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Abstract

Transformer is a device that transfers electric energy from one alternating-

current circuit to one or more othg either increasing (stepping up) or reducing

(stepping down) the vo 1 ough electromagnetic induction;
current in th a , y coil. The use of

transformer Jes 0 : oltage devices
(doorbells I A f tors so that
clec ; S [ 0 €S
g
ctronics is a idly g g technolog I large
ONS ding a otive, .teleco 2rs: and
rnative energy system. Traditionally, tran er design has been basec
ent ope ; ow frequency. SWILE i

orks at.hi equencies wh d to considerable reduction
. The type . er the prima
indi dictate the type thati mest suitable to
- - - - - -
indu com 0 lowe : b

er_purposed for high

frequency com e design factor of
a high frequenv ay @ ' simulation of the
transformer will be perfo S \.v# D along with design approach and

design factor.
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CHAPTER |

INTRODUCTION

I.1. Background

Transformer is essentially just two (or more) inductors, sharing a common
magnetic path. Any two inductors.placed reasonably close to each other will work as
transformer.. Nowadays power converter had become very impostant in ‘portable
electronic devices. Power converters are used to increase the voltage level from the
battery, instead-of ‘using-multiple batteries to do_the same-thing. Electronic switch
mode converters transforming voltage level t0 another by storing the input energy
temporarily and thengfeleasing that energy;to the output at a different"voltage, the
transformer and inductor are purposed to that task. Separate primary and secendary
windings also provide high- voltage input-output isolation, especially important for
safety in_off-line applications. Leakage and magnetizing inductance causes voltage
spikes during the switching transition, which can damage the switches. Transformer is
the heart of the power converter. The design.of a transformer in power electronics has
many aspects, .most,of which_are’ discussedsin this project.sMany properties of the
transformer._influence wthe  design' of the. power -electronic _conwverter, such as
magnetizing Inductance, leakage inductance, voltage, current, frequency, power loss,

and so on.

In this project, student design_and develop a high frequency transformer for
switch mode power supply, which later will be used for another project. By going
through the transformer basic theory, student investigates every parameter in
transformer design phase. Below is the schematic example of how the transformer will

operate.
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factor of high frequency transformer and inductor is analyzed in this project.

Page

Design factor..., Ikrar Maharar?lka Pramono, FT Ul, 2012



1.2. Scope and Objectives

The purpose of this project is to define the design factor of high frequency
transformer and inductor for switching converters. Among others, the following tasks
will be performed:

e Understandi i | 7 ower transformer and

y measureme )
efining the design factoriof high frequency inductor and traw

facto efine ameters V eleme ess.

0 able to determine gn ans er, designer have ‘to understand
ect of each ele ansfc ver there are t things
on, winding st nd high

ial in"high frequency

induge

side the electrical
portant in this
project, because

of this project.
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CHAPTER 11

TRANSFORMER DESIGN CONSIDERATION

I1.1 Basic Magnetic th

ism by which
netic field

ntour [].

flux direction. e Wage of the coil related

to the induced voltage [3

d¢
e—NE

The input current flowing through the primary winding generates a magnetic
flux, and this magnetic flux induced an output voltage coming out from the secondary
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winding of the transformer. So transformers are basically inductors that are coupled

through a shared magnetic circuit [3].

The magnetic field intensity H is defined by Ampere’s Law [ ], which the integral of
H [A/m] around a close path is equal to the total current passing through the interior of
the path.

$H.dl = []J.dS= Ni

The magnetic field intensity H is in the sense a measure of the effort that a
current is putting into the establishment of a magnetic field. The strength of the
magnetic field flux produced in the core also depends on:the material of the core [5].

The magnetic flux density B produced within a material is given by
B = pH

Relative permeability is.a convenient way to compare the magnetizing ability
of materials. So if a steel have relative permeability of 6000 means for.a-given amount
of “eurrent, 6000 times more flux Is established in a piece, of steel than' in a
corresponding area of air. Also, instead of travelling through the surrounding air that
has'much lower permeability, the great majority. of the flux remains inside the iron
core. The small amount of leakage flux that does leave the iron core is very important
in determining the flux linkages between the coil and the self-inductance of coils in

transfarmers.

I1.1.1 Transformer fundamental

The purpose of a transformer is “to transfer power efficiently and
instantaneously from an external electrical source to an external load. Transformer also
provides important additional capabilities; the primary to secondary turns ratio can be
established to efficiently accommodate widely different input/output voltage levels,
multiple secondaries with different numbers of turns can be used to achieve multiple

outputs at different voltage levels, and separate primary and secondary windings

Page

Design factor..., Ikrar Mahar&%ka Pramono, FT Ul, 2012



facilitate high voltage input/output isolation, especially important for safety in off-line

applications.

The theory of transformers is based on Faraday law: the induced emf equals the
negative rate of time variation of the magnetic flux through the contour. The input
current flowing through the primary winding generates a tine varying magnetic flux,
and this time varying flux willginduce van._output voltage coming out from the
secondary winding of the transformer. Basically ‘transformer is an inductor with
multiple windings. The main difference between a transformer and inductor is that an
inductor.is an electrical device that stores energy in magnetic field [3]. In transformer
the energy stored in the magnetic field is undesired. The use of the air gap is to store
more energy in magnetic field as yields in above figure. This happen due to'the total

flux in the air gap.is spread out over a larger cross-sectional area [4].

Iy=mean path length
S

core } kﬂ\

ffz’:/ =

Ny )
fy L )f J
|

Ve \
fiwging | ‘ ‘
fux |

| fe-

i
/

M e

I

Figure 4. Fringging flux

Core; H1

Figure 3. Transformer layout

Theoretically, a transformer is an alternating-current device that transforms voltage,
currents, and impedances. Faraday law of electromagnetic induction is the principle of operation

of transformers. For the closed path in the magnetic circuit, can be expressed as:

N]i] -Ngiz = DR
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Where ¢ is the magnetic flux, R is the reluctance for the magnetic path, N1, N, and iy,
i, are the numbers of turns and the current in the primary and secondary windings, respectively.
According to Lorenz law, the induced mmf in the secondary winding, Nzi,, opposes the flow of

the magnetic flux created by the mmf in the primary winding, Ni;. The reluctance is define as;

9{_

Where | is the length : 0 yre material, and A¢ is
the cross sectioniar pat
IL.ZM etl erial

undamental requirements magnetic jmaterial for power transform

e the
highe ermeabi e largest ‘saturation flux d pwest , and the

lowes aanent.f sity. Magneti¢ ma AS the.cores of p ansfo s keep

chang operating frequ sed cores play a ole in

switch er circuitry. T %e 2ty of raw mate ange of
manufactugl cesses, and are ila ometries and si material
has its own W properties; Uirement ach. applicat a core in the
power supply must be ﬁo in lig th )PE of ava petic materials so that
a proper core cho e-made. With high permeability core.ima @ undesired energy

stored in the core can be ed : ‘ oni re are two basic classes of materials
used for magnetic cores fransformer b powder cores and ferrite
cores. Characteristic of both magne ate IM N S d thoroughly in this section.
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I1.2.1 Iron-based powder cores

Metal alloy tape-wound cores are used primarily at 50-60 Hz line frequencies.
Insufficiently, they are generally unsuitable for high frequency application. However, lower loss
amorphous metal alloys can be used in switching converter as magnetic amplifier with frequency
up to 200 kHz. At switch mode power supply.freguency, iron-based cores are quite lossy. But in
filter inductor or continuous mode,flyback application, if.the percentages of flux swings are
small enough, the losses maybe low enough to permit the use of this material [4]. This can
happen because in those topologies, the inductive energy Is stored in the non-magnetic region
within the core. Powder cores are made in the three wvarieties; Molypermalloy, High flux, and
KOOL MU.[An alloy material-is first ground to a fine powder. The powder, IS mixed with an
insulating material which separates each particle from the next, thus increasing resistivity. Next,
the powder is pressed into toroidal shapes. Powdericares are manufacturedwith a large radius on

both the inside and outside diameters to facilitate winding.

Molypermalloy powder (MPP) cores have extremely lew-losses and have a large energy
storagewcapacity, making them excellent choices for chokes or“power inductorsg#at high
frequency. High flux powder cores have higher flux density than Permalloy. These cores have a
higher energy storage capacity, which allows for a higher dc flow before saturating. Ehey also
result in“a“lower volume and weight component. High flux cores have greater losses than
Permalloy powder. Kool Mu powder cores.offer an economical advantage while-atthe same time
providing largeenergy,storage. In somesapplications'where heat rise c¢an be tolerated, Kool Mu
cores will offer-asize reduction over.iron powder in the same application.. They.are ideal for in-
line noise filters where the inductor must support large ac voltages without core saturation

occurring.
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I1.2.2 Ferrite material

Ferrites are ceramic materials, dark gray or black in appearance and very hard and brittle.
The magnetic properties arise from interactions between metallic ions occupying particular
positions relative to the oxygen ions in the crystal structure of the oxide. The electrical

characteristics of ferrites are different from powder cores or metal strip cores. Currently ferrites

are still the soft magnetic material pwer electronics. The most important
characteristic of ferrite un e rial. In high frequency
applications eddy ¢ ately with the square
of the freque impedance per
turn and wil 1S Vill.r ill give less

impedar

ppertie 3 3 Sistivity,

and s . The general magnetic properties of ferrite are enu

|ty () A
tivity

0N magnetizatio ap ) t antly smalle
‘etlc materials. 8 &
. ve force v
e Curi 4ratur , ';A Lnare "\ b
. 0Ns Jﬁ:' -m‘ ly low dielectric

loss.

at of
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Material Initial Perm. Bmax Resistivity Operating

1 (kGausses) (Q-cm) Frequency
Iron 250 22 10x10°° 50-1000Hz
Low-Silicon Iron 400 20 50x107° 50-1000Hz
Silicon Steel 1500 20 50x10°° 50-1000Hz
Nickel Iron Alloy 2000 16 40x107° 50-1000Hz
78 Permalloy 12000-100000 2-10 55%x10° 1kHz-75kHz
Amorphous Adloy 3000-20000 5-16 140x10° to 250kHz
Iron powder 5-80 10 10° | 100kHz-100MHz
Ferrite-MnZn 750-15000 3-5 10-100 10kHz-2MHz
Ferrite-NiZn 10-1500 3-5 10%1200kHz-100MHz

Figure 5. Core characteristic Database

At the line frequency of 60-Hz, iron, low-silicon-iron and silicon steel are the major
materials for the.cores of power transformers. They have high-saturation flux densities; thus they
can handle high power transformation at low operating frequency. \When the operating fregquency
of power transformer increased, the eddy: currents inside 'the, magnetic cores'become a critical
problem fer the-transformer designers. Although the laminated core materials.-have been used,
the power losses.generated.by-the eddy currents still"heat up the-core significantly, and this hot

spot generated insidesmagnetic core can destrey the whale power transformer.

For this project, the selection of the core is based on the availability of the material in the
market. Ferrite material 3C90 is used because it has considerably high permeability, and high
resistivity. The designer of the transformer also needs to.consider the dissipated power loss
causing temperature raise in transformer ‘operation. Although, the mechanical reason such
material sizing and geometry of the core can gives huge impact in design factor of the
transformer. Core database from the manufacturer are the main tools in selecting the magnetic

core because it can act as the first consideration in transformer design phase.
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I1.3 Magnetic core geometry

The window configuration is extremely important. The window should be as wide as
possible to maximize winding breadth and minimize the number of layers. Also, with a wide
window, the fixed creepage allowance dimension has less impact. With a wider window, less

n be better utilized.

2

F =n(2r, +1, J
-
o

winding height is required, and the window ar

I1.3.1 Pot Cores

Figure 6. Pot ¢

ing the coil from
pickup of EMI fro C standards so that
there is interchange ab ted circuit bobbins are
available, as are mounting and a its design, the pot core is a more
expensive core than other shapes of a compa ze. Pot cores are not suitable for high power

applications.
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I1.3.2 Toroidal cores

i)
Ac—mc

I z2n(r, +1.)

/,

----- manufac ce, the arable
core 0 bobbin is requ accessory and assembly costs a ' done
machinessShielding is relatively/good.

| L e —— b
a 7 L‘ v
Figure 8. Planar core

Planar transformers normally use flat copper foil or printed-circuit boards instead of
round copper wire. Used together with appropriately flat ferrite cores, they result in an especially

compact transformer with a very low profile.
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I1.4 Transformer winding structure

Transformers consist of magnetic core and coils. The coil of transformers is actually a
copper winding around the magnetic materials to generate the magnetic flux by the input power
source and reproduce electric energy to the loading of the transformer. At line frequency, a

single copper wire with low resistance can pe complete this task. The dc resistance of the

copper wires is the main point to b | ement of conductors in the winding
of transformer is a ve t ( \ K the copper winding of
transformers. The cti prs, such as square
arrangement h are : 1sic principle of the

ideal arrang tq have the

maximum cr

(Lol i

(X

When the operating frequency inc few tens kilohertz, the skin depth of the
conductor reduces the effective cross section area of the wire and increases the ac resistance of
the conductor. The ac resistance of the copper wire creates a heavy power loss in the windings of
high frequency transformers. This power loss can be reduced by using litz wires to replace the
single copper wire. It is constructed of individually insulated copper wires either twisted or
braided into a uniform pattern. Litz construction is designed to minimize the power losses
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exhibited in solid conductors due to the skin effect. Litz wire construction counteracts this effect
by increasing the amount of surface area without increasing the size of the conductor. In general,
constructions composed of many strands of finer wires are best for the higher frequency
application.

I1.5 Transformer losses and limi

Transformer. eve required overall
ate from core
manufacture
drive conditi

current - cult to_determine

recta ansforme
losse inding.losses.

e losses

Figure 10. Hysteresis loop

Core hysteresis losses are a function of flux swing and frequency. All magnetic core
exhibit some degree of hysteresis in their B-H characteristic. The hysteresis loss increase in all
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core material with the increases in ac flux density (Bac), and operating frequency (f) [3]. The

general form of the loss per unit volume (Py,) is

only applies over a limited range of frequenc
concern about the hysteresis loop in
does not matter; the

applications, all we

I, is

P, = kfa(Bac)d

Where k, a, and d are constant that vary from one material to another. But this equation

transformer

saturati

-
~odf

d flux density. Fortunately, the only important
he core loss it represents. The shape
mation. In transformer

S ag r ceptably low (unless

e i
dependedup n ic 53| duetor and flyback
ic y ped by the
lossless and ce i ictable. Core
I limitation plication. h re loss
is th]
Sho ore loss as a function of flux

em rers 0. [6]
ing fre cy.
MA
4000 @ 8 r\s_
200 $
10
0 -
g N
")
70
0
©
.
A
.2 7
.07
04 7
.02 /
01
50 80 150 300 6001000 2000

Figure 11. Flux swing vs Frequency
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In above Core Loss vs. Flux Density curves, the horizontal axis labelled "Flux Density"
usually represents peak flux density, with symmetrical sinusoidal excitation. In SMPS

applications, peak-to-peak flux swing is calculated by Faraday’s Law.

I1.5.1.1 Eddy current loss

{ |
3‘5"{'/ :ﬂ ')J

araday : tor loc i dtoa

time gnetic flux. A It a S in the conductor if the closed
path. \burrents generatg ithe a dissipate power, termed
eddy curr n the core. The : the primary acvo the ratio
of the prlmard to thessingt ore._seconde d eddbent loss in the
core and raise its temp i&( ddy curre hield interio ﬂh“ al from magnetic field

[8].1f the cross-sect i e core | ge 0 depth, and then the
core is ineffective in its ntended.re ) a rn path for the applied

magnetic field.
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I1.5.2 Winding losses

At low frequency, the most important thing to be considered in the transformer windings
is the dc resistance of copper wires. When the operating frequency increases, the total number of
turns decreases significantly, therefore the total length of the copper winding is also decreased.

The power loss due to the dc resistance almastibecomes zero suddenly. With the disappearing of

the dc resistance, ac resistance incre ower loss due to ac resistance is larger

than the one generated fi

11.5.2.2 Skin and.Pr ;

e C ' ed_ir t er-windings
as des d tic core.” A S agnetic field a( urrent,
the tota the s tially
with 0 the interior of the conducto ‘

-

b

A single straight isolated co alternating current, shown in figure
above, will be surrounded by a concentric magnetic field. This field will induce opposing eddy
currents within the conductor itself as shown in the centre diagram. These currents trend to
oppose the main current in the vicinity of the axis of the conductor and to enhance it at the

surface.
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o =

Skin effect may be virtually eliminated by using conductors consisting of thin insulated
strands so composed that individual strands weave cyclically from the centre of the conductor to
the outside and back as they run along the_length of the conductor. Such a stranding and
transposition makes the current density"uniform. However, since skin effect is not usually the
most important form of eddy current losses in winding conductors;.it is not usual to use this
special stranding. To battle the proximity effect loss described in the next section, bunched
conductor is often used. In practice, such bunched conductors are usually made up of groups of
strands, then the appreciable transposition of the strands occurs. Careful measurements have
shown that ‘most bunched conductors behave as though-the strands are’ transposed almost

perfectly and the:skin effect can be ignored.

I1.5.3/Leakage inductance

Ideally, a transformer stores no energy or all energy Is transferred instantaneousty from
input to outputs/Although in practice all transformers do store some undesired'energy; Leakage
inductance.represents energy stored ingthe nen-magnetiesregions between windings,scaused by
imperfect flux coupling. In thesequivalent electrical circuit; leakage inductanee is.in series with
the windings; Mutual Inductance representsfenergy stored in“ithe.finite. permeability of the
magnetic core ‘and in small.gaps.where the core halves come togetherin the equivalent circuit,
mutual inductance appears tn parallel with.the"windings.. Not all"the ‘magnetic flux created by
primary winding of transformer follows the magnetic circutt and links to other windings. The
flux linkage between primary and ‘secondary. windings or parts of the same winding is never
complete. Some flux leaks from the core and returns through the air, thus some flux is not linked
by the other causing imperfect coupling. In addition, to the mutual flux, which does link both of
the windings, is leakage flux. The voltage ratio of the transformer is no longer related by the turn
ratio, as modelled in ideal transformer. It is necessary to subtract the voltage drop across the
leakage inductances from the terminal voltages to get the ideal transformer winding voltages.
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Leakage inductance is a very important factor for transformer design, it interferes with
the basic operation of a transformer. The leakage inductance can cause over voltage in power
switch at turn-off action, and requiring a snubber circuit to protect the switch. Leakage
inductance is the key factor in this project, and will be discussed in the next two sections with the

simulation results.

I1.5.4 Stray Capacitance

Aside from power ratings and power losses, transformers often harbor other undesirable
limitations which. circuit designers must be made aware of. Like their simpler counterparts --
inductors -- transformers exhibit capacitance due to the.insulation dielectric between conductors:
from windingste.winding, turn.to_turn (in“a single winding), and.winding to_core: Usually this
capacitance IS of no concern in a power application, but small signal applications (especially
those of high.frequency) may not tolerate this quirk well. Also, the effect of-havingscapacitance
along with the windiags designed- inductance gives transformers the ability toresonate at a
particular frequency, definitely a design concern in signal applications where the applied
frequency may reach this point (usually the resonant frequency of a power transformer.is well
beyond the frequency of the AC power:it was designed to operate on). Flux containment (making
sure a transformer's magnetic flux doesn't escape so as to interfere with another device, and
making sure™other devices" magnetic flux IS shielded from the. transformer eore) is another

concern shared both by inductors and transfermers.
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I1.5.3 Temperature raises

The last but not least, increases in the temperature of the core and winding materials
degrade the performance of magnetic materials in several aspect. To keep the performance
degradation within bounds, the temperature of the core and windings must be kept at or below

some maximum value [2]. Temperature raiseweften become the operation limitation of the

transformer, because the temperatus ally considered first in transformer

design phase. Althoug | i e ation.
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CHAPTER 11

TRANSFORMER MODELLING

This chapter will demonst ( ed the best transformer model for a
specific application. In Cé f guivalent circuit model
to describe the non eré : e an ideal model may

be well suited fo S ; needed for careful

transformer ingt ters gi 0 optimize a

design using e s.rather tha iantlvspendine - r Jtions

Model validation

Define design factor of a high frequency transformer
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Since time is the limitation in doing this project, designer of transformer have to come
back to the basic things that affect transformer performance; leakage inductance and stray
capacitance. The transformer design in this project will be used as a power converter in
switching circuitry. In switching converter circuit, leakage inductance become a very important
because of causing over voltage and breaks the switch. However, stray capacitance which

normally can be ignored in high power applieation, but in high frequency circuit it can be a

major problem. Parasitic capacitance and input can act as a feedback path,

causing the circuit to osci 3

To overcome those challenge, two different transformer configurations will be modeled
and measured to look at the parasitic component. This section will include transformer
configuration design approach, laboratory measurement, and validation of the model. The
parasitic component that will be discussed in this section is the magnetizing inductance (L),
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leakage inductance (L;; and L), intrawinding capacitance (Cp and Cg) and interwinding

capacitance (Cps).

II1.1 Transformer configuration

Two factors that contribute to the transformer losses are stray capacitance and leakage

inductance. So it is very important for the ).optimize their design by controlling these

two factors. Leakage inductance inks the windings via the core.

Losses are a functio Nig i 3 re ductive and capacitive
elements are best vi re ' d agnetizing current
consequent excessi dre h s

rst design approach Second design approach
Fi 150W gico ation

S|g A J-andisecon mding in the
same core leg. Theo f ﬂ w i g_in.the same leg, the

flux leaks fro s ce. e the magnetic field

created by the primar struggle in one leg of

the core. For an optimum a ner, i mportant to determine which

winding structure gives the lowest win C erating frequency.

II1.2 Transformer equivalent circuit

A transformer equivalent circuit shown in figure below consist of: ideal transformer, loss components,

magnetizing inductance, and parasitic component.
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= pr'

= primary leakal

inductance

= secondary leakage

inductance

= primary intrawinding
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I11.3 Laboratory measurement

The purpose of this laboratory measurement is to see the frequency response
of the transformer, and to model the parasitic component of it. In order to do it, a
network analyser used to test the transformer that being designed previously. A
network analyser is an instrument that measures the network parameters of electrical
networks. Frequency response measurements are more crucial to the power supply
industry than any other. Please note the AB-CD node from the equivalent circuit

above for further measurement method.

Figure 17. Network analyzer

II1.4 Measurement method

There are two popular tests in transformer component measurement, which are
open circuit test and short circuit test. As the name suggests, the secondary winding is
kept open circuited and nominal value of the input voltage is applied to the primary
winding and the input current and power are measured. The purpose of this test is to
look at the magnetizing inductance and core loss of the transformer. Due to core
leakage inductance is small compared to leakage inductance in primary and
secondary, so the inductance value seen on the frequency response from open circuit
test is the value of magnetizing inductance. The core loss of the transformer also can

be seen on open circuit test, which approximately at resonant frequency.
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At short circuit test, the secondary winding is short-circuited. So now the
mutual inductance between the windings is gone. Now the value of inductance seen in
the frequency response is the series of leakage inductance in primary and secondary,
due to the core leakage inductance in secondary is divided by the number of turns
squared. And to find the intrawinding capacitance in primary and secondary, which
very difficult when using open and short circuit test, the primary winding needs to
remove first. After that we short the AB node (primary winding) and CD node
(secondary winding) to get the primary intrawinding capacitance in parallel with the
secondary intrawinding capacitance. There are several more measurement method
perform in order to get the coupling capacitance between primary and secondary

winding. As described above, this following measurement method will be perform:

e AB-open
e AB-short
e CD-short
e AB-CD

e AC-short
e BD-short
e AC-BD

e CD (primary winding removed)

Matlab software use to help student doing research, the software is used to
plot the graph so the measurement result can be easily read and investigate. After the
data matrix from the network analyser is plotted, we look at the angular phase
response to frequency, to look at which frequency the impedance is inductive or

capacitive. This procedure will perform during measurement:

e To look at the frequency response of transformer.

e Decide at which frequency the data needs to be analyzed.

e Get the reactance value from the matrix data.

e By knowing the frequency and reactance value, component value can be
achieved using impedance formula.

e Take the mean of at least ten points on each element, to get the real value of

the parasitic component of transformer.
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CHAPTER IV

RESULT AND ANALYSIS

In this research, two types of transformer configuration have been measured.
The purpose is to find the most suitable transformer winding configuration for
switching converter application. Stray capacitance and leakage inductance are the
factors that will be controlled to get the best result. Therefore the result of the
frequency response for both transformer configurations will be compared and

analysed.

IV.1 Measurement result

From the network analyser, student gets a matrix data of frequency response
of the transformer, which in angular phase and linear impedance magnitude..
Impedance can be split into two parts: Resistance (R) and Reactance (X). There are
two types of reactance; capacitive reactance (Xc) and inductive reactance (XI). These

two values are result that will be investigated from the laboratory measurement,

ol
“ = 2nfC
Xl =2nfL

By knowing the frequency and the reactance the parasitic value of C and L can
be achieved. C refers to stray capacitance, and L refers to leakage inductance and
magnetizing inductance. By looking at the angular phase vs frequency figure, the
range of frequency that shows when the impedance is inductive or capacitive. We
take that frequency range and look at the linear magnitude vs frequency figure to find
the approximated value of the component. To plot the graph and to calculate the
magnitude capacitive and inductive value MATLAB software is used to help student
doing research.
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IV.1.1 AB-OPEN
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Transformer 2

From this test, it is seen that in the second transformer configuration the value of magnetizing
inductance is almost twice as big as in the first transformer configuration. It is also seen that
in the second transformer configuration the angular phase begin to act as inductive reactance
in 2x10° Hz frequency or it can be said the interleaved winding configuration stores more
undesired energy compared to sandwich winding configuration. Using this equation, the

result achieved from this test is shown below:

Result achieved from this test:

° L|v|1 =4.6e-6 H o I-MZ =7.8e-6 H
o Rc= 2.7 kQ L Rc= 2.7 kQ
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IV.1.2 AB-SHORT
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Transformer 2

The real equation is Lp + % Because the turn ratio is 10 so the secondary leakage is so small

compared to the primary leakage. However the inductive value gets from this test is the
primary leakage inductance Lp. From result above, it is seen that the primary leakage
inductance in the first transformer is slightly smaller than the secondary leakage inductance.
This may prove the theory is right that the leakage inductance can be reduced by placing the
windings in the same core leg, because the flux only struggle to travel in one leg. Using the

same method here is the result achieved from this test.

Result achieved from this test:

e Lp;=1.04e-6 H
e Lp;=1.35e-6H

Page

Design factor..., Ikrar Maﬁ;dhika Pramono, FT Ul, 2012



IV.1.3 CD-SHORT
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Transformer 2

From this measurement the leakage inductance in the secondary can be achieved. However
the inductive value gets from this test is the is Lp + LsN° thus we know the value of Lp so
now the value of Lg can be obtained. By looking at approximately 0 — 2x10° Hz, and using the
same method like the previous test, and considering the transformer equation the achieved

from this test is shown below.

Result achieved from this test:

o L= 0.5e-6 H
o L= 0.03e-6 H
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1V.1.4 AB-CD
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The purpose of this measurement is to find the coupling capacitance between windings. Both

C12 and C21 should be the same value if the winding structure is symmetrical. By looking

the frequency response above 2x10° Hz, we can get the capacitive reactance which needed to

find the capacitive value C.

Result achieved from this test:

® Ceq1=Ci2+Cy
=30 pF

® Ce2=Ci+Cy
=26 pF
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IV.1.5 AC-SHORT
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The purpose of this measurement is to find the coupling capacitance between windings and to
see whether the winding structure is symmetrical or not. By looking the frequency response
from 2x10° to 4x10° Hz, we can get the capacitive reactance xC, which needed to find the

capacitive value C.

Result achieved from this test:

_ Cp X Cs
* Cer =Crt Cp+Cs

=48 pF

_ Cp xCs
* Cez =Cr+ Cp+Cs

=33 pF
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IV.1.6 BD-SHORT
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The purpose of this measurement is to compare the stray capacitance between windings.
Since the result showing in this measurement show different result from the previous test
(AC-short) than it is confirm that the winding structure that has been tailored for the
transformers is asymmetrical. By looking at 2x10° to 4x10° Hz, here is the result achieved

from this measurement.

Result achieved from this test:

_ Cp X Cs
* Cu1 =Cat Cp+Cs

=37 pF

_ Cp xCs
¢ Ceq’z =Ca+ Cp+Cs

=34 pF
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IV.1.7 CD
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Secondary winding capacitance

The purpose of this measurement is to find the capacitance value in the secondary winding,
however the primary winding needs to removed first in order to find intrawinding capacitance
in secondary winding. By looking the frequency response of the transformer from 1x10° to

4x10° Hz, here is the result of this test as follow.

Result achieved from this test;

o Cs = 25pF

b Ceq =Ci+C,
= 380 pF

e Co = 355pF
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IV.2 Model Validation

To validate our transformer model, it is important to compare our laboratory
measurement with any valid model of a transformer. In this project matlab Simulink
is used to valid the transformer by model a linear transformer with the same

component as our model of transformer.

Impedance Measurement i l
=7 & T @ g - T
Linear Transformer 1

—
I

powergui

Figure 18. Transformer simulink model

All the component value achieved from the laboratory measurement inserted
to the Simulink model and the result will be compared to the result from laboratory
measurement. If the frequency response of both model is fluctuating in a very near
value than the transformer modeling can considerably correct. However, it is very
difficult to get the real value of the component because it is the case of sensitivity.
Even after doing the measurement over and over again, student might get different

result of each measurement.

3000

2500 —

2000 —

1500 —

i
1000 - [|!

Figure 19. Model validation graph
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IV.3 Model Comparison

After the transformer has been successfully modeled and validated, it is time
for the designer to look at the design factor of a high frequency transformer.
Theoretically, transformer with separate windings has a very small coupling
capacitance and high leakage inductance. This consideration will be compared to the
result from the laboratory measurement. Furthermore the design factor of the high

frequency transformer can be accomplished.

After looking at both transformers with windings in the same leg or separated,
the designer can see that when configuring windings in the same leg of the core, the
leakage and magnetizing inductance can be reduced. On the other hand the coupling
capacitance between primary and secondary winding increase as the distance between
them is decreased. However theoretically in separate winding structure the coupling
capacitance is very small so it can be neglected, which different forms the
measurement result. It is also seen that when the winding structure of the transformer
is not symmetrical, because the value of interwinding capacitance C12 and C21 are

not the same.

Furthermore, due to the transformer designed in this project will be used in
switching circuit, it is more important to reduce the leakage inductance in the core.
The first design approach or sandwich winding configuration will be used for the
project. The laboratory measurement also shows that designer of the transformer
needs to provide a very good isolation between windings, because the parasitic

component of transformer is varied especially in high frequency.
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IV.4 Design factor of High frequency Transformer

After research and modelling has been done, it is time for student to achieve

the final result of this project which is the design factor of high frequency

transformer. Student has come back to the simplest theory to get all the factors that

contribute in designing a simple transformer. Also with help from supervisor and

fellow research student this project has been successfully finish. Although all the

factors in designing this transformer has been mentioned above, here is the design

factor of high frequency transformer.

Core Material

Ferrite material 3C90 is used in this project, with permeability around 2300
and very high resistivity considerably the most suitable for this application,
see Appendix 1. Amorphous alloy core which also has very high permeability
and resistivity considered not suitable for the application due to mechanical
reason (bulky).

Core Geometry

To choose the optimum core geometry of transformer, designer has to know
exactly the purpose of the transformer. The optimum core geometry selection
will lead to optimum winding configuration; which give more compact and
economical transformer.

Winding Loss

It is proven that the usage of Litz wire in high frequency transformer
significantly reduces the power loss of i°R. The constructions of individually
insulated copper which can counteract the effect of skin effect occur in the real
transformer. Also by applying sandwich windings configuration as modeled in
this project proves to reduce both magnetizing and leakage inductance in high

frequency transformer.
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IV.5 Suggestion for Future work

High frequency magnetic materials, such as ferrites and power cores, have
improved to suit the requirement of high frequency operation. Parasitic element of the
transformer itself makes it very difficult to design high frequency magnetic. For this
reason, it seems like that commercial switching frequency will be limited to about
1MHz. Litz wire techniques and new winding configuration needs to be develop and
put into practice to reduce the losses in high frequency transformer. However, the
development of planar transformer have brought application of transformer to a whole

new level.

IV.5.1 Plannar Transformer

Planar transformer normally uses flat copper foil or printed-circuit boards
instead of round copper wire. Used together with appropriately flat ferrite cores, they
result in a special compact transformer with a very low profile. Planar transformers
are primarily planar technology products but they can be fabricated by the micro-

fabrication techniques and make them to the possible as integrated magnetic.

Flat ferrite

Planar
windings

Figure 20. Planar transformer

Planar transformer has advantages of low profile, high power density and
good heat transfer properties. Planar transformer can be implanted with integrated
circuits to form hybrid power IC. The manufacturing cost is also relatively low by
using micro-fabrication techniques. This type of transformers can provide an excellent

solution for the high frequency switching converter application.
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CHAPTER V

CONCLUSION

In conclusion, this report ilustrates the degree of knowledge and
understanding | have obtained through research and simulations that have been done

about high frequency transformer and inductorduring the last semesters.

Understanding of the power electronic converter to which the high
frequency transformer and inductor is connected to is also necessary. Especially,
when modeling the trasformer to analyse winding parasiticparameter. More trial and
patience are the key in simulating this model. Not rare the modeling failed because
the winding parasitic parameters should be taken into account before starting the
simulations. And, by having good understanding from those simulations, conclusion

came at that stage.

This project has given me a new experience that will be useful for my
continuing professional development in my disciplinary background, electrical
engineering. However, many simulations resulting far away from my expectation but

this also improve my understanding in those limitations existed in the model.

Lack of knowledge and experience in designing and making the high
frequency transformer model also one of the issue. But by trying to understand the
concept, mechanism, and analysis of the simulations, this project is heavily worth for
my knowledge in the dynamics of power system. Hence my main expectation in

gaining knowledge in a well developed sustainable energy is acquired.
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APPENDIX 1 - 3C90 Ferroxcube Core Database
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Femmcube
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Appendix 2 — Transformer picture
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Appendix 3 - Ferrite Material Parameters

Ferrite Material Parameters

MANUFACT.  SUGGESTED
Bsat MAX FREQ MATERIAL Ke a b Ha/lo

[mT @ 100 °C] [kHz] C(T) SIEMENS
370 1000 0.74353 N27 2.1566E-05 1 2.34 5000
350 1000 0.62004 N41 1.66E-04 1 1.98 4800
300 2000 0.79307 N49 1.2322E-06 1 2.89 2100
360 1000 1.058 N53 2.6E-06 1 2.666 4300
310 3000 1.01975 N59 5.66E-06 1 2.7926 1700
320 1000 0.66403 N61 1.26E-05 1 2.420 3600
340 1000 1.04602 N62 9.92E-07 1 2.808 4600
380 1000 1.25767 N63 1.9E-06 1 2.757 4700
340 1000 1.1317 N67 9.8288E-07 1 2.851 4300
330 1000 0.7942 N72 6.20E-07 1 2.869 4000
340 1000 1.2119 N87 4.12E-07 1 3.00 4600

PHILIPS
320 1000 0.7098 3B8 7.10E-07 1.6 2.5 4000
350 1000 1.19713 3C15 1.20E-07 1.7 2.8 5000
350 1000 1.416 3C30 4.25E-07 1.5 2.7 5000
310 100 1.0033 3C80 9.63E-06 1.42 2.2 4000
320 1000 0.6658 3C81 O 9E-07 1.56 2.55 5500
310 2000 1.0999 3C85 4.95E-07 1.6 2.6 4000
330 1000 1.1194 3C90 5.60E-07 1.5 2.6 5500
330 1000 1.1423 3C94 1.60E-07 1.6 2.7 5500
330 2000 0.9167 3F3 1.38E-06 1.3 2.5 4000
350 3000 0.9678 3F35 1.19E-08 =S SE52 2500
310 5000 0.8455 3F4 1.73E-07 185 Bal1 1700
180 10000 0.88 4F1 1.58E-05 =85 2.25 300
| Transfer Data |
| 330 21 1.5992E-07 1.6 2.7 5500
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