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Abstract

In this work an evaluation of the AC resistance of various types of transformer's
windings at different frequencies is made. The conductors utilized to build the trans-
formers were the following ones: Foil, Round Magnetic Wire and Litz Wire.

Firs of all, it was necessary to assemble all the transformers with the prede ned
characteristics parameters. This was done in order to be able to analyze the effects of
various characteristics. Then an accurate measuring procedure was chosen. After that
the theoretical equations were collected with the purpose to compare the theoretical
values with the measured ones.

The resistance of the foil winding was so low that not all the instruments were able
to measure it with enough precision. Comparing the results that have been obtained for
the research of different types of conductors, it is suggested that it would be valuable
to continue future work utilizing foil windings.

Keywords: Ultra Low Impedance, Winding AC Resistance, Foil Conductor, Round
Magnet Wire, Litz Wire.
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List of symbols

Vs the voltage in the secondary side.
Ns the number of turns in the secondary.
the magnetic ux along the coil.
V, the voltage in the primary side.
N, the number of turns in the primary.
R; the ratio of voltage from primary and secondary sides.
Pincoming  the power applied to the transformer.
Poutcoming  the power obtained from the transformer.
I, the current thought the primary winding.
I s the current thought the secondary winding.
Rp the primary winding equivalent resistance.
Rs the secondary winding equivalent resistance.
X, the primary winding equivalent leakage inductance.
X the secondary winding equivalent leakage inductance.
R. the iron core losses.
Xm the magnetizing reactance.
| the core losses current.
I the magnetizing current.
W, the wattmeter reading in the primary side or the full load copper loss.
1 the impedance angle.

V; the applied rated voltage in the primary side.



Contents

I, the no-load current measured in the primary side.
Z . the exciting impedance.
Rsc the resistance as viewed from the primary.
X the reactance as viewed from the primary.
Z4. the total impedance as viewed from the primary.

the skin depth.
w the pulsation frequency of the waveform.

the permeability of the material.

the conductivity of the material.
f the frequency of the signal.

the resistivity of the material.
Rac the AC resistance of the winding.
Rgc the DC resistance of the winding.
& the skin effect factor.
& the proximity effect factor.

represents the penetration ratio.

O represents the modi ed penetration ratio.

w the porosity factor.

m the number or layers.
I, the length of the middle layer.
h,, the width of the layer.
dy the thickness of the foil or the equivalent thickness.
N the number of turns in one layer
d the diameter of the magnetic wire.
RF the resistance factor.
ns the number of the strands in the bundle.

ds the diameter of the strand.
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d, the diameter of the bundle.
rs the radio of the strand.
r, the radio of the bundle.

the penetration ratio for litz wires.

1( ) the skin effect losses in round conductors.

2( ) the proximity effect losses in round conductors.
p: the packing factor.

1 the diameter of the core.
h. the width inside of the core.
a the distance between the core and the rst layer.

duv the distance between the external side of the last primary turn and the secondary
layer.

L, the distance between the core’s center to the middle length of primary side.
L. the distance between the core’s center to the middle length of secondary side.

S; the cross section; i type of wire.
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Chapter 1

Introduction

1.1 Problem background

Nowadays many studies have a focus on the ef ciency of power generation systems,
especially for wind power plants placed offshore. If the distance from the shore is
more than 50 km, the energy should be sent through DC transmission lines [1] & [2].
One of the most important components of every power transmission is the electrical
transformer. Its ef ciency is typically related to the winding losses for a prede ned
frequency.

The optimization of the design is one of the aims of every new product. In order
to do that, applications are being developed to simulate the products. One idea could
be to increase the frequency as the voltage level is transformed. If this idea is im-
plemented, new considerations for the design of the electrical equipment should be
assumed. Working at higher frequency increases the losses signi cantly and accord-
ingly new applications should be developed with the purpose to optimize the design
of new high-frequency transformers.

1.2 Previous work

If the system frequency is increased, the winding losses would increase too. With
the purpose to understand this effect some equations have been developed to verify
their accuracy. The mathematical expressions are related to the type of conductor used
to build the winding. This topic has been analyzed by some researches and they are
collected in several technical documents. The most known researchers are: P.L. Dowell
[3], F. Tourkhany and P. Viarouge [4], J. Biela [5], JilNlethaler [6], G. Ortiz [7] ...

In their documents the equations to calculate the winding losses are included.

1



Chapter 1. Introduction

1.3 The purpose of this work

The goal of this thesis is to analyze the AC resistance of different types of windings
in a de ned frequency range (from 1kHz to 300kHz). This study was focused on
three different types of conductors that could be used to manufacture the transformer's
windings. The chosen conductors are the following: copper foil, round wire and litz
wire.

First, the simulation equations were collected in order to calculate the AC resis-
tance of the windings. Dowell's equations for foil and round wires windings were
used. With the purpose to utilize a correct system for litz wire windings, several docu-
ments were checked. After verifying the different expression found in these technical
reports, the Tourkhany and Viarouge equations for litz wire windings seemed to be the
most accurate ones.

Secondly, with the intention to analyze the AC resistance, the theoretical results
were compared with real values. These real values were measured from transformers.
These ones were handmade in order to study some speci ¢ parameters.

Finally, as it was said before, the calculated values and the measured results were
compared in order to verify the accuracy of the equations.

1.4 Project Layout

The organizing of the report is done as follows:
Introduction justi es the purpose of this project.

Chapter 2 includes the necessary theoretical background in order to be able to under-
stand the results and the following tests.

Chapter 3 explains the procedure to manufacture the transformers winding and other
components like the litz wires.

Chapter 4 shows the acquisition instrument used to measure and the con guration of
this one.

Chapter 5 presents the results of the tests done, where the comparison between the
theoretical values and the measured ones takes place.

Chapter 6 contains the conclusions of this project and the possible ideas for future
researches.



Chapter 2

Technical background

2.1 Basics of electrical transformers

According to [ANSI/IEEE] ” the transformer is de ned as a static electrical device,
involving no continuously moving parts, used in electric power systems to transfer
power between circuits through the use of electromagnetic induction”.

The transformer is based on the electromagnetism and electromagnetic induction
principles. The electromagnetism principle is originated in the property to produce
a magnetic eld by the electric current. The electromagnetic induction is based on
inducing a voltage across the coil due to a changing magnetic eld.

These electrical devices can be considered as an ideal or as a real one. To be able
to consider the transformer as ideal, the following assumptions must be accepted

» The windings of the transformer don't have losses because the resistance of each
one is zero.

» The leakage inductance in the transformer is zero because the coupling factor is
one.

* The core of the transformer doesn't store any energy and it never produces
losses. It is because the permeability and the resistivity of the core are in nite.

3



Chapter 2. Technical background

Magnetic Flux

Secondary

Prima
) Winding

Winding

Transformer Core

Fig. 2.1 An ideal transformer. [8].

The equivalent circuit of an ideal transformer is shown in Figure 2.1. In that gure
the current which goes through the primary coil produces a magnetic eld. The pri-
mary and secondary coils are wound around a core; therefore, the ux goes through
both of them.

The voltage in the secondary side can be obtained from Faraday’s induction law,

d
dt
whereVs is the voltage in the secondary sidé; is the number of turns in the sec-
ondary and is the magnetic ux along the coil. The magnetic ux is the same on
both sides, so the voltage in the primary side equals,

Vs = N (2.1)

d

taking the ratio of voltage from primary and secondary sides give,

Ri= °= % (2.3)
Vp NP

If there is a load in the secondary side allowing current to ow, the energy trans-
ferred between both sides is ideally the same,

I:)int:oming = Ipr = I:)outcoming = 1sVs (2.4)

giving the ideal transformer equation,

I

Z| Z
w
I
ls-

R, = (2.5)

ENPS



2.1. Basics of electrical transformers

Vp @ LoAD M

Fig. 2.2 The ideal transformer as a circuit element. [8]

If the previous suppositions haven't been accepted, the transformers must be con-
sidered as real. In that case, the losses of the windings are inherent to the resistivity of
the material used to build them. They also can be affected by the temperature and the
frequency. The ef ciency of the transformers depends on the ux even if the windings
is done carefully.

The nite permeability of the core means that some current and energy is needed
to magnetize it. In order to do that, an unsuitable energy is stored and also dissipated
in the core. Therefore, the transformer requires a cooling system in order not to get
overheated.

Figure 2.3 shows the equivalent circuit with its corresponding losses and energy
storing places.

\‘h;’ Winding Losses )
(Leakage Energy )
1R Xp Np : NS R XS
T

-

( Magnetizing Energy )

( Corelosses )

Fig. 2.3 Transformer equivalent circuit with corresponding loss and energy storing elements

[9].

The physical limitations of the real transformer might be joined together in an
equivalent circuit. Winding losses are related to current and are represented as resis-
tancesR, andRs. Leakage energy is part of the applied voltage lost without con-

5



Chapter 2. Technical background

tributing to the mutual coupling; therefore is equivalent to leakage inductapead
Xs.

Core losses are produced by hysteresis and eddy current. The losses from the iron
core can be represented by a resistadRgen parallel with the ideal transformer. The
core nite permeability is supported by a magnetizing currigptthat holds up the
mutual ux. The ux inside the core produces a 90° lag from EMF (electromagnetic
eld) and this effect might be represented as a magnetizing reacbapcie parallel
with R.. R; andX, are known as the magnetizing branch parameters.

It is common thaRs and X s are moved to primary side; in order to do that, the
impedance scaling fact¢N,=Ns)? or R? must be utilised.

2.2 Transformers equivalent circuit

b R, X R(R)  Xs(R) NN, I
L — WA ANN—
b lo
Vp Rc XM VS
led| T4 I

Fig. 2.4 Transformer equivalent circuit, with secondary impedance referred to the primary
side [8].

The parameters of the equivalent circuit represented in Figure 2.4 can be obtained
from the open-circuit and the short-circuit test.

2.2.1 The open-circuit test

The secondary side of the transformer is left open-circuited and a voltage is applied
to the primary. Current, voltage and power are measured at the primary side to obtain
the impedance and the power factor angle,

Wi, = V4l cos ; (26)

the above equation can be rewritten as,

COS ; = % (2.7)
Im=118in 4 (2.8)
lc=1,C08 1 (2.9)

Xm = Vi (2.10)



2.3. Frequency effects in transformer

=<

Rc = (2.11)

Ie
Zoc= Rc+ X' (2.12)

whereW; is the wattmeter readingy is the impedance angl¥; is the applied rated

voltage,l; is the no-load current,,, is the magnetizing component of the no-load

current,l is the core loss component of no-load currd®y,is the resistance of the
core, X, is the magnetizing reactance afgl is the exciting impedance.

2.2.2 The short-circuit test

The low voltage side of the transformer is short-circuited and a voltage is applied to
the high voltage side; it is assumed to be the transformer's primary side. The core
losses are too low so it can be neglected. Current, voltage and power are measured at
the high voltage side to obtain the impedance and the power factor angle,

W; = | ?Rg (2.13)

The above equation can be rewritten as,

W,

=1 2.14
COS s0= /7 (2.14)

W
Rec = |_2‘1 (2.15)

1

V.
Zs= |_11 (2.16)

| O

Xec= Z2! RZ (2.17)

whereW; is the full load copper loss; is the impedance angl¥, is the applied rated
voltage,l ; is the rated currenRg. is the resistance as viewed from the primaty,

is the reactance as viewed from the primary @ggdis the total impedance as viewed
from the primary.

2.3 Frequency effects in transformer

The transformer parameters began to vary as soon as the frequency tends to increase. It
happens because of the change of magnetic eld and current density that goes through
the conductors. This depends on in which conductor the current ows, if it ows
through its own conductor it is known as Skin Effect and if it goes within the neigh-
bor's winding is called as Proximity effect. The magnitude of these effects depends on
the frequency used, which modi es the AC resistance.



Chapter 2. Technical background

2.3.1 Skin Effect

As it is said before, the skin effect in a conductor is induced by the current going
through itself. The magnetic eld depends on the current magnitude, the distance from
the conductor center and the frequency used.

Flux i
/

Current
Eddy current density

Fig. 2.5 The skin effect and current density in a single foil conductor [9].

Figure 2.5 illustrates the current within a foil conductor. This current causes a mag-
netic ux which goes around it. According to Lenz's law, the magnetic eld induces an
opposite current through the conductor. Therefore, the current tends to decrease in the
center and grow in the surface. In addition to this effect, the total current through the
conductor will be the same but not the density. Figure 2.6 shows the effect described

before.

Fig. 2.6 Current density in a isolated round copper conductor [9].

The current density can be calculated using Maxwell’s equations. The value of this
will be more pronounced with higher frequencies. This property of the materials used
as conductors is known as skin depths de ned as,

r_ r
_ or = (2.18)



2.4. Winding Losses

wherew is the pulsation frequency of the waveformis the permeability and the
conductivity of the material, of represents the frequency of the signal and the
resistivity.

2.3.2 Proximity Effect

As was mentioned, the proximity effect in a conductor is induced by the current go-
ing through the neighbos conductors. This current produces a magnetic eld in the
nearest conductors and induces a voltage on them, causing a current addition to the
conductor. The magnitude of the penetration is related to the proximity of the external
wire and the frequency. The total current density is still the same but the distribution
is disturbed. So it will be decreased in the outer wire and increased in the other side.
Finally if a new conductor is added inside the same outer eld, it will be affected by
this current even if there is no net current through it.

2.4 Winding Losses

The windings of the transformer are affected by skin effect and proximity effect. The
skin effect of the conductor increases the resistance factor of the windings. The skin
increases with frequency, causing a strange current reduction.

2.4.1 Resistance Factor. Dowell's Equation

Although Dowell [3] was the rst one solving Maxwell equations for transformer
windings, he also reached his own expression, the Dowell's equation for the AC re-
sistance of a coil with layers using sinusoidal excitation. Dowell's equation is used to
calculate the AC resistance of a foil conductor; moreover this equation can be adapted
to obtain the value for round magnet wires as well. He includes another modi cation;
he adapts his equations with the porosity factor coef cigptin order to apply the
effect of the core window size used.

Foil conductor

The equation that Dowell provided for calculating the AC resistance of the foil wind-
ing can be written as follows.

Ry = L;m &+ \,zvg(mzl 1)& (2.19)
where

« & the skin effect factor

_sinh(2 9+sin@2 9

&= cosh(2 9! cos(2 9 (2.20)
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- & the proximity effect factor

&= sinh( 9! sin( 9

cosh( 9 +cos( 9 (2.21)
* represents the penetration ratio:
= O (2.22)
« Orepresents the modi ed penetration ratio.
o= P— (2.23)
»  the porosity factor
Y= TTVCV (2.24)

m the number or layers

the skin depth

Iy the length of the middle layer

the material conductivity

h,, the width of the layer

h. the core window size

dy the thickness of the foil

The DC resistance of a foil winding can be obtained with the following expression:
[
= ———Mm
d h,
The formula that provides the resistance factor is obtained from theRgtiand
Rgc as

Rdc (2.25)

R 2
RF=_"%= °&+ 2-(m?! 1)& (2.26)
Rdc 3

1
\

Fig. 2.7 Dowell resistance factor expressiBir versus frequency.

10



2.4. Winding Losses

In Figure 2.7 the resistance factors as a function of the frequency have been shown
at four different number of layers. The total resistance grows quickly as soon as the
frequency increases. For lower frequency values the resistance factor can be higher if
there are several layers.

Round wires

Dowell's equation for foil winding can be adapted for being used with round mag-
net wires, so the total AC resistance of the round magnet wire is calculated with the
following relation.

Ry = ('j;mN &+ @é(mz! 1)& (2.27)

where

»  the porosity factor

w= (2.28)

dW N
hw

* N the number of turns in one layer

* d, the equivalent thickness. In the case of round wires, the equivalent is de ned
as, r
dy = Zd (2.29)

* dis the diameter of the magnetic wire.

Figure 2.8 represents the equivalence between the foil and round conductors; it
also shows some other technical information.

Fig. 2.8 Representation of the equivalent conductors [9].

11



Chapter 2. Technical background

The DC resistance of a round magnetic winding can be obtained as,

_ 4||mN _ ||mN

(2.30)

The formula that provides the resistance factor, as mentioned before, it is the ratio

Rac and Rd01
RF = JAC &+ Vzvg(mZ! 1)& (2.31)
Rac 3
This equation is the same as for foil conductors, so Figure 2.7 is able to explain the
effect of increasing the number of layers. If the number of turns per layer is increased,
the Resistance Factor is not affected because their equation is not related to that pa-

rameter. The number of turns only concerns the DC Resistance and AC Resistance.

2.4.2 Litz Wires

The Skin and Proximity effects are signi cant when a coil is operating in medium-
frequency applications, therefore, it is necessary a conductor with a proper section. If
the chosen area is not the correct one, this may be too wide for the signal frequency
due to eddy current effects. This effect can be decreased using stranded insulated and
twisted wires. The skin depth effect is reduced because of the higher surface area of
each strand. The Litz wire conductors are manufactured with several insulated strands
twisted together.

The skin and proximity effect of round litz wire windings can be separated into
Strand-level and Bundle-level. In Figure 2.9 are illustrated both effects.

Strand-Level Bundle-Level

Skin Effect

s

Proximity Effect

Internal External

Fig. 2.9 Type of eddy currents in round litz conductors. lllustration introduced in. [10]

12



2.4. Winding Losses

Bundle-level effects are related to current going through different paths. These
trajectories involve multiple strands. These effects can be solved by the correct man-
ufacturing of the litz wire. Simple twisting can resolve Bundle-level proximity loss,
whereas complex structures control Bundle-level skin effect. Proximity effect at Strand-
level dominates over skin effect in a winding with many layers; therefore, Strand-level
skin effects are negligible.

Strand-level proximity effect can be divided into internal proximity effect and ex-
ternal proximity effect. Internal proximity effect are concerned with the currents ef-
fect through the bundle, and external proximity effect is related to the losses generated
from current in the other bundles.

The resistance factor equation used in the following experiments is taken from
Tourkhani and Viarouge [4]. They have developed an analytical model of winding
losses for Round Litz Wires Windings.

2ngpr | 24

RF:ﬁ:p—_ 1()! 16m?! 1+ = () (2.32)

Rdc 2 24

where:

* R, is the ac resistance of the winding.

Rgc is the dc resistance of the winding.

4mN|1,,
R.. =
dc ns d g

(2.33)

m the number of layers in the winding.

N the number or turns of litz wire in a layer.

I the length of the middle layer.

ns the number of the strands in the bundle.

ds the diameter of the strand.

d, the diameter of the bundle. This value can be estimated with the next equa-
tion. It is taken from J. Biela [5].

0:45 d 0:85
d, =135 e! 6 % e (2.34)

* the penetration ratio.
= —pE (2.35)

» the skin depth.

13



Chapter 2. Technical background

* 1( ) the skin effect losses in round conductors.

_ ben(r)bef(r5) ! bei(s5)ber(r)

2.36
' berd(p)? + bef(p)? (239
* () the proximity effect losses in round conductors.
ber(p)ber(r) ! bek(r5)bef(rs)
2 = - (237)
ben(r3)? + beb(r3)?
* pr the packing factor.
2
pr = Ng % (2.38)

Fig. 2.10 Litz wire's lling or packing factor [9].

The equation for skin effect (eq 2.36) and proximity factor (eq 2.37) are writ-
ten as Bessel functions. These values can be obtained by a Taylor-series expansion
as Tourkhani and Viarouge [2001] suggested. For the theoretical implementation the

following equations are used,

P~ 1 1 1
1()=2°2 =+ 571 g P+ (2.39)

1 1 1
2():{3—é !§3+ﬁ7+::: (2.40)

14



Chapter 3
Manufacturing procedure

The aim of the experiments is to measure the AC resistance of the device as function
of frequency. In this chapter, the procedure to build the needed transformers for the
experiment, as well as other necessary components is explained. The electrical devices
have been manufactured following the supervisor's instructions. These parameters are
related to the number of turns on each side, the kind of electrical conductor and the
dimensions of the transformer.

CLIP

COILFORMER

ETD CORE

Fig. 3.1 ETD core with coil-former and clips.

The electrical devices have been built using precast components. The premanu-
factured components used to mount the devices are the following: the core, the coil-
former and the clips. In Figure 3.1 is shown how to assemble all these components are
assembled, the clips are the ones who keep xed the core to the coil-former.

In addition to the previously mention precast components, different kind of con-
ductors has bee used. These conductors are manufactured with cooper, all of them

15



Chapter 3. Manufacturing procedure

built in various formats like: foil, round magnet wire and litz wire. In the table 3.1 the
bill of material used to manufacture the electrical transformers are listed.

Table 3.1 Bill of materials

Product Model
Coil-former | CPH-ETD59-1S-24P
Core ETD59

Clip CLI-ETD59

Foil 0.5 mm | DURATOOL 7097189
Foil 0.9 mm | DURATOOL 7097207
Wire 0.4 mm BELDEN 8053
Wire 1 mm BELDEN 8049
Wire 1.8 mm BELDEN 8073

3.1 Characteristic parameters of the materials

In the following subsections the most important manufacturing characteristics of each
one of the components from the bill of materials are shown .

3.1.1 Coil-former

The CPH-ETD59-1S-24P is the coil-former model used to build the electrical trans-
formers. The dimensions of this component are illustrated in Figure 3.2.
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- 508 4>H47 1 H CBW102
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0

Dimensions in mm.

Fig. 3.2 ETD 59 Coil-former [11].

The external diameter and the internal width are the most important parameters of
this component. The value of the external diameter is 24.75mm and the internal coil
former width q,) is 41.2mm ( gure 2.8).
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3.1. Characteristic parameters of the materials

3.1.2 Core

The ETD59 is the model of the core employed to manufacture the devices. Figure 3.3
displays the technical blueprints of the half core.

T | i l f
225 ‘ | |
+0.4 \ | I 31.0
\ l +0.2
| !
e————59.8+1.3—
- 44711 —
21.65+0.45
——-] |
y | | |
21.65 .
045 T 1 —| By i
A ! MEC275

Dimensions in mm.

Fig. 3.3 ETD 59 Core [11].

The most important parameters shown in the contour map are the core diameter
( 1) and the internal widthi(). The value of ; is 21.65mm and the measurelgfis
44 7mm.

3.1.3 Clips

The clips are employed to x the core to the coil-former as was mentioned before. The
dimensions of this component are presented in Figure 3.4.
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Chapter 3. Manufacturing procedure

CBWsgs5

Dimensions in mm.

Fig. 3.4 ETD 59 Clips [11].

3.1.4 Conductors

Three different kinds of copper conductors has been used in the manufacturing, these
are composed of foil, round magnet wire and Litz wire.

Foll

The transformers have been built using two kinds of foils. The thickener foil was
0.5mm and the thicker one was 0.9mm. Figure 3.5 shows the two types of copper foil
utilized.

Fig. 3.5 Copper Fails.

Round magnet wire

There were three round magnet wires with various diameters available. The diameters
were 0.4mm, Imm and 1.8mm. Figure 3.6 displays a visual comparison between them.
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3.1. Characteristic parameters of the materials

Fig. 3.6 The three types of round magnet wires.

Litz wire

The litz wire has been manufactured by the available round magnet wires. The pro-
cedure to build this type of conductor is explained in section 3.4. The diameter of the

bundle can be estimated by (2.34). Figure 3.7 shows one of the litz wires manufactured
for the research.

Fig. 3.7 Litz wire.
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Chapter 3. Manufacturing procedure

3.2 Design parameters of transformers

Fig. 3.8 Transformer blueprint.

Figure 3.8 is the blueprint of the transformer. The gure shows the main characteristics
used in the manufacturing procedure and also in the theoretical calculations, they are:

* h. is the width inside of the core.

b= %h, (a de ned percent of, value)

ais the distance between the core and the rst layer.

dyyv is the distance between the external side of the last primary turn and the
secondary layer.

L, is the distance between the core’s center to the middle length of primary side.

Ls is the distance between the core’s center to the middle length of secondary
side.

3.3 Transformers manufacturing

In this section the process to build the electrical transformers for the experiments
is explained. In the present project three different types of transformers have been
manufactured. The winding types are listed in table 3.2,
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3.3. Transformers manufacturing

Table 3.2 List of transformers types

TRANSFORMER TYPE| PRIMARY WINDING | SECONDARY WINDING
A Foil Conductor Foil Conductor
B Foil Conductor Wire Conductor
C Wire Conductor Wire Conductor

3.3.1 Foil-Folil transformer manufacturing

The rst type of transformers have been manufacture with cooper foils in both wind-
ings. The conductor has been bent around the coil-former. The bill of material used
to build these types of devices is formed by: coil-former, core, clips, foil of 0.5mm
thickness and insulation material.

The procedure followed to build the transformers is composed by the next steps.

STEP 1 Measure the coil-former external diameter and add the necessary insulation
material up to get the correct dimensions.+ 2a = 25:5mm. The insulation
material used in this case is composed of paper and tape, it can be seen in Figure
3.9.

sy O

Fig. 3.9 Adding insulation material.

STEP 2 Measure, mark and cut the copper foil using the available tools in the labora-
tory as it is shown in Figure 3.10.
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Chapter 3. Manufacturing procedure

Fig. 3.10 Cutting the copper foil.

STEP 3 Cuttwo leads and then weld them to the copper foil, each one in the conduc-
tor ends. Figure 3.11 displays that process.

Fig. 3.11 Welding the leads.

STEP 4 Bend the copper foil around the coil-former like it is done in Figure 3.12. Of
course, some insulation material must be added between the turns.

e

Fig. 3.12 Bending the copper foil.
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Fig. 5.14 A comparison between litz wire and magnet wire with the same cross section.

As can be seen in the gure 5.14, the Litz wire's resistance factor is lower during
most of the magnetic wire penetration range. The same observation can be done for
the wires AC resistance. The reason to employ Litz wire instead of using magnet wires
is that the proximity effect and skin effect is lower.

5.5.2 Different wire windings with the same number of turns

A second comparison has been done between litz wires and round magnet wires. This
one has been carried out with the same number of turns per layer. The litz wire used
for this experiment is the closest one in order to have the same amount of turns in both
devices, so in that case the diameter of the bundle and the magnet wires is similar. The
number of strands is estimated using (2.34).
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Fig. 5.15 A comparison between litz wire and magnet wire with the same number of turns per
layer (same diameter).

The results display in Figure 5.15 are similar to the cross-section comparison ( g.
5.14), so the conclusions for the previous case are steel valid.

5.6 Checking the DC resistance of the wires

The DC resistance of some wires has been checked. This evaluation has been done in
order to know the accuracy of the equipment for lower values of frequency because of
the AC resistance values obtained in this frequency range (from 1Hz to 100 Hz) can
be considered as DC resistance. This assumption could be done since the frequency
in uence on the resistance is very low.

Fig. 5.16 The AC resistance of 1mm diameter magnet wire.

Figure 5.16 displays the calculated AC resistance of a round magnet wire. As it
can be seen the AC resistance value is the same as the theoretical DC resistance for
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function [Rdc] = Calc_Foil_Rdc (l_w ,d_w,h_w,m)

OB/ S/ S8/ S/ /8888 S/ /S S8/ S8/ 8/ S/ S8 8/ S/ S/ 88/ S/ S/ 8/ S/ S8 8/ S/ S8 8/ S/ S/ 88/ S/ 8/ S BB S 8/ S/ S/ 8/ 8/ S/ 8/ 8/ 8/ S/ 8/ 8/ 8/ S/ 8/8/ 8o
% Calculate the DC Resistance of a conductor.

OB/ S8/ SY Y/ S/ S/ S/ B/ S S/ 8B/ S S 8/ S/ S/ S8 S/ Y S/ S S/ SV S S/ S8 B S/ SV 8 8 S/ S/ By S 8/ S/ S SV 8/ S/ S/ Y/ S/ S8/ S/ Y8/ /o
% Inputs:

% l_w: length of the middle layer [m]
% dw: thickness of the conductor [m]
% hw : width of the layer [m]
% m: number of layers []

OBV S/ S8/ S/8Y S/ S/ S/ S/ S/ 8y S/ S/ 8y S/ S/ S/ 8 S/ Sy 8y S/ S/ 8/ S/ S/ S/ 8V S/ S/ 8 S/ S/ 8/ Y S/ 8/ 8 S/ S/ S BBy S/ S/ 8/ 8/ S/ S/ 8V S/ Y8/ 8/ S8/ 8/ S 8/8/8/ 8o
% Outoputs:

% Rdc: Resistance value

OB/ S/ 8y S/ S/ 8y S/ S/ S/ S/ S/ 8y S/ S/ 8/ S/ S/ S/ 8V S/ S/ 8 S/ S/ 8y 8/ S/ S/ 8V S/ S/ 8 S/ S/ 8/ Y S/ 8/ 8 S/ S/ S BBy S/ S/ 8/ 8 S/ S/ 8V S/ Y8/ 8/ S8/ 8/ S 8/8/8/ 8o

B s e T A A s A T s T A
% Cooper parameters
%copper conductivity [S/m]

%copper permeability [H/m]

B e A T T O e T A A A s T s A 2 T A

end

B.1.2 Round Magnetic Wire or Litz Wire DC Resistance

function [Rdc] = Calc_Rdc (I_w ,d,m,ns ,N)
OB/ B85S/ 88/ S/ S/ 8/ S S8/ B/ S/ S8 S8/ 88 S/ 8/ S8 S/ S/ S/ 8 S/ S/ S/ 8/ S S8/ S BRI S S/ 8/ S/ S/ S/ S/ Y S/ 8/ S/ /Y S/ 818/ 8/8/ o
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% Calculate the DC Resistance of a conductor.
OB/ S8/ /S8 S/ S/ S8/ /S 8/ S/ S8/ 8/ S/ S/ 88/ S8/ 8/ 8/ S S/ 8/ S/ S/ 88/ S/ S/ 88/ S/ S/ 88/ S/ S/ S BB S S/ S/ 8/ 8/ 8/ S/ 8/ 8/ S/ S/ Y8/ 8/8/8/8/8/o

% Inputs:

% l_w: length of the middle layer [m]

% d: diameter of the conductor [m]

% h-w : width of the layer [m]

% m: number of layers [

% N: number of turns in one layer [1

% ns: number of strands if there are more than one []

OB/ /S8 S/S/SYSYS/SYSYS/S/SYSYB/S S 8 S/ S/ S B S S S/ B/ S/ S S/ S S8 8 S/ S S 8 SV Y 8 B S/ S/ S BBy S 8/ S/ SV S/ B/ S/ 8/ Y S/ /Y Y/ S/ 8/ 8/
% Outoputs:

% Rdc: Resistance value

OB/ /8BS SY S/ S/ S/ S/ S/ B/ S8 8 S/ S 8BS/ 8/ S/ S8 B/ S/ S8 8 S/ S/ 8 8 SV S/ 8 B S/ S/ BBy S 8/ S/ SV S/ 8/ S/ 8/ Y S/ /Y Y/ S/ 8/ 8/

B B A A A Ao o o A B o o A A e A o L R o AL AL A AL R o)
% Cooper parameters

%copper conductivity [S/m]

%copper permeability [H/m]

end

B.2 Resistance Factor Functions

B.2.1 Copper Foil Resistance Factor

function [RF] = Calc_Foil RF (d_w,freq ,m,hw,hc)

OB/ S8/ /S 88/ S S/ S8/ S8/ 8/ S/ S8/ 8/ S/ S/ 88/ S8/ 8/ 8/ S/ S/ 8/ S/ S/ 88/ S/ S/ 88/ S/ S/ 88/ S/ S/ S BB S S/ S/ S/ S/ 8/ S/ 8/ 8/ S/ S/ Y8/ 8/8/8/8/8/o
% Calculate the DC Resistance of a conductor.

OB/ S/ S8V S/ S/ S/ S S/ SY 8 S/ S 8 B S8 S/ B/ S/ S Y S S8 S S/ S 8 8 SV S 8 B S/ S S BBy S 8/ S/ SV S/ B/ S/ 8/ Y S/ S/ Y/ S/ 8/ S/
% Inputs:

% d-w: thickness of the conductor [m]
% freq: frequency range [Hz]
% m: number of layers [
% h-w : Foil width [m]
% h_c: Winding available width [m]

B A B e 2 A s e A s A s A A A )
% Outoputs:

% RF: Resistance Factor [

OB/ 8Y /8818 S/ S8/ S8/ 888/ S/ 8/ S8/ S 88/ S/ 8/ S/ 8/ 8818/ 8/ S/ 8/ S/ 88 8 8/ S/ 8/ S/ 88/ S BB S/ 8/ S/ S/ S/ 88/ 8/ 8/ S8/ S/ 8/ 8/8/8/8/8/ 8o

OB/ 8188/ 8/ 888/ 8/ 88 B/ 8/ 888/ S/ 8 S B/ 8 S/ 8 S S/ 8 S/ 8/ 88 S/ 8 S/ 888/ 8/ S BB S/ S/ 8 S/ S/ 88/ 8/ S/ S/ 8/ S/ 8/ S/ 818/ 8/8/ /o
% Cooper parameters

%copper conductivity [S/m]

%copper permeability [H/m]

B A A o o A s B s A A A s o s A L A A A L AL o)
sqrt(1l./(pi.*xmu.xsigma .xfreq ));

sqrt(nu_w) .xDelta ;



sinh(2.xDelta ) + sin(2.xDelta ))./(cosh(2.xDelta ) cos(2.xDelta ));
sinh(Delta ) sin(Delta ))./(cosh(Delta ) + cos(Delta ));

end

B.2.2 Round Magnetic Wire Resistance Factor

function [RF] = Calc_RF (d_w,freq ,m,hc,N)

OB/ /8888888 S/ S/ 88/ S8/ 8/ S/ S8 8/ S/ S/ 88/ S/ S/ 8/ S/ S8 8/ S/ S8 8/ S/ S/ 88/ S/ S/ S BB S 8/ S/ S/ 8/ 8/ S/ 8/ 8/ 8/ S/ 8/ 8/ 8/ S/8/8/8/ 8o
% Calculate the DC Resistance of a conductor.

OB/ 8/ S/ S/ S/ S/ S/ S8 88 8/ 8/ Y S/ S/ S/ S/ S 88 88/ S/ S/ S/ S/ S/ S8/ 8 88 88/ S/ S/ S S S/ S S By S/ S/ S S/ 8/ 8/ Y Y S/ S/ S/ S/ /888 8/ 8/ 8o
% Inputs:

% dw: thickness of the conductor [m]
% freq: frequency [Hz]
% m: number of layers [1
% hc: Winding available width [m]
% N: number of turns [1

OB/ 8/8/8/8/8/S/S/S/ S8/ 88/ 8/ 8/ 8/ S/ S/ S/ /888 8/ 8/ 8/ S/ S/ S/ /S8 88/ 8/ 8/ S/ S/ S/ /S S SRR S/ S8/ 8/ 8/ 8/ 8/ 8/ S/ S/ S/ 8/ 8/8/8/8/8/8/8/0
% Outoputs:

% Rac: Resistance value

OB/ /S8 8/ /8888 S/ /S S8/ S8/ 8/ S/ S/ S 8/ S/ S/ 88/ S/ S/ 8/ S/ S8 8/ S/ S8 8/ S/ S/ 8 8/ S/ S/ S BB S 8/ S/ S/ 8/ S/ S/ 8/ 8/ 8/ S/ 8/ 8/ 8/ S/ 8/8/ 8o

OB/ 8188/ 8/ 888/ S/ 8/ S B8 8/ S S/ S S S/ 88 S 8/ S8 S 8/ 8 8 S/ 8/ 88/ 8/ 8/ S BB S S/ 8/ S/ S/ 88/ 8/ S/ 818/ S/ 8/ S/ 818/ 8/8/ o
% Cooper parameters

Y%copper conductivity [S/m]
%copper permeability [H/m]

sqrt(1l./(pi.*xmu.xsigma .xfreq ));

sqrt(nu_w) .« Delta ;

sinh(2.xDelta ) + sin(2.xDelta ))./(cosh(2.xDelta ) cos(2.xDelta ));
sinh(Delta ) sin(Delta )) ./(cosh(Delta ) + cos(Delta ));

end

B.2.3 Litz Wire Resistance Factor

function [ RF ] = Tourkhani_and_Viarouge (layers ,N_strands ,d_strand ,d_wire ,freq )
OB/ 88888/ 888/ S8 S/ 8818 S 88/ B/ 8 818 B/ 8 S/ 8/ 8 8/ S B 8 S/ 8/ 8 81/ B/ S BBy O/ 5/ 8 S/ S/ S/ 8 S/ 8/ 8/ S/ S/ 8/ 8/ 8/ 8/ 8/8)o
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% TOURKHANIAND_VIAROUGE Method RF for Litz Wires

OB/ 8/ 8/ 8/8/ 8/ S8/ S8/ 8/ 88/ 8/ S8/ 88/ S/ 8/ S/ 8/ 8/ 8/8Y 8/ S/ 8/ S/ 8/ 818 8/ S/ 8/ S/ 8/ S/ BB S/ 8/ S/ S/ S/ 88/ 8/ 8/ S/ 8/ S/ 8/ 8/8/8/8/8/8o
% Index

%

% d_wire = Diameter of a conductor [m]

% d_strand = Diameter of a strand [m]

% freq = Frequency [Hz]

% N_strands = Number of conductors in the bundle

% layers = Number of layers

B B A O A A Ao o o A B o o A A o A s L A s AL AL A AL AL o)
%  COPPER PARAMETERS
B A B 2 s e A s o s A A A )
%copper conductivity [S/m]
%copper permeability [H/m]

sqrt(pi.~mu.xsigma .xfreq );

sqrt(2) .«deltaw );

% Packing factor

sqrt(2) .+ ((1./xi )+((xi .3)/(3.%(2.78))) ((xi ."5)/(3+(2°14))));
sqrt(2))«( ((xi ."3)./(2°5))+(i ."7)/(2°12)));

% RESISTANTE FACTOR

sqrt(2)) .«(F1 ((pi."2) .«N_strands .xpf ./24) »(16.x(layers ."2) 1+(24./(pi"

end
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