetomotive force

PWM pulse-width modulation

RMS root mean square

SPWM sinusoidal pulse-width modulation
THD total harmonic distortion

UPS uninterruptible power supply



1.INTRODUCTION

DC/AC converters are power electronic devices used to convert DC electricity to AC
electricity using semiconductor switches. They are commonly known as inverters. In-
verters are used in a wide variety of applications such as in electric vehicles, to convert
the DC power from the on-board battery to AC power to drive the electric motor, or in
renewable energy applications, such as converting the DC power produced by a solar
panel into AC power to connect to the grid. They are also used in AC/DC/AC systems
used to convert the power produced by wind turbines to grid frequency and in uninter-
ruptible power supplies (UPS), to convert DC power from a battery into AC power in the
event of a loss of supply from the grid. It is estimated that around 70% of electricity

passes through power electronic converters before reaching the end user [1].

In the face of global climate change, and as governments attempt to meet their com-
mitments to reduce carbon emissions, renewable energy solutions and electric trans-
portation will become even more prevalent in the near future. This will lead to the in-
crease in the need for efficient power electronic systems as an enabling technology,
and it is expected that upwards of 80% of electricity will be processed by power elec-

tronics in a sustainable society [2].

With the increase in the prevalence of power electronic converters comes the need to
increase their efficiency and power density whilst reducing their production costs, size
and weight. To this end, much work has been carried out in advancing semiconductor
technology and control strategies for power electronic converters as well as devising
new topologies — the specific arrangement of components in the electrical circuits [3] —
but it is the passive components, especially magnetics, of power electronic systems
which are the main limiting factor in the improvement of power density and efficiency
[4]. The three fundamental passive components are resistors, capacitors, and induc-
tors, of which inductors are electromagnetic components [5]. Passive components con-
tribute considerably to the size and cost of power electronic systems [6], and in some
instances can make up over 50% of the mass and volume of a converter [7], with pas-

sive components weighing hundreds of kilograms in multi-megawatt systems [8].



The output power of an inverter is required to be filtered using passive components in
order to connect to the electricity grid. This is because the output voltage and current of
the inverter are non-sinusoidal due to the switching patterns of the semiconductor
switches in the inverter. Connecting the inverter to the grid without filtering can lead to
power quality issues. Unconditioned inverter output can introduce harmonic currents in-
to the power system leading to the malfunctioning of power system equipment. There
are strict industry standards related to current harmonic-producing devices and their
connection to the grid, specifically IEEE 519-2014 and IEEE 1547-2018. Some com-
mon filters are the L-filter, consisting of one inductor, the LC-filter, consisting of an in-

ductor and capacitor, and the LCL-filter, consisting of two inductors and a capacitor.

One important consideration when designing output filters is the output current ripple —
the difference between instantaneous and fundamental current [9]. Current ripple can
lead to electromagnetic and radio frequency interference, overheating of motor drives,
and other issues [10], [11]. One way to reduce current ripple is to increase the induct-
ance of the filter inductor or to increase the switching frequency of the inverter switches
[12]. Increasing the inductance of the filter inductor will increase its physical size and
increasing the switching frequency will lead to reduced efficiency due to the increase in
switching losses, so there is a trade-off to be made when designing inductors for these
purposes. The inductor has to be sized appropriately to minimise temperature rise

whilst maintaining good efficiency [13].

In general, inductors are made from a conductive material such as copper which has
been wound into a coil. Often this coil is wound around a ferromagnetic core. For the
same value of inductance, the use of a core can greatly reduce the physical volume of
the inductor and reduce winding losses amongst other advantages [14]. The core
makes up the bulk of the weight of a filter inductor, and when building inductors, often
has to be selected from pre-made, standard, off-the-shelf solutions due to the expense
of manufacturing bespoke shapes and sizes. This can restrict innovation in novel core
design and the closest available ready-made option which meets requirements must be
chosen, often being larger than the calculated requirement to ensure the core does not
overheat or saturate [7]. Extensive optimisation efforts are required to achieve compact

designs [15].

Since the desire is to reduce the volume, weight and cost of inductors, new methods
and software tools are needed to optimise the design of magnetic components [16]

along with cost-effective rapid prototyping techniques for testing purposes. The goal of



this thesis is to find a method of quickly designing and producing toroidal filter inductors
for DC/AC inverters. To this end, a procedure for designing toroidal filter inductors us-
ing the area-product method varying geometric parameters is introduced. The perfor-
mance of the designed inductors is then analysed using a MATLAB Simulink inductor
model. Finally, selected cores are chosen to be manufactured using different tech-
nigues and measurements carried out to test the validity of the design method and

Simulink model.

The thesis is outlined as follows: Chapter 2 provides a brief overview of inverters, their
control and related power quality issues as well as electromagnetic principles relevant
to filter inductors. Chapter 3 describes the design and modelling methods for filter in-
ductors used in this thesis. Chapter 4 shows the design and simulation model results.
In Chapter 5, experimental validation of selected filter inductors prototypes is detailed
and in Chapter 6 conclusions are drawn about the results and suggestions for future

work are given.



2.BACKGROUND STUDIES

In this chapter the basic principles of DC/AC inverters are described. Common inverter
topologies, power quality issues and control methods are discussed. Also discussed in

this chapter are electromagnetic principles relevant to filter inductor design.

2.1 Inverters

Inverters are devices for converting DC power into AC power. The applications are
numerous and varied. The inverter circuit consists of semiconductor switches which
turn on and off in a specific sequence. The switches are usually made from insulated-
gate bipolar transistors (IGBT), metal-oxide—semiconductor field-effect transistors, sili-
con carbide or gallium nitride devices depending on the application. In Figure 1 differ-
ent switch types are shown with reference to the basic inverter circuit. During the on-
state, the switch conducts electricity and current flows through it. When the switch is in
the off-state, it does not conduct. As can be seen in Figure 1, antiparallel-diodes ac-
company each switch to ensure a return path for load current when the switch is open.
In this thesis, the inverter with fixed output voltage and frequency is considered. Such
inverters are most commonly used as power supplies in renewable energy applica-
tions, UPS or energy storage applications. They are known as constant voltage con-
stant frequency inverters as opposed to variable voltage variable frequency inverters

used in AC motor drive applications [17].



[ IGBT MOSFET GTo |

Figure 1: Different switch types with reference to basic inverter circuit [17]

2.1.1 Half-bridge inverter

There are a number of different inverter topologies, with the two main single-phase to-
pologies being half-bridge and full-bridge. Single-phase inverters can be combined to
create three-phase topologies. Figure 2 shows the basic half-bridge inverter circuit with
a DC voltage source and two switches §; and S,. The arrangement of two switches in

this manner is known as a leg.

Figure 2: Half-bridge inverter circuit [18]

In the half-bridge arrangement, the output voltage (v,) can be equal to either % or

—%. When switch §; is closed and S, is open, the output voltage will be

Vo =3¢, (1)



When switch S, is closed and switch S is closed, the output voltage will be

by = — 2. @
Both switches being open will result in an open circuit and no current will flow, and both
switches being closed will result in a short circuit condition called a shoot-through fault
which should be avoided as it can damage or destroy the switches [18]. The time taken
for the switches to open and close needs to be taken into account to avoid any overlap
of switch on-times in a single leg. The root mean square (RMS) value of the fundamen-

tal component of the output voltage (Vy,,,) is calculated as:

1 2V
= — 7'[]')(: = 0-45VDC' (3)

VlRMs \/i

meaning only 45% of the input DC voltage is achieved at the output. Figure 3 shows
the output voltage of the half-bridge inverter when square wave modulation is used.

The square wave modulation technique consists of alternating each switch between on
and off each half period G) for a given frequency. This results in an AC signal at the

output of the inverter. This simple method has the advantage of low switching losses,
but due to the non-sinusoidal nature of the output voltage, high amounts of harmonic
distortion are present, leading to the need for large filter inductors — adding size and
weight and contributing to higher losses [19]. For a purely resistive load, the current
waveform will match the shape of the voltage waveform. For an inductive load the cur-
rent will become more sinusoidal as shown in Figure 4 due to the filtering effect of in-

ductance [18].
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Figure 3: Output voltage of square wave half-bridge inverter [20]
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Figure 4: Output current of square wave half-bridge inverter with inductive load [20]
2.1.2 Full-bridge inverter

The basic circuit of the full-bridge inverter - often called the H-bridge inverter due to the
layout of the circuit - is shown in Figure 5. In contrast with the half-bridge inverter, it
features two legs and four switches. The full-bridge inverter is capable of producing Vp
and —Vp at its output as opposed to % and —% produced by the half-bridge invert-

er.

Figure 5: Full-bridge inverter circuit [18]

The switching combinations required to produce each voltage level are shown in Table
1. As with the half-bridge inverter, two switches in the same leg should not be in the on-
state simultaneously to avoid a switch-through fault. The RMS value of the fundamental

component of the output voltage with the full-bridge topology is calculated as

1 4Vpc
V1RMS = E - = 0'9VDC' (4)

As can be seen from (4), the RMS value of the output voltage is double that of the half-

bridge inverter for the same DC input voltage.



Table 1: Full-bridge inverter switching combinations

On state  Output voltage (v,)

S,and s, +Vpc
Sz and S, -Vbe
S1and S3 ov
S, and S, oV

Figure 6 shows the output voltage of the full-bridge inverter with square wave modula-
tion. It can be seen that the output voltage is twice that of the half-bridge inverter which

is one of the main advantages of this topology.
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Figure 6: Output voltage of full-bridge inverter [20]

2.1.3 Harmonics

Within AC power systems, the term ‘harmonics’ refers to sinusoidal components of a
periodic waveform with frequencies equal to an integer multiple of the fundamental fre-
quency of the system [21]. The frequency (f,,) at which a specific harmonic component

occurs can be calculated as

fn =n X ffundamental ’ (5)

where n is the harmonic order. A pure sine wave consists only of the fundamental fre-
quency with no additional harmonic components. The existence of harmonic voltages
and currents in power systems is undesirable since it leads to power quality issues
such as light flickering, unwanted operation of protection equipment and overheating of

transformers amongst other issues. Since the output voltage of the inverter is a square



wave, it is made up of a large number of harmonic components. Figure 7 demonstrates

how the square wave is the result of the addition of higher frequency sinusoids.

Fundamental
Ideal square wave (1st harmonic)

Resultanl
ol five odd
harmonics
3rd harmonic

Figure 7: Square wave and its constituent harmonic components [22]

The RMS value of each harmonic component of the output voltage (v,) can be calcu-

lated as

4Vpc
v, = SN =
" nmv?2

1,2 .. (6)

It can be seen from (6) that the RMS value of each harmonic component of the voltage
decreases with increasing harmonic order. The lower order harmonics are the most
problematic in power systems due to their higher amplitude. The quality of the output
voltage or current can be expressed in terms of total harmonic distortion (THD) which

can be calculated as

2 2 2
\/Z?{):z,3,4,5.._(vn,RMs) \/vRMS = Virums

THD =
VirMs VirMs

(7)

The load current THD is calculated in the same manner, substituting voltage terms for
current terms. THD may be expressed as a percentage. A low value of THD is required
by IEEE 519-2014 for grid connected inverters. Low-order harmonics may be reduced

by using pulse-width modulation control.
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2.1.4 Pulse-width modulation control

Pulse-width modulation control is a technique used to reduce THD through the creation
of a more sinusoidal inverter output voltage. The technique consists of comparing a
reference signal with a high-frequency carrier signal to create gating signals for the in-
verter switches. There are many different types of PWM control. In this thesis, only si-
nusoidal PWM (SPWM) control is considered. Compared to the square wave modula-
tion technique, where only frequency can be controlled, PWM control has the ad-
vantage of being able to control both the amplitude and frequency of the fundamental
output voltage. The reduction in THD comes from the fact that low order harmonics are
eliminated and due to half-wave symmetry in the output voltage, even harmonics are
not present when the frequency modulation ratio is an odd integer [23]. The remaining
high-order harmonics occur at the switching frequency (f;,,) and its sidebands and can
be more easily filtered. Figure 8 shows the basic SPWM signals, with the sinusoidal

reference signal (veontro1) @and the triangular carrier signal (vy).

‘Il

Figure 8: PWM signals and output voltage for bipolar switching [18]

The ratio between the amplitudes of the reference and carrier signal is known as the

amplitude modulation ratio (m,)

Utri

(8)

m, = .
Ucontrol
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This ratio can be used to control the amplitude of the output voltage, with the output
voltage increasing linearly until m, = 1. The ratio between the frequencies of the refer-

ence (feontro1) @nd carrier (fi;) signals is known as the frequency modulation ratio (my)

my = ©

f control

The frequency of f.ontro1 determines the fundamental frequency of the output voltage,
whilst the frequency of f;; determines the switching frequency of the inverter. The fre-

quency at which the output voltage harmonics occur can be determined by

fn = (mg £ k) frundamental » (10)

where j and k are integer numbers. If j is odd, then k must be even and vice versa. For
values of j above 4, the amplitude of the harmonic components become negligible [24].

The harmonic order n is found from
n=jmet+k, (11)

with the fundamental frequency corresponding to n=1. The amplitudes of the harmonic

components can be found using Fourier analysis.

2.1.5 Bipolar modulation

Bipolar modulation is a method of SPWM where a single sinusoidal reference signal is
compared with a high-frequency carrier signal to produce gating signals for the switch-
es in the inverter circuit. Figure 8 shows the reference and carrier signals for the bipolar
switching scheme and the resultant output voltage waveform. When the amplitude of
the reference signal is greater than the carrier signal, the output voltage is equal to
+Vpc, and when it is smaller than the carrier signal, the output voltage is equal to —Vp.
The largest amplitude harmonics occur at the switching frequency and its sidebands.
With reference to the full-bridge circuit in Figure 5, the on and off-states of the switches
are:
Veontrol = Veris s, and s,: on

Vcontrol < Vtris sz and s4: on
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2.1.6 Unipolar modulation

Unipolar modulation is similar to bipolar modulation with the difference being that two
sinusoidal reference signals are used instead of one. The second reference signal is
180° out of phase with the first. This results in three different levels of output voltage —
Vbc, —Vbe, and 0 V. Figure 9 shows the reference and carrier signals for unipolar

switching and the resultant output voltage waveform.

ontrol ~Veontrol

\AAAAL A

IR VAR g e VARV S v

Figure 9: PWM signals and output voltage for unipolar switching [18]

The advantage of the unipolar switching scheme is that the switching frequency is ef-
fectively doubled, and the largest amplitude harmonics occur at 2m; and its sidebands.
It can be noted also that the steps in the output voltage amplitude are reduced to 0 and
+Vpc compared to +2Vp for the bipolar switching scheme. For the full-bridge inverter

the on and off-states of the switches are:

Vcontrol = Viri» S1:0N
Vcontrol < Vtri, S3:0N
“Vcontrol = Vtri, Sz:0n

“Vcontrol < Vtri, S4:0N

The switching combinations required to produce the output voltage levels of Vp¢, -Vpc
and 0 V are the same as shown in Table 1. Figure 10 shows a comparison of the in-
verter output voltages for the bipolar and unipolar methods. It can be seen clearly that
the unipolar method produces a waveform closer to a sinusoid and therefore, with low-
er harmonic distortion, however, problematic harmonics still exist. These can be further
attenuated by the use of a filter inductor. Figure 11 shows the improvement in the quali-

ty of the voltage that can be achieved through filtering.
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Figure 10: (a) Bipolar inverter output (b) Unipolar inverter output [25]
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Figure 11: (a) PWM inverter output voltage (b) Load voltage after filtering

13
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2.2 Filter inductors

The L-filter is a type of low pass filter which attenuates frequencies above a certain
value known as the cut-off frequency. This is especially useful in reducing the harmon-
ics produced by PWM inverters. For the elimination of switching ripple in the output cur-
rent, a filter with a low cut-off frequency and high attenuation at the switching frequency
is needed [26]. Traditionally, the L-filter was used as an interface between converters
and the grid, however LCL-filters are more commonly used now due to better efficiency
and lower cost and volume [27], [28]. In this thesis the L-filter is considered for simplici-
ty and to keep the focus on inductor design. The methods used in this thesis can be
adapted for the design of other types of filter. Figure 12 shows the filter inductor at the

output of a full-bridge inverter with a resistive load.

45 5.

Vbe

JdF 193

Figure 12: Full-bridge inverter with L-filter [29]

Figure 13 shows the output current (i(t)) of an inverter. It can be seen that there are
high frequency variations in the output current compared to the fundamental frequency.
This is known as switching ripple and is due to the high-order harmonic content in the
output current. The magnitude of the peak-to-peak variations can be reduced by in-
creasing the switching frequency but since this increases switching losses, a better op-
tion is to use a filter inductor. The inductor works by opposing rapid changes in the cur-

rent through it.
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(!)_’*( ) ")‘rm( ) ’
Figure 13: Inverter output current [30]

The maximum peak-to-peak ripple current is found from

VpcTs

Ai = , 12
lpp,max AL or (12)

where V¢ is the DC input voltage and T = fi is the switching time. The inductance

(Lref) required to tolerate this ripple is found from

Vbc
4'fswAipp | max

(13)

Lyes =

Therefore, when the value of the output current is known, the required inductance val-

ue to limit the ripple in the output current can be calculated.
2.2.1 Electromagnetic principles

Figure 14 shows a current-carrying conductor. When current is flowing through the
conductor, a magnetic field is induced around it [31]. The magnetic field is described by
magnetomotive force (MMF) (F), magnetic field intensity (H), magnetic flux density (B),

magnetic flux (@), and magnetic flux linkage (1) [32].

# .
’ - ‘\
] & S AY
T
/ I.f f/”-_ v % ' @ Cumentinto paper
I -;“T* Y T = Current out of paper
| \ |_|- e |
A o - j/I J
W % \'h... - £ !
NN T
, - -
e =

Figure 14: Magnetic field around a current-carrying conductor [31]
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An inductor consists of a current-carrying conductor coiled into a winding with N turns.
When there is current in the winding, MMF is produced. The coil is often wound around

a core of ferromagnetic material to increase inductance as in Figure 15.

Figure 15: Current-carrying conductor wound around ferromagnetic core [33]

MMF in the magnetic circuit is analogous to electromotive force in the electrical circuit
and is the potential difference between any two points [32]. In magnetic circuits, MMF

is a source and causes flux to flow. The magnetomotive force is calculated as
F = Ni, (14)

where N is the number of winding turns and i is the current through the conductor. The
MMF produces the magnetic field, the intensity of which can be calculated as
Ni
- (15)
e
where [ is the magnetic path length. It can be seen from (15) that H is directly propor-
tional to the current and the number of turns per unit length. H can also be expressed
as

i

H=— 1
2nr’ (16)

where r is the radial distance from the centre of the conductor. The magnetic flux pass-

ing through an open surface S is given by
®=] B-ds, (17)

where B is the magnetic flux density.
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If the magnetic flux density is uniform and perpendicular to the surface S, then the

magnetic flux can be given by [31], [32]

@ = BA,, (18)

where A, is the cross-sectional area of the surface. From (18) it can be seen that, for
an inductor, the magnetic flux can be increased by increasing the surface area of a
winding turn [32]. From (18) it can also be seen that flux density is the total flux divided
by the cross-sectional area through which it flows. Flux density is related to magnetic

field strength through

B = uH, (19)

where u is the permeability. Permeability refers to the ability of a material to conduct

flux [34] and can be written as

K= Mol - (20)

Uo = 4m x 1077 H/m is the permeability of free space. . is the relative permeability of a
material (relative to free space). Using a core with a high permeability can reduce the
number of winding turns required to produce a given inductance. When a time-varying
current is present, a time-varying magnetic field is produced. Time-varying magnetic
flux passing through a closed loop induces a voltage in that loop [31]. This is the basis

of Faraday’s law

do(t)

v(t) = Frat (21)

For an inductor with N turns, the voltage across the inductor will be

do(t)  dA(®)

=N =—"
v(t) dt dt ’

(22)

where 1 is flux linkage. Flux linkage is the sum of the flux enclosed by each winding

turn of an inductor. Figure 16 shows the lines of flux through the winding turns.
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Figure 16: Flux linked by coils [35]

For uniform flux density, 4 is given by

UANZi _
A=N® = NAB = NA.uH = l = Li, (23)
C

where L is the inductance of the winding. Inductance is the measure of a coil’s ability to
store energy in the form of a magnetic field [35]. The differential inductance is defined

as the rate of change of flux with current

N2A.
le

L) = - = k(D) 24)

where uq is the differential permeability and describes the relationship between the
magnetic field strength H and the flux density B and is dependent on the core material
[36].

dB

pa(H) = -7 (25)

2.2.2 Materials

Materials can be classified as diamagnetic, paramagnetic or ferromagnetic. For dia-
magnetic and paramagnetic materials, the value of relative permeability is close to 1.
The diamagnetic material has a permeability which is slightly less than that of free
space, meaning that it slightly opposes a magnetic field. The paramagnetic material
has a relative permeability slightly higher than that of free space meaning that slight
magnetisation occurs when a magnetic field is applied [31]. In contrast, ferromagnetic
materials have high relative permeabilities and readily support the formation of magnet-
ic fields. Since the purpose of magnetic cores is to concentrate the magnetic field in the

core, and to provide a low reluctance path for magnetic flux, ferromagnetic materials
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are used to make cores. Ferromagnetic materials can be described as hard or soft,
with soft magnetic materials being easily magnetised and demagnetised which makes
them suitable for use in inductor and transformer applications. It is difficult to magnetise
and demagnetise hard magnetic materials and they are often used as permanent mag-
nets [32]. A common soft magnetic material used in magnetic cores is silicon steel — an
iron alloy with good magnetic properties made from iron and a small percentage of sili-
con. The addition of silicon improves the magnetic properties of the material and in-

creases resistivity leading to a reduction in eddy current losses.

2.2.3 Losses in inductors

Power losses are inherent in magnetic components. For inductors, the losses can be
categorised as winding losses and core losses. These losses are dissipated as heat.

Figure 17 shows how the main losses may be classified in inductors.

Magnetic losses

‘Winding losses Core losses

Hysteresis losses Eddy current losses Excess losses

Figure 17: Classification of losses in magnetic components

The winding losses may be further divided into losses related to DC resistance and AC
resistance which includes the skin effect and the proximity effect. For a DC current, on-
ly copper losses exist, without frequency all other losses are reduced to zero. Core
losses consist of hysteresis losses, eddy current losses, and excess or anomalous
losses which refers to losses related to complex mechanisms in the magnetisation pro-
cess not explained by hysteresis or eddy current losses [31], [37]. Careful considera-
tion of winding and core losses is important when designing magnetic components. To-

tal losses in the inductor can be written as

Piotal = Pwinding + Peore » (26)
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where
PcoreZPhy+Pc1+Pex- (27)

Pyy is the hysteresis losses, P the eddy current losses, and F., the excess losses.

2.2.4 Winding losses

The winding of the inductor has a DC resistance Rpc which opposes the flow of current.
This resistance leads to power losses in the form of heat. The DC resistance of a con-

ductor of length ¢, cross-sectional area Ac,, and resistivity p is given by

(28)

Typically, copper is used in inductor windings since it is a good conductor with a low
value of resistivity. The resistive losses in the inductor for DC current flow can be calcu-
lated by

Ppc = Rpcipc, (29)

where ipc is the DC component of the current through the inductor. In PWM converter
applications, the inductor current contains a DC component, a fundamental component
and harmonic components since the current is non-sinusoidal [38]. The resistance of
the winding conductor increases with frequency due to skin and proximity effects. The

AC resistance is found from Dowell’s equation and can be approximated as [39]

3 (30)

2(N2 - 1)>'

RAC = RDCAO <1 +

where 4, is a dimensionless quantity dependent on the conductor geometry [40] which
takes into account the skin effect at the operating frequency and N, is the number of

winding layers. The AC-to-DC winding resistance ratio can be written as

Rac
Fr=—"=. 31D
® 7 Rpc
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The AC winding losses are then found from
Pac = FrPpc (32)

Current is distributed uniformly throughout the cross-section of the winding conductor

at DC and low frequencies. The current density in the conductor is found from

ACu.

Jm (33)

As frequency increases, the current in the conductor becomes distributed closer to the
surface or skin of the conductor. This is because eddy currents are generated in the
conductor which force the current to the surface as shown in Figure 18. This phenome-
non effectively reduces the cross-sectional area of the conductor, thereby increasing

resistance and resistive losses.

Eddy Currents Setup by

the Internal Flux, 6, Fiel
Magnet Wire Cross-Section

S
Note: The main current shown in the center
is being cancelled by the eddy currents. This
forces the current to the surface, which causes
surface crowding of the magnet wire

Main Current Direction

Figure 18: Skin effect in a conductor [34]

The skin depth is the depth at which 63% of the current resides in the conductor

p

6= ,
o f

(34)

where f is frequency and p is the resistivity of the conductor. It can be seen from (34)
that the skin depth decreases as the frequency increases. Figure 19 shows how the

current can be concentrated near the surface of the conductor due to the skin effect.
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Figure 19: Current density in a conductor due to the skin effect [35]

Another phenomenon occurring in conductors is the proximity effect. The proximity ef-
fect, like the skin effect, is more pronounced at higher frequencies, reduces the effec-
tive cross-sectional area of the conductor and affects the distribution of the current in
the conductor. Eddy currents can be induced in a conductor by the alternating magnet-
ic field of nearby inductors. This is important to consider for inductors since the winding
turns are adjacent to each other and often layered on top of each other. Reducing the
number of winding layers or turns in an inductor can reduce problems caused by the
proximity effect. Figure 20 shows how the proximity effect affects current density and

distribution for different directions of current flow in adjacent conductors.

(a) (b)

Figure 20: Current distribution in adjacent conductors due to the proximity effect [32]

2.2.5 Core losses

In addition to losses that occur in the inductor windings, losses also occur in the induc-
tor core in the form of hysteresis losses, eddy current losses and excess losses. The
inductor core exists to concentrate the magnetic field within the core and to provide an

easy path for magnetic flux [32].
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Hysteresis losses refer to losses that occur due to the hysteresis phenomenon in mag-
netic materials. With reference to Figure 21, when a demagnetized material is exposed
to a magnetic field, the flux density (B) in the material begins to increase as the field
strength (H) is increased and follows path (a). When the flux density reaches Bg,;, fur-
ther increase in the magnetic field strength do not yield further increases in flux density.
When the field strength is then reduced back to zero, the flux density in the material
does not reduce back to zero, instead following path (c) and a remanent flux (B,) re-
mains in the material. In order to reduce the flux density back to zero, a negative value
of H is required. This negative force is known as the coercive force (H.). Continuously
decreasing H,. leads to saturation at -B,, where further decreasing H yields no chang-
es in B. Upon returning H to zero, B does not return to zero but to -B,. Increasing H
once more causes the flux density now to follow path (b) since the magnetisation is on-
ly partially reversible [32]. Now cycling H will cause B to follow the outer loop of the

graph in Figure 21. This loop is known as the hysteresis loop.

The hysteresis effect can be attributed to the impedance of magnetisation caused by
domain wall pinning [41]. Within ferromagnetic materials, there exists magnetic do-
mains. Within the magnetic domains, the magnetic moments are oriented in the same
direction, but this direction varies from domain to domain when the material is in a de-
magnetised state. When a magnetic field is applied the magnetic moments align with
the direction of the applied field. Separating each domain are domain walls which move
when a magnetic field is applied. The movement of the domain walls is impeded by the
existence of pinning sites in the material. The pinning sites are regions in the material
which contain non-magnetic inclusions [42]. The pinning sites are caused by impurities

in the material. Energy is required to move domain walls across pinning sites [43].

For one cycle of the hysteresis loop, the energy lost due to the hysteresis effect can be
measured as the area inside the loop. Since energy is lost each cycle, hysteresis pow-
er losses increase with frequency. The hysteresis loop depends on the properties of
the material and for non-magnetic materials, the B-H curve is linear as shown by path
(d) in Figure 21.
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Figure 21: B-H magnetisation curve [14]

Hysteresis losses per unit volume for sinusoidal current excitation can be found from

the Steinmetz empirical equation
Pn = knf@Bh, (35)

where ky,, a and, § are empirical constants dependent on the material, and B, is the

maximum value of flux density.

Inductor cores are typically made from conducting materials and are therefore suscep-
tible to the formation of eddy currents inside them as a result of Faraday’s law de-
scribed by (21). The eddy currents in the core give rise to resistive losses in the form of
heat due to the internal resistance of the core material. Eddy current losses increase
with frequency. In order to combat eddy current losses, cores are often made from thin
laminations stacked together instead of a single solid block. Magnetic flux is able to
travel through the laminations, but since the laminations are coated in an insulating ma-
terial, currents are confined. Making the core from laminations increases the overall re-
sistance of the core, thereby reducing the eddy currents. The sum of the eddy currents
flowing in each lamination is smaller than the eddy currents flowing in the equivalent

solid core.

The skin effect is also present in magnetic cores. The effect causes the magnetic flux
to be concentrated at the surface of the core with little flux in the centre for a solid core
meaning that the reluctance of the core is increased and the ability to provide a low re-
luctance path for flux is decreased [31]. For grain-oriented silicon steel, the skin depth

is around 0.5 mm at 50 Hz [14]. For a 0.5 mm lamination, the distance from the surface
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to the centre is half a skin depth and the flux can be assumed to be uniform within it
[44]. Figure 22 shows the circulation of eddy currents in the solid core and in the lami-

nated core.

le ie/n

Figure 22: Eddy currents in solid and laminated cores [14]

The general form of the equation for eddy current losses is

Pe = keszr%l , (36)

where k. is an experimentally determined coefficient and is proportional to the square

of the lamination thickness.

The final category of core losses is termed anomalous or excess losses, these losses
can be observed in measurements and are not explained by the equations for hystere-
sis and eddy current losses. Excess losses are attributed to complex mechanisms in
the magnetisation process and are result of the existence of magnetic domains [31].

The excess loss term in (27) can be approximated as

Pex ~ C(me)% ’ (37)

where C is a coefficient that depends on the shape and material of the core.
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3.DESIGN AND SIMULATION METHODS

This chapter presents a design method for quickly designing toroidal filter inductors
based on the area-product method. A simulation model for analysing the behaviour of

the designed inductors is also described.

3.1 Area-product design method

When designing inductors, electrical, mechanical, and thermal requirements should be
taken into consideration. One well-established method for inductor design which takes
into account these considerations is the area-product method. Once the desired in-
ductance value L..s, maximum current I,,, current density J,,,, and maximum flux densi-
ty B, have been chosen, the area-product method follows a step-by-step process to
provide a suitable core and winding arrangement for the inductor. The area-product
method is so called because it is the product of the cross-sectional area (A.) of the
core and the core winding window area (W,). Rearranging (23), it can be seen that the

required cross-sectional area of the core for a given inductance is

LrefIm
A==
¢ NB, (38)

The number of turns required for the inductance is found from

) (39)

where k, is the winding window utilisation factor. Rearranging (39), the winding window

area can be determined from

w, = : (40)
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Multiplying (38) and (40), the area-product 4 is then found from

LrefII%
koJmBm

Ap = WA, = (41)

It may be noted that for the same area-product there can be any number of different

core geometries so long as A=W, A.. Figure 23 shows how the core cross-section and

winding window area are related to the geometry of a toroidal inductor.

Toroidal Ferrite Core Perspective View
Figure 23: Winding window area and core cross-section of toroidal core [34]

The parameter k, is a measure of how much of the winding window area is filled by the

copper of the winding inductor. k,, is unitless and is found from

ky = kikaksky, (42)

where k; is the ratio of the area of the bare winding wire to the area of the insulated
winding wire, k, is the fill factor — which accounts for the space found between winding
turns and layers — k5 is the effective window which defines how much of the winding
window may actually be used for the winding [34] since often coil formers are used for
the windings which take up space in the winding window, or in the case of toroids,
space must be left for a winding shuttle to pass through. k, is the insulation factor
which accounts for the space taken up in the window area by tape insulation used be-
tween winding layers and as wrapping. These factors may be individually calculated as
described in [34] to determine a value for k,, however 0.4 is usually selected as an ap-
propriate value. In toroidal inductors k, may be as low as 0.15-0.25 to allow for the

winding shuttle to pass through the window area [32].
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Once the area-product has been determined from (41), the next step is to select the
closest core from standard core sizes which has the same area-product as the calcu-
lated area-product. Since it is unlikely an off-the-shelf core will match exactly the calcu-
lated area-product, the core selected must be slightly larger than required in order to
meet the design requirements and prevent unwanted effects such as core saturation
that could occur from selecting a core with a smaller area-product than that calculated.
Using larger than necessary cores adds unnecessary size and weight to the finished
inductor which is an issue if the intention is to produce as compact and lightweight in-
ductors as possible. Methods for rapidly designing large numbers of geometrically
unique inductors which match the area-product exactly and which can be quickly mod-

elled and prototyped offer a possible solution and are discussed in the next section.

Once a suitable core has been selected, the next step in the process is the winding de-

sign. The available window area based on the selected core can be found by

oS

w, =-L. 43
by (43)

The number of turns required in the winding is found by

kuWa

N = ,
ACu

(44)

where A, is the cross-sectional area of the winding conductor and is found from rear-

ranging (33)

I
Acy = —. (45)
Jm
Once the number of winding turns has been determined, the next step in the process is
determining the correct length of the air gap in the core. The air gap increases the

amount of current required to drive the core into saturation. Determining the air gap

length is an iterative process and involves also determining the fringing-flux factor.
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Whenever the core is excited, fringing flux is present around the air gap [32] as shown

in Figure 24.

— Fringing Flux —

- Core
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Figure 24: Fringing flux around air gaps of different sizes [34]

The fringing phenomenon occurs because the lines of flux repel each other when pass-
ing through non-magnetic materials [45]. As a consequence, the cross-sectional area
of the magnetic field is increased, decreasing the flux density. Fringing flux typically ef-
fectively increases the air gap cross-sectional area by 10 % and the radius of fringing
flux is approximately equal to the air gap length. Fringing flux can lead to losses, induc-
ing eddy currents in the windings in the vicinity of the air gap leading to intense local-
ised heating. When winding inductors, winding over the air gap should be avoided to
prevent the fringing flux inducing eddy currents in the conductor. To account for the
fringing effect, a fringing factor is used when determining the length of the air gap. Ini-

tially, the air gap length is found by

AN? 1
g=le” (46)

l
Lref Uy

where [ is the mean magnetic path length and u, the relative permeability of the se-
lected core material. Once the air gap length is determined, the fringing flux factor (F;)

is determined. The reluctance of the toroidal core is found from

uh d) ’ @

Reore = (27_[ IHE
i

Where d, and d; are the outer and inner diameters of the toroid respectively. Magnetic
reluctance is a measure of the opposition of the flow of magnetic flux. It is analogous to

resistance in electrical circuits. The reluctance of the air gap is very high and is found

by
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R —li—. (48)

e 49
B poA.cFy @
The total reluctance taking into account the fringing effect is
Riotal = Reore T :Rgap,f- (50)
The inductance taking into account the fringing effect is found from
N2 UoN?
Lyer = R = c . (51)
total
27‘[d + l_g
Yo Ach
uhln d,
Rearranging (51), the fringing flux factor can be found from
g
Ff = . (52)
2
A, MLON _ 27‘[d
ref #h 1nd_0
1

Now that the fringing flux factor has been determined, a new value for the air gap
length is determined from

MOAch Lreflc
= AT (2 _ Lol )

(53)
Lref HUo .urAc

The final step is to carry out iterative calculations between (52) and (53) until conver-

gence of [; and Ft, leaving the final calculated value for the air gap length.
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The steps in the design process can be summarised as:

1. Calculate area-product based on inductor requirements (Lier, Bm, Jms Ims
and k).

2. Select core with area-product closest to the calculated value, always choosing

larger rather than smaller.

Calculate size of window area (W,).

Calculate required number of turns (N).

Calculate the air gap length ().

Calculate the fringing flux factor (F).

N o o bk~ w

Iterate until convergence for air gap length and fringing flux factor to find final

value for air gap length.

3.2 Filter inductor design procedure

As discussed previously, filter inductors are needed at the output of inverters to reduce
the harmonics created by the PWM control of the inverter switches. The filters de-
signed in this thesis are designed to keep the switching ripple in the output current be-
low 5 %. A script was written in MATLAB which created 300 different toroidal core ge-
ometries by varying the area of the core cross-section and as a result the winding win-
dow area. The different core cross-sectional areas were created by changing the pa-

rameters k4 and h. kg4 refers to the ratio between the outer diameter and inner diameter

of the toroidal core (kq = %), and h to the toroidal core height. The core height and in-

ner and outer diameters are shown in Figure 23. Writing the area-product for toroidal

inductors in terms of kg4, h, and d; gives

dimh(kyg — 1)
Ap = WA = <T> : (59)
where
kg — 1)d;
Ac _ h( d ) i (55)
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and

W, = (i) (56)

Rearranging (54), the inner diameters for the designs can then be found from

W=

=~ () ®

and the outer diameters from
dy = kgd; . (58)

Once the inductor core cross-sectional areas are calculated, the design process pro-
ceeds in the same way as for the area-product method described in Section 3.1. The
winding window area is calculated, the number of turns are calculated and the air gap
length is calculated. The cores are made from M330-35A non-grain-oriented silicon
steel laminations having a relative permeability of 7650 and lamination thickness 0.35
mm. The B-H curve for M330-35A is shown in Figure 25. The MATLAB script used to
create the inductor designs is shown in Appendix A. COMSOL Multiphysics finite ele-
ment analysis software was used to calculate the values used for the fringing flux factor

and this data was used in the design process.

Cogent M330-35A material properties for simulation

Hysteresis loop
Single-valued cune
Relative permeability 7650

A5 p—————
4000 -800 -600 400 -200 O 200 400 60O 8OO 1000
H (A/m)

Figure 25: B-H curve for M330-35A silicon steel
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3.3 Simulink inductor model

When the filter inductors have been designed, the next step is to simulate their behav-
iour using MATLAB Simulink. Simulink is a graphical environment for designing, model-
ling, and simulating dynamic systems using block diagrams. The blocks represent dif-
ferent components in the system and can be taken from pre-existing blocks in the Sim-
ulink library or can be user defined. The Simulink model used is based on that in [46]
which models core losses using the principle of loss separation, where each compo-
nent of the core losses is considered separately. The model takes into account the ge-
ometry and material properties of the cores developed in the previous section as well
as the winding length to give an accurate estimation of the inductor losses when fed by
a PWM inverter with IGBT switches and unipolar modulation. One benefit is that the
behaviour of each inductor can be modelled more quickly (a matter of seconds rather
than hours) and with less computational resources than with a finite element analysis
method. Figure 26 shows a simplified diagram of the PWM inverter and filter inductor
model. More detailed diagrams of each component of the inductor model are shown in

Appendix B.

’E} »|Uref P

reference signal PWM generator

inductor maodel

load resistance

DC voltage source i{

full-bridge inverter

Figure 26: MATLAB Simulink model of PWM supplied filter inductor
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Figure 27: Equivalent circuit of inductor with air gap [46]
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Figure 27 shows the equivalent circuit of an inductor with an air gap used in the model-

ling. The voltage equation for the inductor is written as

di di
V=Ri+Ls—+

where v is the inductor voltage, R is the inductor resistance, L, the leakage inductance
and, 4 the flux linkage. The flux linkage is related to the average flux density in the core
by by

A(E) = NA by (8). (60)

From ampere’s law and neglecting fringing flux, MMF is found from
1
Ni(t) = hs(D)lc + H—bo(t)l : (61)
0

where h is the magnetic field strength on the surface of the core lamination, [. is the

magnetic path length, [, the air gap length and y, the permeability of free space.
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Figure 28: Variation of h, b, and j through lamination of thickness d [47]

The eddy current losses are calculated by solving the 1-d eddy current diffusion equa-
tion. Figure 28 shows a lamination of thickness d in the z-direction. The conductivity o
of the lamination is assumed to be constant and carries flux density b(z, t) along the x-

axis. The magnetic field strength h(z, t) is linked to b(z, t) by the constitutive law [47]

-0.5 db(t)
dt ’

db(t)
dt

h = hyy(b()) + Cex (62)
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where ¢,y is the excess loss coefficient which is determined from loss data found in the
manufacturer data sheet for the material M330-35A. The magnetic field in the lamina-

tion is governed by the 1-d diffusion equation

0%h(z,t)  0b(zt)
a2 "o

(63)

The diffusion equation describes how the distribution of flux in the lamination changes
over time. Assuming that the skin effect is negligible and that the flux density is uniform
throughout the cross-section of the lamination, integrating (63) twice and requiring (62)
to be satisfied on average, a low frequency approximation of the surface field strength

in the laminations is obtained from

-0.5 dby ()
dt '

od? db,(t)
12 dr  Cex

dby(t)
dt

(64)

hs(t) = hny(bo(®) +

which can be taken as three separate parts. The first term represented by the function
hyy is the static hysteresis curve. The static hysteresis curve is the core’s history-
dependent and frequency independent magnetisation curve. The second term repre-

sents the eddy current losses and the third term the excess losses.

The instantaneous power densities for the rate-of-change of the magnetic field energy

(pny), €ddy current losses (p.;), and excess losses (p.x) are found from

db

Py () = iy (bo(9) 202, (65)
_od? (dby(t)\*

pd(t)—7< 1t ) ) (66)
1.5

pex(t) = Cex %t(t) (67)
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The total core losses can then be found from the sum of multiplying (65)-(67) by the

volume of the core
Vie = Arelre (68)
and averaging over one period of the fundamental frequency. The DC winding losses

are found simply from averaging Ri%(t) over the same period. The AC winding losses

are neglected.
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4. DESIGN AND SIMULATION RESULTS

This chapter presents the results of the design process based on the area-product
method for toroidal filter inductors and also the results gained from modelling of the

generated designs using the Simulink inductor model.

4.1 Filter inductor design results

Since the inductors selected to be prototyped are wound by hand without a winding
shuttle, the value of k, = 0.4 is suitable and the recommended 0.15-0.25 for toroids is
disregarded resulting in smaller required core sizes. 2.12 mm diameter winding wire is
used in the construction of the prototypes so the value of 1.42 A/mm? is used for the
current density J,,. The maximum value typically used in designs is 5 A/mm?. Filter in-
ductors were designed for an inverter with a 300 V DC input voltage, with a switching
frequency of 20 kHz feeding a 10.4 Q resistive load requiring an output current of 5 A
with a maximum peak-to-peak ripple of 5 %. Using (13) a value of 10.6 mH is obtained
for the filter inductors. The area-product for the core required using B, =1 T, I, =5 A,
Jm = 1.42 Al/mm?, L. = 10.6 mH and k, = 0.4 is 66.17 cm*. 12 different possible core
heights were selected between 12 mm and 80 mm. For each value of h, kq was varied
between 1.4 and 2.6 for 25 different values resulting in 300 different core geometries
for the calculated area-product. Some important parameters output by the program are

shown in Figure 29.
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inductor design #: 1

39053.249 mm™2
10.6 mH
12 mm
inner diameter: 7 5416 mm
outer diameter: GE.T75E3 mm

air gap length:

number of turns:
numirer of wi
length of windi
length of wi
winding resistance:
weight of core:
eight of nding
total weight

Figure 29: Inductor design program output example

Once the designs have been created by the MATLAB script, some initial analysis can
be made about their properties such as weights, air gap lengths, and geometries. For
every 25 designs made, the core height increases for the next 25 designs made. Table

2 shows which core heights apply to which design numbers.

Table 2: Core heights for specific design numbers

Design number Core height (mm)

1-25 12
26-50 13
51-75 15

76-100 20
101-125 25
126-150 30
151-175 35
176-200 40
201-225 50
226-250 60
251-275 70

276-300 80
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Figure 30 shows the total weight of each design, comprised of the core weight and the
winding weight. If the specific application of the inductor requires low weight, then in-
ductors above a certain weight threshold can be disregarded and further analysis can
be carried out on the remaining inductors depending on the requirements. For each
core height, increasing the value of k4 — the ratio between the outer and inner diameter
of the toroid — initially reduces the weight of the design before eventually increasing it.
The heaviest cores have high values for k4 and have the highest core heights, with the

lightest designs having core heights of 20 mm and 25 mm and low values of kg .
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Figure 30: Total weight of specific designs

Figure 31 shows the air gap lengths of specific designs. Designs with lower core cross-
sectional areas have the largest air gaps, with the air gap length reducing as ky in-
creases. Designs with longer air gap lengths can have higher winding losses due to

fringing effects [48] .
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Figure 31: Air gap lengths of specific designs
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Figure 32 shows the heights and outer diameters of the designed inductor cores. Taller
inductors have smaller outer diameters and shorter inductors have larger outer diame-
ters. In applications where height or width of the finished inductor is of concern, it is

easy to analyse which of the designed inductors may or may not be suitable.
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Figure 32: Height versus outer diameter for inductor cores

From the design program, inductors can be selected to be produced based on their
weights and geometries and even cost. The other important factor is how efficient the
inductors are and what kind of losses they produce. To obtain information about core
and winding losses in the inductor, accurate simulation tools are needed which can
compute losses based on information about the core geometry, windings, and material

properties. Such a simulation tool is described in the next section.

4.2 Filter inductor simulation results

The parameters of each of the designed inductors were input into the MATLAB Sim-
ulink inductor model and a simulation was run on each inductor for two cycles of the
fundamental frequency of 60 Hz. Table 3 shows the inductor parameters taken into ac-
count by the inductor simulation model. Table 4 shows the initial simulation parame-
ters. Figure 33 shows the waveforms that can be viewed in the once the simulation has

run.



Table 3: Inputs to the simulation model

Inductor parameter

Symbol

Number of turns

Core cross-sectional area A

Magnetic path length l;
Fringing factor F;
Air gap length lg
Winding resistance R
Air gap inductance Lg

Table 4: Initial simulation parameters

Simulation parameter

Initial value

Inverter input voltage (Vpc) 300V
Amplitude modulation ratio (m,) 0.265
Switching frequency (fsw) 20 kHz
Output frequency (f) 60 Hz
Load resistance (R;) 10.4 Q
>
g 400 2
g 200 <
2 0 % 0 /\_/
3 -200 E .
% -400 : : ‘ T | ‘ ‘
z 0 0.004 0008 0012 0.016 0 0.004 0.008 0012 0.016
time (s) time (s)

(a)

< 100

S 50t

8

154 0

g 50}

>

©

£ -100 : : :

0 0.004 0.008 0.012 0.016
time (s)

(c)

(b)

250
150 |
50
-50
-150
-250

field strength (A/m)

0.008 0.012
time (s)

(d)

0 0.004 0.016

inductor current (A)

0 0.004

0.012 0.016

41

Figure 33: Simulink model output signals: (a) Inverter output voltage, (b) Flux density,

(c) Inductor voltage, (d) Field strength, (e) Inductor current
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Upon completion of the simulation of each inductor, plots were produced to analyse the
losses in the inductors and how these were related to the variables k4 and h. Figure 34
shows total, core and winding losses for each of the designed inductors. It can be seen
that cores with large cross-sectional areas have the highest total losses. The total loss-
es are dominated by the core losses which are high for inductors with large cross-

sectional areas. The inductors with the highest core losses have the lowest winding
losses.
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Figure 34: Losses in designed inductors, (a) Total losses, (b) Core losses,
(c) Winding losses
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Since the simulation model calculates each separate component of the core losses,
these losses can be separately analysed. Figure 35 shows each component of the core
losses for each inductor. It can be seen that each component of the losses increases
as the cross-sectional area of the inductor core increases. The core losses are domi-
nated by the eddy current losses which contribute the most to the core losses followed

by the excess losses. The hysteresis losses are the smallest component of the core

losses.
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Figure 35: Breakdown of core losses for designed inductors. (a) Hysteresis losses,
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Some analysis can be carried out into how losses are linked to the weight and geome-
try of the inductors and what kind of trade-offs may have to be made in selecting induc-
tors for different purposes. Figure 36 shows how core losses and winding losses vary
with the weight of the inductors. It can be seen that there is a point where designs have
low losses and low weight. Attempts to reduce losses from this point onwards leads to

an increase in weight.
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Figure 36: (a) Core losses versus inductor weight, (b) Winding losses versus

inductor weight
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In Figure 37 the effect of the air gap length on losses can be examined. Increasing the
air gap length reduces the core losses but tends to increase the winding losses. The
number of turns of the winding increases when the air gap length increases leading to
higher winding resistance. Since the total losses are dominated by the core losses, the

effect of the air gap length on the core losses may be of the most interest.
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Figure 37: (a) Core losses versus air gap length, (b) Winding losses versus
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When designing inductors, one important factor, along with size and loss concerns, is
cost. As an example, and using a simple 2 to 1 ratio of winding material cost and core
material cost as in [49], it can be seen from Figure 38 how the design method can be
used to find inductors with suitable price and performance. The winding material cost is
set to 10 €/kg and the core material cost is set to 5 €/kg as also in [44]. More accurate
prices based on the true cost of materials can easily be entered. From Figure 38 it can
be seen that in the example case, there is a point where weight and the price are low.
Reducing the weight further leads to price increases. The situation is similar for the to-
tal losses. In this way, it is possible to use the data gained from the design program

and simulations to find optimal designs for a specific application.
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5.EXPERIMENTAL VALIDATION

After simulating the behaviour of each of the designed inductors using the MATLAB
Simulink inductor model, some of the designs were selected to be constructed to vali-
date the design process and inductor model. This chapter discusses the selected

cores, the construction methods, construction process, and measurement process.

5.1 Selected cores

Of interest to construct were the inductors with the highest and lowest total losses, the
highest and lowest total weight, and the longest and shortest air gap lengths. Since
some inductors possessed one or more of these qualities, three inductors were select-

ed to be constructed. Table 5 shows the selected inductors and their specifications.

Table 5: Specifications of selected inductors

Inductor parameter Design 1 Design 104 Design 300
Area-product (cm?) 66.17 66.17 66.17
Core cross-sectional area (mm?) | 169.3 341.48 1511.13
Winding window area (mm?) 3908.24 1937.64 437.86
Height (mm) 12 25 80
kg 1.4 1.55 2.6
Outer diameter (mm) 98.76 76.99 61.39
Inner diameter (mm) 70.54 49.67 23.61
Air gap length (mm) 19.57 2.86 0.44
Number of winding turns 443 219 50
Number of winding layers 6 4 2
Winding resistance (Q) 0.14 0.09 0.05
Core weight (kg) 0.34 0.52 1.54
Winding weight (kg) 0.93 0.61 0.32
Total weight (kg) 1.27 1.12 1.86
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Figure 39 shows technical drawings of Design 1 and Design 300. It is easy to see how

different the geometries can be for cores with the same area-product.

.
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Figure 39: (a) Dimensions of Design 1, (b) Dimensions of Design 300

5.2 Construction process

The prototype cores were made by welding together stacks of laminations cut to the
dimensions created by the design program. Welding is a common technique used in
the manufacturing of cores to join the laminations together [50]. Welding essentially
fuses the laminations together through heating until melting point. The laminations
were cut into shape by a laser cutting machine. The first step in creating the cores was
to create a template of the dimensions of the laminations to be laser cut as shown in
Figure 40 (a). Then, from the rectangular sheets of M330-35A non-grain-oriented sili-
con steel shown in Figure 40 (b), each laminated piece is laser cut into shape as
shown in Figure 40 (c). The laser cut laminations are then stacked together using as
many laminations as needed to reach the desired core height as shown in Figure 40
(d). A core stacking factor of 0.95 is used to account for space taken up by the insulat-
ing coating on the laminations. Finally, to secure the laminations together, three weld-
ing seams are created on each core half. Figure 40 (e) shows the three welded induc-
tor cores ready to have spacers inserted to create air gaps. From left to right in Figure
40 (e) are Designs 1, 104, and 300.
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(@ | @
Figure 40: (a) Inductor lamination template, (b) Sheets of M330-35A silicon steel, (c)

Individual laminations cut to shape, (d) Stacked laminations, (e) Welded inductor cores

Once the laminations have been stacked and joined together, spacers are inserted to
create air gaps. The total air gap length is distributed over two air gaps of half the
length. Since Designs 104 and 300 have short air gaps, the spacers are created by
layering together very thin sheets of Kapton tape. For the large air gap length of design
1, the spacers are created by 3-d printing plastic pieces. Figure 41 (a) shows the Kap-
ton tape spacer, and Figure 41 (b) shows the 3-d printed plastic spacer. A thin layer of
glue is used to join together the core halves with the spacers to create the finished in-

ductor core.

(a) (b}

Figure 41: (a) Air gap spacer made from layered Kapton tape, (b) Air gap spacer made
from 3-d printed plastic



50

After constructing the cores, the winding of the inductor is wound over the core by hand
using insulated copper wire. The winding turns are distributed over the core adhering to
the number of layers calculated by the design program. Figure 42 shows a completed

inductor with core and windings.

Figure 42: Completed inductor with core and windings

5.3 Measurement results

For each of the three constructed cores, measurements of inductance were taken to
assess how well the constructed cores met the desired values for inductance and to
compare the results with the Simulink simulation model. Inductor Design 104 was also
constructed again using different construction techniques. The laminations of the core
were glued together — a technique known as sticking — instead of welded, and the indi-
vidual laminations were cut using electric discharge machining (EDM) instead of laser
cutting to compare how the different construction techniques affected the inductance
values of the completed inductors. For all inductors the measurements were taken us-
ing the GW Instek LCR-8101G LCR (inductance (L), capacitance (C), resistance (R))

meter using 1 V AC over a frequency range of 20-200Hz.
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Figure 43 shows the measurement results for the three inductor designs that were cho-
sen to be constructed. The required inductance value was 10.6 mH at 60 Hz and the
cores were constructed by welding together laminations which had been laser cut. It
can be seen from Figure 43 that the constructed inductors do not meet the required in-
ductance value, with some performing better than others. Design 1 has the closest in-
ductance value to the required value at 8.21 mH at 60 Hz. Both Design 1 and Design
300 have relatively steady inductance values as frequency increases above 60 Hz. The
inductance value of Design 104 decreases across the full range of frequencies meas-
ured. Since the Simulink model verified the inductance values of the designed induc-
tors and the Simulink model itself was verified in [46] through comparison with meas-
urements, if the fringing factor used in the design and simulation process is assumed to
be accurate, it may be concluded that the discrepancy between designed values and
measured values of inductance can be mainly attributed to shortcomings in the con-

struction process.
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Figure 43: Measured inductance value for inductors constructed using welded laser

cut laminations

With reference to the measured values of inductance shown in Figure 43, it should be
noted that the best performing inductor had the longest air gap. Rearranging (53)
shows that for inductors with very small air gaps, any discrepancy between the calcu-
lated air gap length value and the air gap length value in the constructed inductor can
have a big impact on the inductance value of the constructed inductor. Table 6 shows
the impact a 0.25 mm discrepancy in the air gap length can have on the inductance

value of constructed inductors.



52

Table 6: Effect of air gap length on inductance

Air gap Inductance value Inductance Inductance value
length (L,) atl,— 0.25mm atvalueatl, atl, +0.25mm
Design 1 19.57 mm 10.73 mH 10.60 mH 10.47 mH
Design 104 2.86 mm 11.60 mH 10.60 mH 9.76 mH
Design 300 0.44 mm 22.88 mH 10.60 mH 6.83 mH

From Table 6 it can be seen how small changes in the air gap length can have a great
impact on the inductance value. Although every care is taken in the construction pro-
cess to produce spacers to the exact specification of the design values, differences of
0.25 mm are possible. Glue between the spacers and the core can add to the air gap
length and compression of the spacer when core halves are pushed together can re-
duce the air gap length. For designs with larger air gaps the effect of small discrepan-
cies is less pronounced which may explain the better performance of Design 1. The
designed inductors have the air gap length distributed over two air gaps. It is possible
to easily modify the design program to distribute the air gap across only one gap. This
way the need for the production of spacers is eliminated, however, the air gap length
could still be influenced by the tolerances of the cutting method of the laminations and
since the purpose of distributed air gaps is to reduce the effect of the fringing flux, re-

lated losses would be increased [51].

Measurements were also carried out for Design 104 with a different construction meth-
od. This time, instead of welding the laminations together, they are joined together us-
ing thin layers of glue. The laminations were also created through EDM cutting instead
of laser cutting. Figure 44 shows the measured inductance values for Design 104 for
the welded core and the glued core. It can be seen that the glued core performs much
better than the welded core, having an inductance value of 8.03 mH compared to 3.08
mH for the welded core. Although both the cutting and joining methods of the lamina-
tions were changed, the large frequency-dependency of the inductance in the welded
cores indicates that welding is the dominant deteriorating aspect of the construction

process due to eddy currents flowing through the welding seam.
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Figure 44: Inductance values for Design 104 for different construction methods

Laminations must be joined together to provide a mechanically strong core that can
withstand the forces it is subjected to without deforming. The laminations must also
remain stationary in relation to each other since movement can cause wear of the insu-
lating coating leading to an increase in eddy current losses [52]. Welding the lamina-
tions together can provide mechanical strength but at the expense of a degradation of
the magnetic properties of the core material, especially in the area of the weld zone.
The welding process also damages the insulating material of the laminations causing
short circuits between the laminations which increase eddy current losses. The degra-
dation in the magnetic properties of the core is more pronounced when the area of the
welding zone is large in relation to the area of the lamination. The cores produced by
welding laminations together each had six welding passes each, three on each half of
the core. [53] found that reducing the number of welding passes reduced the effect on
the magnetic properties of core materials. One solution could, therefore, be to reduce
the number of welding passes on the designs to four providing mechanical strength is
still sufficient enough. It was also found in [53] that sticking had negligible effects on the

magnetic properties of core materials.

To create the semi-circular laminations which make up the toroidal core of the inductor,
shapes must be cut out of laminated sheets. The cutting process can have a negative
effect on the magnetic properties of the lamination material. In the welded cores, the
laminations are cut into shape by laser cutting. The laser cutting process subjects the
laminations to thermal stress which can change the magnetic properties of the material.
When cut by mechanical means, the changes in the magnetic properties of the material
are localised around the cutting edge. For laser cutting it was found that the magnetic
properties of whole laminations were affected for laminations with widths of up to 15
mm [54]. In a study of the same M330-35A material as used in the construction of the
inductor cores, EDM cutting was found to have the lowest impact upon the magnetic

properties of the material when compared to mechanical cutting or laser cutting, with
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laser cutting having the largest effect [55]. It was also found that for cores with geome-
tries smaller than 30 mm such as in the three constructed designs which have lamina-
tion widths between 13.66-18.99 mm, the magnetic properties of the material vary sig-
nificantly compared to the manufacturers data sheet, especially when cut by laser. [56]
found decreases in permeability of up to 35 % in laminations cut by laser at 1.5 T and
50 Hz and decreasing further as the flux density decreases. The effects of the laser
cutting on the laminations may be reversed somewhat through annealing but this adds
to the costs of the manufacturing process. The EDM cutting process is much slower
than laser cutting but for the purposes of creating prototype cores, may be less delete-

rious to the magnetic properties.

Changing the construction method from welding and laser cutting to sticking and EDM
cutting vastly improved the inductance value of the constructed inductors so this would
be a recommended process in future construction. The remaining discrepancy in in-
ductance value for Design 104 may be due to the air gap spacing. Around a 0.86 mm
increase in the air gap length for Design 104 could account for the difference between
the measured inductance and calculated inductance and is in the possible error range
for the construction methods used. Similarly, for Design 1 which had a large air gap,
the difference between the measured value and the calculated value could be ex-
plained by the effect of the welding and laser cutting processes. It is possible that De-
sign 300, with the smallest air gap length, suffered from both the effects of welding and
laser cutting as well as the effect of discrepancies in the air gap length. Of the inductors
constructed the two best performing achieved 75-77 % of the required inductance val-
ue. A professionally built toroidal inductor with two air gaps purchased during this the-
sis work was found to achieve 87.4 % of the required inductance value so it is evident

that there are challenges in producing these kinds of inductors.
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6. CONCLUSIONS

It was the goal of this thesis to find a method of quickly designing and producing toroi-
dal filter inductors. The design process that was developed was able to quickly produce
multiple possible designs, where weight, geometry, and cost could quickly be deter-
mined and used to inform selection choice. It was also a goal to further develop the
Simulink inductor simulation model by comparing the simulation results to measure-
ment results. The simulation tool was able to provide information on the core and wind-
ing losses of the designed inductors to further inform selection. Ultimately, power loss-
es in the constructed inductors were not measured since the constructed inductors did

not meet the required inductance values.

Although a valid design method was developed for the design of toroidal filter induc-
tors, challenges in the construction process were highlighted. It was found that the
method used to cut and join the laminations had a large effect on the properties of the
constructed inductors. For future construction efforts, sticking and EDM cutting of the
laminations is recommended. Great care in achieving high accuracy is also needed

when constructing cores with very small air gaps.

The inductors were designed by varying geometric parameters, but the design program
can be easily adapted to adjust any parameter of interest. In future it may be of use to
incorporate design factors into the design process which can account for the changes
in material properties that occur in the manufacturing process. The inductor simulation
model makes use of material specific data from manufacturer catalogues but can also
easily make use of data obtained from measurements of magnetic properties after
manufacturing processes have taken place to provide manufacturing process specific
analysis of losses. Both the design tool and inductor simulation model can be useful in

the development of efficient and cost-effective filter inductors for DC/AC inverters.
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APPENDIX A

%filter inductor design
clear all

clc

Lref = 10.6e-3;
Iref = 5;

Ku = 0.4;

Jrms = 1.416e6;
Bamp = 1.0;

mu0 = 4*pi*le-7;
murlin = 7650;
ngap=2;

% Material parameters
par_Cogent_M33035A;

% Conductor area
ACu Iref/Jirms;
dcu 2*sqrt(ACu/pi);
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% desired inductance

% current

% window utilisation factor

% current density (2.12mm diameter winding wire)
% desired flux density

% permeability of free space

% permeability of M330 35A electrical steel

% number of air gaps

%copper cross sectional area
%copper diameter

% Analytical inductor design according to Kazimierczuk

ap = Lref*2*(Iref)A2/(Ku*sqrt(2)*Irms*Bamp); % calculates area-product

nkd = 25;

calculated

kd = Tinspace(1.4,2.6,nkd);

core.

% number of different possible kd

% for each core height.

% i.e. for each core height 25 possible ratios
% between inner and outer diameter are

% ratio between inner & outer diameter of

h = [12 13 15 20 25 30 35 40 50 60 70 80]*1le-3; % core heights

[kd,h] = ndgrid(kd, h);

% Calculate inner diameter

di = (ap*8./(pi*h.*(kd-1))).A(1/3);

% Other parameters

do = kd.*di;

rin= di/2;

rout = do/2;

w = (do-di)/2;

TFe = (do+di)/2*pi;
AFe = h.*w;

Aww = pi*di.A2/4;
N1 = round(Ku*Aww./ACuU) ;

% core outer diamter

% core inner radius

% core outer radius

% core width

% Length of flux path

% Iron cross-section area
% winding window area

% Number of turns



% return
% COMSOL data

load -mat sF.matx
% iterate for air gap length

delta = muO*AFe.*N1.A2/Lref - TFe/murlin;
% fringing factor iterations

100

for it =1 :

% Get L
ind = (delta <= 0); delta_tmp = delta;

Ff = reshape(interpn(sF.xx,sF.yy,sF.zz,sF.Ff, delta_tmp(:), kd(:), h(:),

1, size(kd));
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% length of air gap on each side

'Tinear"',

L = mu0*N1.A2.*AFe ./ (1Fe/murlin + ngap*delta./Ff);

% L with small change in delta

dFf = reshape(interpn(sF.xx,sF.yy,sF.zz,sF.Ff, delta_tmp(:)+le-6, kd(:), h(:),

'Tinear', 1), size(kd));

dL = mu0*N1.A2.*AFe ./ (1Fe/murlin + ngap*(delta+le-6)./dFf);

% residual and jacobian dL/d_delta
(dL-L) ./1le-6;
L-Lref;

jac =
res =

% incrementation
ddelta = -res./jac;
delta = delta + ddelta;

% convergence check

if all(abs(ddelta)./delta < le-6)
break

end

end
close

% build inductor set

% saves all designs in structure for use in simulation model

apset2 = toroidalInductor('ri', di/2,

'dcu', dcu, 'mur', murlin, 'ngap', ngap,

Published with MATLAB® R2022a

'ro', do/2,
'densFe', densFe,

'h', h, 'N1', N1,

'T', 20,

'delta', delta,
'Fftype', sF);
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Figure 45: Simulink inductor model
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Figure 47: Simulink excess losses model
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