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A Brief History

The transformer was primarily invented in 1831 by Michael Faraday and since

then, scattered over the history in many industrial and residential applications.

Its great impulse took place after the win of Nicholas Tesla over Thomas Alva
Edison in the “War of Currents” where both, defended opposed positions about AC or DC
distribution of electrical Energy.

In that occasion, the selection of the Alternating Current demonstrated being more
attractive then Direct Current distribution, due to its natural properties of manageability

and easily conversion of voltage levels.

Exactly in the center of this discussion, was the transformer, the main responsible
for the conversion of the levels of voltages in the electrical distribution systems.



What Is a Transformer?

A transformer is basically composed by two coils of metallic wires, insulated

superficially by varnish, allowing being mounted together in a same iron core.

The existence of the Iron core, allows to couple magnetically the two coils in a
better way, and due to its magnetic properties, reducing the currents developed in the coils.

This particular is going to be seen later on.

When exists an AC voltage applied in the input coil called “Primary” will appear
in the other coil, called “Secondary” a voltage that is proportional to the relation of turns

between the two coils.

That property of transformation of the voltage from one level of voltage to another
or several others is the main feature of it. The level of voltage is changed but the power is

invariable, meaning that isn’t changed the energy level



The physics behind the scenes

We must understand that the main objective of this brief discussion is to give an
aerial view about the mechanisms of the magnetism in magnetic materials. In addition a

remembering of the magnetic terms and the definition of certain values involved in them.

We depart from the principle that everyone that opens this book understands

entirely such subject.

This book is far from being a beginners book. It is intended to be a book for
experienced engineers or technicians, that already design transformers and is concerned in

advanced topics of optimization.

It’s a book of few words . The subjects are treated in mathematics and visual basis

in order to transmit concepts mainly through the experience of visual effects.

The mathematical is intentionally kept in a low level with the main aim to be
understood by most of the people.

The book was designed in tree independent volumes that obeys a logical and a

structural knowledge sequence oriented for better understanding.



Structure of the Matter and a brief view over atomic physics

Democritus, a philosopher of antiquity, proposed that the matter is formed of tiny
invisible particles called “Atoms” that means “indivisible”. This idea was followed by His
group called Atomists and during a lot of time; this theory was maintained as the main

explanation of the matter.

For Democritus the huge variety of materials in nature came from the movements

of the different types of the atoms

Others contributed with this theory, like Epicurus proposed a limit for the size of

the atoms explaining its invisibility.

Aristotle changed the path, proposing that everything is composed by

combinations of 4 elements, Fire, Air, Earth and Water.

John Dalton, in 1803, trying to explain the behavior of the various atmospheric
gases and gas mixtures, resumed the atomic hypothesis. Just as Leucippus, Democritus
and Epicurus, Dalton they believed that matter was composed of indivisible atoms and
empty space. They imagined the atom as a small sphere with mass defined and
characteristic properties. Thus, all chemical transformations could be explained by the
arrangement of atoms. All matter is composed of atoms. These are the smallest particles
that constitute it, are indivisible and indestructible, and cannot be transformed into other,
even during chemical phenomena. The atoms of the same chemical element are identical
in mass and behave equally in chemical transformations. Chemical transformations occur
by separation and union of atoms. That is, atoms of a substance that are combined in a

certain way, separate, joining together again in a different way.

The British Joseph John Thomson discovered the electron in 1897 through
experiments involving cathode ray tubes. The cathode ray tube is in a vial containing only
vacuum and an electrical device that makes the electrons jump from any conductive
material and form bundles, which are themselves cathode. Thomson, studying cathode
rays, discovered that these are affected by electric and magnetic fields and deduced that
the deflection of cathode rays by these fields are deviations from trend of very small

particles of negatively charged electrons.

Thomson proposed that the atom was therefore divisible, in positively and
negatively charged particles, contrary to the indivisible atom model proposed by Dalton

(and atomistic in Ancient Greece). The atom consists of several electrons embedded and



incorporating in a large particle positive, like raisins in a pudding. The atomic model of
the “pudding with raisins” remained in vogue until the discovery of the atomic nucleus by
Ernest Rutherford.

In 1911, experimenting bombing sheets of gold with alpha particles (positively
charged particles, released by radioactive elements), Rutherford made an important
observation: the vast majority of particles passed through directly to the blade, and some
others suffered minor deviations in very small number (one hundred thousand), suffered

large deviations in the opposite direction.
From these observations, Rutherford came to the following conclusions:

In the atom there are empty spaces; most of the particles passed through the bypass

without conceding any effect...

In the center of the atom has a nucleus very small and dense, some alpha particles

collide with this core and returned without crossing the blade.

The nucleus has a positive charge; alpha particles passing near him were repelled

and therefore suffered deviation in its trajectory.

By Rutherford atomic model, the atom consists of a central core, provided with

positive electric charges (protons) surrounded by a cloud of negative charges (electrons).

Rutherford has also shown that virtually all mass is concentrated in the small atom

core region.

Two years after Rutherford have created your model; the Danish scientist Niels
Bohr completed it, creating what is now called planetary model. For Bohr, the electrons
revolve in circular orbits around the nucleus. After these new studies were made and new
atomic models were created. The model represents the atom as having a central part called
core, containing protons and neutrons, serves to explain a large number of comments on

materials.

Niels Bohr in the beginning of the XX century described the atom, departing from
Quantum electromagnetic radiations, proposed by Albert Einstein and Max Plank,
depicted more completely an atom as a planetary system like the model of Rutherford,
where negative charges turns around positive and neutral charges. In reality the electrons

are clouds of probability surrounding the nucleus.

There are many problems with this model, like there is with any model that is

proposed, because the behavior of those mechanisms, are not completely understood,



being all, mere parables about reality.

There are many constituents of universe and matter, space, time, particles and
forces. The main forces of our interest are gravity and electromagnetic forces, being the

last one, derived from the photons interactions.

Today there are so many theories about the fundamental structure of our universe
and matter, but many of all are no totally understood, like string theory, super string
theory, M theory and other that depicts partially the behavior of particles movements, time
and forces. All in elegant theories and even opening ways for a most ambitious and vast
theory of everything, where the relativity theory and Quantum mechanics could be
unified, being the dream and the Holy Grail of the modern physicists.

But still today where such theories didn’t gain their structure to evolves the
explanation of our physical and engineering models, explaining our daily life. The Bohr

atomic model is still in the practice to explain them.



Magnetism and Magnetic Materials




Magnetism

To understand the cause of magnetism we must begin with the atoms, from which
the materials are built, and consider first of all the structure of the individual atom. At the

center there is the nucleus around which electrons orbit in a complicated manner.

We need concern ourselves here only with the electrons; we can ignore the nucleus

because of its small magnetic contribution.

Each single electron possesses in the first place an electric charge; more important
for us, however, is the fact that it also has its own magnetic (spin) moment. The single
electron already behaves like a tiny bar magnet, and the ferromagnetism that we are trying
to explain is ultimately only the effect, summed under prescribed conditions in a specific
way, of a huge number of such electron magnets. Besides the spin each electron of the
atom possesses a further magnetic moment (Orbital moment) caused by its rotation around
the nucleus. A movement of charge of this kind produces a magnetic effect exactly as does

an ordinary circulating current.

In a larger atom numerous electrons with spins and orbital moments, are present; in
an iron atom, for example, there are 26 electrons arranged in shells. The abundance of
magnetic moments in the individual atoms seems at first impossible to estimate.
Fortunately, however there are very strict laws in the atom governing the magnitude and
direction of the individual contributions. Their effect is for contributions either wholly or
partially to cancel out, so that frequently there is no resultant magnetic moment in the

single atom or in some cases only that of one or a few electrons.

For a single in isolation there is thus a definite magnetic moment which we may

ascribe to a conceptual atomic magnet (Elementary magnet).

In a metal we are not therefore dealing with individual atoms existing completely
independently of one another; on the contrary there is an interaction between the atoms
which is of vital importance to the metal performance. We must therefore turn first to the

structure of metals.

Metals are normally crystalline solid bodies consisting of a large number of grains
(Crystallites) tightly united by grain boundaries (Fig 1.1)

Magnetism in Materials



In nature, magnetism is presented by some substances .Depending their individual
natures; they present different amount and properties like ferromagnetism,

ferrimagnetisms, anti-ferromagnetism paramagnetism and diamagnetism.

Ferromagnetism is a physical phenomenon where there is an existence of a
magnetic ordainment of all the magnetic momentum of material that externally presents an
observable force of attraction and retention by a magnet. At same form in the
ferrimagnetism, is observed an ordainment of the magnetic momentum, but in this case,
some of them in the opposite direction, but they are randomly distributed and is not

enough to cancel the attraction effect.

In the Anti-ferromagnetism, is observed the same ordainment of all magnetic
Momentum, but in both direction in a so ordered way, that cancels any observable

attraction

Paramagnetism is the trend of all free individual momentum of the material to
align parallel with an applied field. When do not exist any applied field it does not present

any magnetic property.

The great majority the substances are diamagnetic. This property was first
observed by Sebald Justinus Brugmans in 1778 and first nominated by Michael Faraday
in September of 1945, when he had seen a piece of bismuth be repulsed by a magnetized
bar. An interesting experience is a piece of a diamagnetic material being levitated by a
magnetic bar. The experience of a superconductor being levitated by a magnetic field is

due to this diamagnetic property.

At present we are interested only with the strongest of those five “magnetisms”

Called ferromagnetism.



Ferromagnetic Materials

An iron atom presents numerous electrons, with spins and orbital moments.

In this example 26 electrons are arranged in shells. The contribution of the
magnetic moments of individual atoms seems to be impossible to predict. Fortunately
there are ways to describe the magnetism phenomena. We need to descent to the interior of
the matter and begin with the atoms, from which the matter is built. In its simplified model
in the center of the atoms are the protons and neutrons that form the nucleus around witch

the electrons revolves in a complicated manner.

Our worry need be only with the electrons, because the amount of magnetism
presented by the nucleus is negligible

An Electron presents an electrical charge and has its own magnetic (spin) moment.
The single electron already behaves like tiny magnetic bar. The ferromagnetism we are
beginning to explain is ultimately only the effect, summed under prescribed conditions in
a specific way, of a huge number of such electron magnets. Besides the spin effect, each
electron of the atom possesses an additional magnetic moment (Orbital Moment) caused
by its rotation around the nucleus. A movement of charge of this kind produces a magnetic
effect, exactly as done by awes of physics governing the magnitude and direction of the

individual contributions.

For a single isolated atom there is a magnetic moment which we may relate to a
conceptual atomic magnet. In a metal we are not therefore dealing with individual atoms.
There are groups of atoms related. They are intrinsically coupled by their individual

magnetic forces this groups we call “Domains”.



The ferromagnetic domains

In magnetic materials, there are groups of atoms linked together through their
forces. We call them domains. Such domains works like them were a single magnet. The
coupling forces between those domains are of big importance in such phenomena. In
ferromagnetic materials they are of so technical importance, that at room temperature they

are so aligned, that are all entirely paralleled working all like they were one only magnet.

If the temperature rises, atomic agitation contributes to misalignment of such domains.
Reaching such point where this alignment is lost. This temperature is called the Curie

temperature, being approximately 770 °C for iron and 360 °C for nickel

Metals are normally Crystalline solid bodies consisting of a large number of grains
(Crystallites) tightly united by grain boundaries. In all crystallites the atoms are arranged
regularly in a space structure; in individual crystallites however, the structure is generally
oriented in different ways. There are quite a number of such structures; for example, at
room temperature nickel has a cubic-face-centered structure, iron a cubic-space-centered

structure (figs 1 and 2).

Fig. 1 — Space structure of the nickel



Fig. 2 Space structure of the iron

In a metal crystal of this type the electrons of the atoms are more weakly bound to

the atomic nuclei than in a single free atom.

The outermost electrons specially make them independent and move around

almost freely in the metal crystal. This leads to the high electrical conductivity of metals.

The electrons are then, however, in a state of mutual interaction and as a result
their magnetic moments arrange themselves ant parallel almost exception. The free
electrons are thus able to contribute virtually nothing to the magnetism of the metal, but
the situation is different with the other electrons that have remained in the vicinity of their
atomic nucleus. They do in fact to large extent cancel one another out of their magnetic
effect. I a number of cases, however, as with the individual atoms, some magnetic
moments remain uncompensated at each lattice site in the metal crystal there reposes, in a
manner of speaking , a small magnet. These magnets are in fact prerequisite of
ferromagnetism. If these tiny magnets were not intercooled in some way, they would
possess all possible directions, as long as no external magnetic field is present. Just as the
lattice atoms themselves execute thermal vibrations caused by temperature, the atomic

magnets are continually changing their directions.

In most cases, however the atomic magnets in the solid are intercoupled. If the
effect of coupling forces is to make the atomic magnets arrange themselves parallel at the
lattice sites, we are concerned with ferromagnetism. The moments of the individual atoms

then add up. These conditions apply, for example, for iron, nickel, and cobalt.

The coupling forces between atomic magnets at lattice sites thus decide the

occurrence of ferromagnetism.



Ferromagnetic Domains and domain walls

In the ferromagnetic materials of technical importance the coupling forces inside
are generally so powerful that atomic magnetic magnets at room temperature are almost
entirely parallel-aligned. If, however, we raise the temperature, then thermal directional
oscillations of the atomic magnets increase steadily and finally become so strong that the
coupling forces are overcome. This occurs with various ferromagnetic metals and alloys at
Cleary defined temperatures, known as the Curie temperatures. For iron, the Curie
temperatures is 770 °C; for nickel, 360 °C.
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Fig. 3 Randomly arranged domains

Thus, it is only below the Curie temperature that the atomic magnets in a

ferromagnetic material are aligned in parallel by the coupling forces.

The boundaries between the domains are called domain walls or Bloch walls
(After F. Bloch). Such a wall is not only a boundary; it is more a transition layer with its
own system of laws. Its thickness may range from several hundred of thousand atomic

distances.
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Fig. 4 Aligned arranged domains

Within the wall the orientation of the atomic magnets changes in screw like

fashion from the direction of the one domain into that of the other, as fig. 5 shows

diagrammatically. In so doing, torsions arise opposing the forces acting (for example the

coupling and anisotropy forces); the wall has thereby certain energy content



Fig. 5 — Domain and domain Wall



Initial Concepts




Ampere’s Law

Fig. 6 A current produces a surrounding magnetic field

lfe=

Considering that  |=MNXI

Fig. 7 — One turns crossing the center of the toroid

Magnesic Path=Ffa

Fig. 8 — The magnetic path length in a toroidal core
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Fig. 8A The Cross Sectional area Aeff in green

The cross sectional area is that one perpendicular with the lines of magnetic force.
The numer of line crossing it constitutes the flux and the number of lines per unit square is

the flux density like gauss and Tesla units.

Fig. 9 - Two turns passing through the center of the toroid

The concept of one turn is like show in fig 7 and Fig. 9, where the turn is passing
through the center of a Toroid. In this sense can be said in fig. 9 that there is one turn of 2

ampere or 2 turns of 1 ampere each.



Magnetization

We would rise the temperature of the core beyond the Curie temperature
demagnetizing it completely. From this point, departing from zero current and rising
gradually, measuring and plotting each point of the curve H-B, we would get the graph of
Fig;10

Magnetzation Curee

Hr—-\.

-

Fig. 10 — Magnetic material when magnetized first time produces a “Virgin” Curve.

When the current falls down diminishing H. Plotting again B-H curve, reaching
the zero point at the H axis we can observe that the flux density is not zero. This is due to
the fact that the interaction between domains, keep the magnetic material magnetized.

This residual magnetization is called remanence.

In order to bring back the Flux Density B to zero, we need to apply the coercive
force —Hj.

Br

Magne tization
COrWirgin Curve

H

Fig. 11 The remanence maintain a magnetic field, even with the excitation current=0



Flux Density B:

We saw determining the flux density over the field H. The final imposition of flux
density is dependent on the material characteristics such as permeability, but there is a way

to directly impose flux density. Let consider de faraday’s law in its differential notation:

E= NS
dt
Edt= n »df
o o
6 Edt=06 ndf
o o]
Solving:
Ext=nx
Making:
f = BXAgs
Solving both sides:
Ext= N B s
Rearranging:
_ Ex
N A

We can see in a rather simplified form that, with the arrangement of the coil and

core was produced an integrator. Translating to the Simulink of the MatLab We can show
now the dynamic System:

1
Eit) . . N

» Bit)
N-A af

[

Fig. 12 The number of turns in a core with a cross sectional area produces an “Integrator”

This is produced by the growing field that induces an equal voltage in the opposite
direction. The field is forced to grow slowly behaving like an integrator. The integrator

constant is dependent solely of the number of turns and the cross sectional area of the



core.



Matlab Model:

Applied Voltage

Integrator

Constant

Fig. 13 - Simulink flux density calculator

In this model, we can see that the flux density is not dependent of the iron

characteristics. It can be represented solely by a linear integrator and a constant term.

This can apparently be simple, but it is a very powerful model, since it is modeled
in Laplace, where all models can be analyzed algebraically, without any difficulty. Besides

the fact that structured on this basic model, we can build more complex structures.

We have experienced the construction of many complex systems involving
different disciplines, like electrical circuits, thermal behavior and some mechanical
structures like inertial movements of trains and more, all working together and giving
dozens of information at same time, including animation and visualization, like in a simple

videogame.

Let us consider 100 Volts applied to a coil of 100 Turns in a Core with cross

sectional area of 100 Cm?. At the end of 10 milliseconds:

E:=100
p— 100
f:=10%0 3 ef = To000
E st
Mo=100 Hi=
Mo ef
B =1 Tesla

Let us see in the Matlab the behavior with the time:
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Fig. 14 — Behavior of the flux density in the core (Totally independent of the core material)

From this approach we can see now that the plotting of B-H curve can be done in a

more simple way.

In a core at virgin state (Remanence=0), we can apply a constant voltage in the
coil. By other side we can measure the H strength through the current, as shown in fig 15

| Same as the first coil. Used : :
| for voltage Measurement Voltage Measurement
A

sl \\ / Integrator

Cumrent Measurement

Fig. 15 — Simulink block diagram to plot the virgin curve of the core

Close the switch during the time required to the flux density reaching the

maximum value of interest. Plot the results in a osciloscope of memory as illustrated in the
fig.16

The voltage is applied to the vertical chanel input that will show the flux density
axis. The Output of the const2 is applied to the Horizontal chanel, that will plot the field
strenght H.



In the screen of the scope will be plotted the curve shown in fig.16 that represents
the behaviour of the field strenght H as a function of the flux density stimulation of the

core.

The analog to digital conversion is not represented in our circutry and they are
represented soleily by the current and voltage “Meas” interfaces, stardards of the Matlab
Symulink CAE system.

The addoption of any commercial interface with the real world for data acquisition

is possisble and we have some special tools that can be used.

National Instruments also has a lot of DAQ (Data acquisition systems like
Analog/Digital converters and many other appliances). They also have softwares for use

for the implementation of such measurement systems.

Magnetization
OrVirgin Curve

Fig. 16 Virgin B-H curve

Using the same system we can plot the entire hysteresis loop, changing only the

switch and battery by a voltage generator. The constants are same.
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Fig. 17 - Simulink Block diagram for complete hysteresis loop plotting

Voltage applied

=10] x|

Fig. 18 — Voltage waveform of the oscillator

The Amplitude of voltage and frequency must be calculated for each case.

Flux Density
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Fig. 19

Plotting using such system in which we connect the Vertical and horizontal
channels of the oscilloscope to B and H signals respectively. In the oscilloscope will be
formed a parametric Lissajous figure, we will observe the hysteresis loop like presented in
fig. 20

Hysteresis
Loop ‘

Such figure, we can see the “Virgin curve” formed by the dashed line O-L. In this
condition, the domains of the core will be aligned gradually without any anterior
influences. Can be noted in the reverse path, when the curve L-M passes through the
vertical axis (H=0). The core is not demagnetized, presenting a B, which is called
remanence. This is due to the fact that there is a mutual influence between domains that

keeps them aligned, maintaining the magnetization effect. To demagnetize, rearranging



them to a rest state, where there isn’t any mutual influence, we need to apply a reverse

magnetic field called “Coercive force.”



Permeability

Magnetic permeability is a physical quantity that defines the ability of a magnetic
material to develop a magnetic flux density B, departing from a magnetic strength field H.

Normally is represented by the Greek letter .
The relation between flux density B and the field strength H is:
n =B/H

The development of the flux density follows the alignment of the domains of the
magnetic material contributing each one with its own magnetic field. Due to this fact is
shown a (Multiplicative effect) of the flux density from the applied field strength.

Additionally, such multiplication factor is not constant, showing that the

permeability presents a strong non linear behavior.

When all the domains were aligned the magnetic material reaches a condition that
we call “Saturation” and the extra amount of flux density would be only that generated by
the extra field strength.

Between the initial and final flux density (Saturation) there is a point where the

permeability presents its maximum value.

There are many different permeability values:



Measurement of permeability:

Permeability of the virgin curve (Magnetization Curve):

With the same circuit with few modifications, we can plot the virgin curve directly
in the oscilloscope or in a computer. In the circuit of fig 21, we are using two delayed
steps (Step 1 and Step 2), Delayed one in relation to the other with a time window

required to the measurement.

The comparator at the bottom of the diagram is responsible to open the window in

the time required to the measurement.

X e Permeability Window |
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Fig. 21 Diagram in Simulink for the plotting the permeability of the “Virgin Curve”



Amplitude permeability

The relative permeability periodically alternating, following the flux density and

field strength variation in an alternating fashion, forms a waveform of permeability.

The peak of such permeability waveform is called amplitude permeability.



Initial Permeability, Rayleigh Constant and Rayleigh law.

At low alternating periodic fields the magnetism behaves like a quadratic curve as
described by Lord Rayleigh. This quadratic equation is known as Rayleigh law and occurs
at Rayleigh’s region. The field, bellow certain level like shown in Fig. 22 the permeability
is constant and the hysteresis loop obey the Rayleigh Law. The main parameters are the

initial permeability p, and Rayleigh constant n.

E=mx+n >d—|2

The initial permeability is that incremental permeability found at very low ac fields
of excitation. It is found in the data sheet of magnetic material, with this name: Initial

permeability end have to be used only at very low excitation fields.

Fig. 22 Below certain point the permeability is constant



Absolute and relative permeability

This is manly referenced as the permeability of vacuum and can be found in many

constant table of Physics as p,, however the absolute permeability of a certain material is
the total permeability found in it:

My = My ¥ wheramr is the Relative permeabilit

Always in this book we will be dealing with relative permeability.



Complex permeability

Due to the phase shift between flux density and field strength in the alternating
field their quotient in complex notation is likewise a complex quantity. In such a view the

permeability comprises a real and imaginary part.

The customary notation applicable is in particular for a small excitation and under

sinusoidal magnetization during linear behavior.



Apparent permeability

The relation is between the inductance of a coil with core and the inductance of the

same coil without core.

M= My XT3 whererr is the Relative permeak

Mapp=L/L’



Differential permeability

Is the permeability Mdiff at any point on the hysteresis loop for small values of B
and H, that H, Thai is, db and dh tending to zero and gives the local gradients of the loop.

In the case of materials with a rectangular it is the quoted, for example, for the

point of the coercive field strength end the point of remanence.



Magnetostriction

The deformation observed in a body of magnetic material when submitted to a
magnetic field. It is observed a change in length or in volume. Both are important features

of magnetic materials.

With alternating fields the behavior is rather different due to the fact that the skin
depth of the eddy currents restricts the penetration and the material behaves differently in

each surface layer in the direction towards the interior of the body.

The Magnetostriction is an important feature, mainly as a noise source in

transformers



Inductance and Inductors




What is Inductance?

The inductance is the property of one component called inductor that presents a
voltage drop proportional to the variation of current that flow through it.

There are two principles that govern the inductance:

1)A steady current creates a steady magnetic field as governed by Ampere’s Law.

2)A Variation of magnetic field produces a voltage in its terminals as governed by
Faraday’s Law.

By the Faraday’s law, like defined in section “Flux Density B”, fig 12, we have:

1 9
B=——— > Edt
N>XAef &
Represented in Block diagram:
1
E —» — = T — B

Integrator Constant

Fig. 23 — The flux density developed by the voltage

By the Ampere’s Law:
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|fe
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Handling:
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Fig. 24 — There isn"t any time delay between flux density and the current

Chaining the two blocks diagrams, we have:

E(t) —

Simplifying, we get:

E(t) —

1 B(t) I fe
; — I)
N-A o Lo N
Fig. 25 I(t) as function of e(t)
I I fe
" — N1
: N -Aef o
[

Fig. 26 I(t) as a function of E(t) in an inductor

Or in differential form:

I(t) —

d

dt

e

2
N“-Aef-Ho

— E(t)

Fig. 27 Voltage as a function of the variation of current

In other words:



Where:

We have simultaneously defined two things:

The first one is the inductance that is the ability of the inductor to inducing a

voltage due to a variation of the current that flows through it.

The second one is the calculation of an inductor, departing from their dimensions

and Physical parameters.

The term Inductance was named by the English Physicist and mathematician
Olivier Heaviside. The unity for inductance is the Henry with the symbol H in honor of

Joseph Henry.

Is attributed the value of 1 Henry to an inductor that submitted to a current
variation of 1 Amp per second, display a voltage drop of 1 volt. Inversely if an inductor of
1 Henry is submitted to a voltage of 1 volt, it will present a variation of current of 1 amp

per second.

By the same origin, other consequent relations must be defined:

f L

_ L
AgsxN

B

The complete formula for inductance:



Including the relative Permeability, we have:

2
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Reluctance

The reluctance of the magnetic circuit is the ratio of the MMF to the magnetic flux.

It is analogous to a resistance in an electrical circuit.

Thus:

_ MMF

Where:

R = Reluctance

MMF =Magnetomotive force (MMF) in ampere

F isthe magnetic flux in Webers



The reluctance can be used exactly as resistances in an electric circuit that can be

put in series or parallel or even combination of them in a more complex array.

Let us see some possibilities:

Fig. 28 — Core geometry for the calculation of reluctance
There are 2 parts of an iron core; the length of each piece is 50 cm. The

effective area is 29 * 35 = 1015Cm?. There is an air gap of 10 cm. The permeability of the

core is 2000. What is the total reluctance?

lfe:=50
o =2000
Aefi=1015
|g::10 Ife |g Ife
B.= + +
m*hef  Aef mMXAgf

quss B8 . 18, 50
' 20064015 1015 2000641015

R =9.901 10 3

There is an silicon iron core with 1fe=158cm, 1g=2cm, Aef=100Cm?



Fig. 29 — Core geometry for the calculation of reluctance

lfe:=158
m:=2000
Agf:=100
|g=2
£ I
Rz —— 42
M XAef  Aef
158 i, 2z

Rui=
2006400 100

R =0.02:

Now let us arrange the formula to calculate the inductance.

2
N™ X,
L=
R




Adjusting the unit for centimeter, we get:

_ 049 N
18 R
N :=100
L:=0.4>pr2
16 R

= 3
Having 100 turns, we get: L =6.044 10

If we neglect the spreading of the flux in the gap, we can consider that we have
reluctance with a resultant permeability:

|
1 _ 1 +9
Mes M lfe

1
Mhes= ) a m
L ES
m ke m

n

Mes=

lg
1+m =



Calculating:

2000

1+i X000
158

Mes =

This is the resultant permeability of the total magnetic circuit:

And the total reluctance is:

158
Ri=—
MesX100

R =0.021
Calculating the flux density of the Inductor:

LA 16 0.4 XN Mg
N XAef Ife

B

Considering the current in the inductor equal to100A, we have:

For:
A:=100

= 3
L =6.044 10
N =100

Aef=100



x10040 =6.044 10

N XA ef

6044 Gausses



Losses in Magnetics Materials




Losses

Among the most important features of the cores used in magnetic components are
the losses.

They are responsible for heating and efficiency in most applications. Mostly the
losses are surveyed by their own manufactures that presents their behavior in the

specifications sheets, through graphs or tables as a function of frequency and flux density.

In the last times is customary that they present the losses in the format of a

modified Steinmetz equation for their manufactured materials.



The measurement of losses:

The classical method of measurement of losses is through the observation of the

behavior of the current and voltage as response for an excitation applied to a sample.

The application of the excitation can be done through a curled coil in the core
sample with has a convenient shape. There is another coil that is used to read the voltage,
measuring indirectly the flux density by the application of a numerical external constant
over the value measured. This numerical constant depends on the core geometry and the

number of turns of the coil.

A sinusoidal voltage is applied, the voltage and current are measured and
computed the instantaneous product of both. The average value over each cycle is also
computed and the result is the average loss in watts of that material. Plotting all the values,
changing the frequency and the flux density (By the voltage), the total figure of the

material can be surveyed.

In many cases the measurement can be done through an digital oscilloscope that
can perform the measurements, multiplication and integration, giving at the end, the

average calculation of the product over the entire cycle.

Another solution is the employment of special data acquisition modules like that
one’s of National Instruments, which can acquire data in a fast fashion. All the other
calculation done, inside a computer through, MatLab or even in NI software Labview or

on an specially designed software.

In certain materials like ferrites is important that all the measurements must be

made under rigorous temperature control.

Mostly there are two ways to control the temperature in the samples being tested:
one is the employment of a environmental chamber, but the problem is that a massive
body with a wide external surface, must be attached, to get good coupling between

internal environment temperature controlled and the material under test.

One other method is the “Bath method” that the material is steeped in a bath of

vegetal oil with controlled temperature.

The two methods must take in consideration of the influence of the observer in the

measurement and consequently care must be taken to not influence the measures with the



excitations that must be done in a short period of time to no lead power to the DUT
(Device under test). Is interesting to give some calculated interval, between test in

accordance with the total mass and the power delivered in each measurement.



Representation of losses

The modeling of losses in the cores is complex and many attempts have been made
toward this, direction in order to we get the means to calculate losses in different

formulations of problems, in the broad spectrum of applications that we try to cover.

The historical model is the famous equation proposed by Steinmetz in 1892,

known as Steinmetz equation.

In which Pi was the average loss per unit volume or Weight, K a constant, B the

flux density, and b a coefficient.

Currently, most manufacturers provide data through a “Modified Steinmetz

equation”, in which has been introduced the dependence of frequency f.

P =K %2 »8°

Unfortunately, these data relate only to sinusoidal excitation, and for the
applications of oriented grain silicon steel, used in distribution applications, is useful, but
for others, with rich harmonic waveforms or in cases of ferrite to switching power

supplies or even inductors with rich harmonic currents, it is impossible to use them.



General Losses

Due to the complexity of the matter, one looks for the phenomenological laws

summarizing in simple terms the regularities observed in experiments.

The natural path is the separation of the phenomena involved, to study in detail

each one of them.

We can then classify 3 different aspects contributing to the total losses. P,, P, and

P, termed hysteresis loss, classical loss, and excess loss.

exc?

P= Ph+pc|+pe}{c

Such separation of terms reflects the existence of three scales in the magnetization
process; the scale set by the specimen geometry (Classical loss), the scale of domain wall-

pinning mechanisms (Hysteresis loss) and the scale of magnetic domains.

As can be seen the strongly nonlinear character of the magnetization process, there
is no obvious reason why the superposition law expressed should hold true under broad

conditions.



Hysteresis losses:

Hysteresis losses are the consequence of the fact that on microscopic scale the
magnetization process proceeds through sudden jumps of the magnetic domains walls that
are pressed by the external field. The local eddy currents induced by induction, change
accompanying the wall jump, dissipating a finite amount of energy through the Joule
effect. The sum over the jumps gives the hysteresis loss associated with the jump

sequence.

The jumps are so short (Of the order of 10® ~10° S) that the external field is

unable to influence the internal jump dynamics.

The only effect of the field is to compress or expand the time interval between
subsequent jumps in inverse proportion to the field rate of change which yield a number of
jumps per unit time and an amount of energy dissipated per unit time, proportional to the
magnetization frequency. Therefore for the hysteresis loss in a loop of peak induction B,
one obtains the typical expression:

Ph= ﬂ>4<hi5t><8b of X
r‘r'|3

The loss per cycle Wh=Ph/f is thus independent of frequency.

The parameters Khyst and b, include the structural aspects affecting domain wall
pinning and magnetization reversal.

Their value will differ from material to material. The rule b =1.6 has claimed to

have some general validity and is known as Stainmetz Law.



Classical losses:

The classical loss is that one calculated directly from Maxwell Equations for a
perfect homogeneous conducting medium, that is, with non structural inhomogenities and

magnetic domains.

The scale relevant to the classical loss is the scale set by the system geometry. For
example in a lamination, the slab thickness d. This scale controls the boundary condition
for Maxwell equations, which in turn determine the distribution of eddy currents in the

specimen cross-section and ensuring joule dissipation.

It is calculated for a lamination of thickness d, and electrical conductivity s,

frequency f and peak induction B.



Excess Losses

The excess loss results from the smooth, large scale motion of domain walls across
the specimen cross section, when the fine scale jumps responsible for the hysteresis loss
are disregarded.

Eddy currents tends to concentrate around the moving domain walls, as a fact that

gives rise to loss higher than the classical ones because of the quadratic dependence of the

local loss (J?*s)/Dn) on the intensity of the eddy current density.

According to the picture just described, excess losses are expected to be ubiquitous
as the presence of magnetic domains. However the importance of excess losses in
comparison with classical and hysteresis losses will substantially depend on the size and

arrangement of magnetic domains.

As general rule, the smaller the domain structure the smaller the excess loss
contribution. This conclusion can be given a precise quantitative measure in the case of
lamination of thickness d containing longitudinal bar like magnetic domains of random
width.

In this case Maxwell Equations can be exactly solved, giving the result:
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Where 2*L Represents the average domain width and P, given by the formula for

classical losses:

f=frequency

B=peak induction

Identifies the ratio 2*L/d

The prediction is helpful in the interpretation of losses in grain oriented silicon



steels, where domain structures are often not far from the one assumed in the model.
However one should not forget the regular arrangement of longitudinal domains assumed
in the model can be far from the conditions encountered in ordinary materials. In many
cases the domain size is no longer itself the important parameter, because micro structural

features introduce additional characteristic lengths that tend to control the loss problem.

In these more complex cases the excess loss approximately follows a law of type:

3
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Where the parameter K . includes the effect of various relevant of micro structural

factors. The equation above applies to grain oriented silicon steel also, a fact that should
not be interpreted as a contradiction with respect to the immediate anterior equation. The
point is that the ratio 2*L/d in that equation is unknown. In particular, there is no reason

why the ratio should be a constant of the material.



Facts affecting the total losses

According to the previous explanations an approximate expression for the total power
loss, valid at frequencies low enough to avoid the onset off important eddy current
shielding is:

3
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This equation applies to the particular case of a material magnetized under controlled
sinusoidal induction rate. However there are several situations where magnetic material
operates under distorted flux conditions, for which a generalization of above is needed.
This generalization is obtained by calculating the instantaneous power loss at individual
points of the magnetization cycle and then by carrying out the time average over the

particular wave shape involved. This more general expression reads:
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Where the arrows are not meaning “vectorize”, but instead time averaging over the
magnetization cycle.

The hysteresis loss is independent of the induction wave-shape , provided the

induction is monotone in each magnetization half-cycle.



Loss behavior in different magnetic materials.

The dependence of losses on frequency and induction from the combination of the
three terms of the equation above, the final behavior can be rather different from material
to material. Ferrites, Silicon Iron, Nickel Iron and others, present different amounts of
each of them. Unfortunately the manufactures do not separate their losses, but this is not a
problem because generally they present curves and even coefficients of the Steinmetz

equation.



Soft ferrites for high frequency applications:

Most applications at high frequencies up to 100Mhz, leads to the use of soft
ferrites due to their non metallic nature partially avoid eddy current dissipation. In most
applications, mixed Mn-Zn or Ni-Zn are employed, in which it is possible to tailor
material properties to an specific application by trimming the concentration of the

component atoms.

The electrical resistivity is in the order of 10”Wm for Ni-Zn and 10 up to 10 Wm
for Zn-Mn ferrites. The initial susceptibility is constant and the loss angle is negligible up

to frequencies of some Mhz to Mn-Zn and 100Mhz for Ni-Zn ferrites.



Searching for a general loss model which could include harmonics and

DC currents:

The MSE Approach - (Modified Steinmetz Equation)

Based on the physical understanding as mentioned above that the loss depends of

the average of derivative of the flux density over time [16] we can obtain
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Where D B is the peak-to-peak flux amplitude and T is the period of the flux

waveform. From this, an “equivalent frequency” is defined as:
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The loss is then estimated with the modified Steinmetz equation (MSE)

iz kxﬁm)a-u o 5,

Where B is the peak flux density amplitude, PV with the bar on the top meaning

time average of power loss per unit volume and:

-

— |

Is the repetition frequency.



The GSE Approach (General Steinmetz Equation)

The work presented in [17] by Jieli Li, Tarek Abdallah, and Sullivan presents the
approach of the GSE formulation that can be used to calculate loss for any given
waveform:
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As presented by the Authors the equation above is the Generalized Steinmetz

equation.

They presented the case where the waveform is sinusoidal, the equation must
behave like the Steinmetz equation for sinusoidal case. For that, they replaced B(t) by a
sinusoidal wave, resulting in:
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The integral here is independent of ®, and so the equation agrees with Steinmetz

equation. But before, we need to get the value of k1 in the equation
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As mentioned and presented by the Authors in their work, the GSE has good

results within determined limits.

Now, we can give a Simulink system that can calculate the GSE presented above.

Firstly we must calculate the value of K1,aand b,

The values a and b can be taken from the values given by the manufacturer in the
specifications for the ordinary (Sinusoidal) Steinmetz equation. We can calculate K1 from
a given sinusoidal B signal in the input and adjusting K1 in the system fo a same result of

the Steinmetz equation. That is all!

An advantage is that the GSE has a DC-bias sensitivity. A disadvantage of the GSE

is the accuracy limitation if the third or another relatively low-ordered harmonic of the



flux density becomes significant, i.e. if multiple peaks are occurring in the flux density

waveform.

To overcome this problem, the GSE was upgraded to the improved Generalized

Steinmetz Equation The AGES splits the waveform in one major and one or more minor

loops and thus takes sub loops of the full hysteresis loop into account. This is
achieved by a recursive algorithm which calculates the iron losses for each loop separately
by

CEI:- E?DD
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where B is the peak-to-peak flux density of the current major or minor loop of the

waveform.

It should be pointed out that all modifications of the Steinmetz equation have the
well known problem that the Steinmetz coefficients vary with frequency. Thus, for
waveforms with a high harmonic content, it can be difficult to find applicable coefficients

which give good result sover the full frequency range of the applied waveform.



Combination of fields




Ampere’s Law in depth.

Fig. 30 The representation of the Apere’s Law

The current in a conductor always creates a magnetic field around it with the

intensity of 1.25 Oersted for each Amp/cm.

A tangential field to a conductor generates current in it. They are fundamentally

interrelated, generating one, intrinsically creates another (Inter-causality).
Practical Example:

In a plier’s ammeter, the current is measured by the intensity of the magnetic field,

no matter the size of the pickup ring instrument which is around the conductor.

The current is measured, only in the conductor that is going through inside of the

pickup ring.



For the Sake of simplicity

To simplify the analysis, we will establish the hypothesis of an infinite height
Planar Conductor with a flat field on their faces. This assumption of course, is a
simplification of the effect, do not existing in practice, however, serving for the present
purposes and not introducing any misconception. In reality the field decays while going

away from the conductor.



Magnetic field produced by currents in endless sheets

As will be shown in the following figure, an uniform current in an infinite plate,
produces a uniform field on each side of the sheet, but with opposite polarities. A current
density of 1A / Cm generates a field of 0.628 Oersted on each face. With m =1, B=
(Gauss), H (Oersted)

In a real conductor, the field quickly decays as it leaves the conductor but in our

hypothetical infinite sheet, remains constant.

The creation of this model, aims to simplify the understanding of the combinations

of the fields in different configurations, avoiding the detailed description of its variations.

The main objective is to be able to show the different interactions between the

magnetic fields that result from combinations of windings in various structures.

Minor differences in decay in the spaces for these representations show no
significant deviations when compared to real models, and its real conceptual goal is the

representation of all the interactions between fields in a more simple way.

Besides, this book is not intended to be a matter for beginners, but a source of
information for experienced designers. The subjects contained in this book, are far of
being information found in any common book of transformers. Due to this fact, we feel
ourselves very free to make such suppositions, considering that the reader would not make

absurd considerations about the subjects being approached.

Direction of the Current

Intensity
of
Magnetic

Field

Fig. 31 Suposition of an infinite bar surrounded by a magnetic field



Magnetic Field

Direction of the Current

Fig. 32 The direction of the fiel obeys the right hand rule



Addition of fields in two parallel plates

With two endless parallel sheets with equal currents but different directions, the

fields are added in the space between them and cancelled in the part external to them.

Fig. 34 — The resultant field (Neglecting the decay)



Infinite Solenoid

This distribution field, does not change when we join the sheets to allow

current to flow in a continuous loop.

This forms the classical non finite length solenoid in which the flow is uniform

inside and on the outside is zero

Fig. 35

If the solenoid consisting of a coil rather than a sheet, then:

_ 30 MNA o osptd
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Fig. 36 — If the coil has two layers the interaction of the fields can be seen.

Fig. 37 — Flux = 0 outside and H inside



Addition of fields in several layers:

Two overlapping solenoids

As a solenoid is on top of another, the field of each solenoid is added to the field
formed by the previous. Thus we have over the first solenoid H = 0, on top of the second
solenoid H = 1 on the third solenoid H = 2 and beneath the third solenoid H = 3.

Fig. 38

We can see that inside the solenoid H=2;

Fig. 39

We can see that inside the solenoid H=3

Permeability:

7
Il

Relutance:



m>A

In reality, the magnetic core may be of ferrite, iron, or metal composition, their

internal fields depends solely of the reluctance, and H Field manipulated by the solenoid.

In transformers, the secondary current produces an “H field comparison that
induces a counter current in the primary winding (as defined by Lenz’s law), and this

additional field, does not contribute to the core flux.

We can call this phenomenon “countercurrent confrontation “and the fields
produced by the primary and secondary are the same, the only difference being the H field

necessary for the magnetization of the core.
Np:Ip=Ns-ls

Np=Number of Turns

Ip=Current of Primary

Ns=Number of turns of Secondary

Is=current of secondary

The above relationship provides relation of currents in a transformer:

Np _ Is
Ns Ip
In transformers with adjacent primary and secondary, the MMF distribution

depends only on the relative arrangements between them. The overall curvatures are

irrelevant, as well as their position in the core.

In inductors, MMF produced by the current is absorbed or “confronted” by the
reluctance of core instead of “countercurrent confrontation ” of another winding. Thus,
(portions of high reluctance) of the core relative to the winding diagram determine the
FMM profile.



Low p Matenal

Fig. 40

Note that the core is shaped like a pot, and the axis the dotted line ending below in the “C”

inside the square. The same pattern will be repeated to the right from the center.

The more reddish shows the increase in the H field toward the high reluctance

element (low permeability).

Note that we are advancing very slowly with the intention to fix very well the

concepts involved in the combination of fields. This is a part of my course of transformers

INDUCTOR L i Nktoal

High p Materis

Axys (Center)
Of the Core

3 Layers

[NDUC

MMF [hagram

Fig. 42 Evolution of MMF diagram due to low mu material at right



Low m material (High reluctance) in the top side of the core.

MMF Dhagram

Fig. 43Evolution of H Field due to low mu material at the top

Low mu material (High reluctance) in the top and in the bottom side of the core.

We can see very clear that the mmf (H) diagrams grows toward the low magnetic

material (Higher reluctance).

['\"TT'M'”" []i.ﬂj_.'_rﬂﬂ'| T.ow m Material ”]F‘h M Material

One Layer, 2 portions

Fig. 44



Simulation by FEA (Finite Element Analysis)

On a core ‘E’ “curled up a primary and a secondary winding, passing cross
currents” I “in each. Each coil has 3 layers and currents are equal. The core is of silicon-
Iron sheet. There is no concern for the flux in the core.

This research is going to be done in FEMM.
Simulation by FEA (Finite Elements Analysis by FEMM

We use the FEMM because it is very powerfull and can analise skin depth

problems and in addition can be found in Tnternet totally free.

The software was developed by David Meeker, Ph.D and is in the words of it’s
own author: A Windows finite element solver for 2D and axisymmetric magnetic, electrostatic, heat flow, and

current flow problems with graphical pre- and post-processors.
Is a very powerfull tool and can be foun at Internet in:

http://www.femm.info/wiki/HomePage

Other parts of the software like the Triangle was developed in Computer Science
division at Uinversity of California at Berkeley and the software LUA, developed in
Pontificia Universidade Catélica do Rio de Janeiro — Brasil.
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Fig. 45 Can be seen the regions and the setting of materials and the definition of air spaces.

Although the differential equations that describe magnetic phenomena in
transformers (And other magnetic components), are relatively compact, it is very difficult

to get closed solutions, except for extremely simple geometries. Here is where the idea of


http://www.femm.info/wiki/HomePage

finite elements breaks the problem of complex geometries in a large number of simple
structural elements, for example triangles. The process solution is reduced through simple

geometries.

The advantage of breaking the complex geometry in a large number of simple
elements, it is that turned a small problem, but difficult to solve in a big problem, but of
relatively simple solution. Specifically the triangulation serves this purpose, as the case
that reduces to a simple linear algebra solution with perhaps tens of thousands of

unknowns

The FEMM uses triangular elements. About each element, the solution is
approximated by linear interpolation of the values of the three vertices of the triangle. The
linear algebra problem is formed by the choice of A based on the minimization of the total

energy.

Triangulating ...

Fig. 46 — The mesh of triangles is generated by the software
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Fig. 47 — Now we can see a closed view of the definitions of material and the mesh of triangles



Solving the model:

Fig. 48 — The flux seen at distance

The figure below, show the contours of the magnetic strength H in the window of

the transformer.

Fig. 49 The field strength lines

The red line at left define the path where we will measure the H field.
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Fig. 50 — Path for definition of the H field

Calculating the field H over the path:
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Fig. 51 — H field over the path

This is behaving exactly as we have seen in fig 36.

We can see the evolution of H, rising to as it approaches the secondary, reaching
the maximum amplitude and reducing from there. Note clearly, the effect of the “counter

current”.

The energy in the windings is proportional to the square of the magnetic field (H?).

Note that the H2 is directly related to the energy of the magnetic field and is a
valuable measure of the energy stored in the volume of the entire coil.



We can see the total energy per unit area by measuring the magnetic energy
contained in the window of the transformer. The Finite elements software is a valuable
tool in order to get this value.

Defining an area where we will measure the energy of the magnetic field.

This will be done within the primary winding
region (Marked in green)
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Fig. 53 — The kind of measurement is selected (Magnetic field Energy

After solution...
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Fig. 54

We got the value of the energy in Joules of the area 2.211424*10 Joules/meter

We can see that if we have the amount of energy per meter, and the mean length of

the coil, we can get the inductance, because:

i
W ==

Handling, we can obtain the Inductance L

_2-W - Lenght
= 2
I

L

This inductance is commonly referred to as “leakage inductance” being relative to
the individual field windings which do not embrace the others and thus characterized as
“dispersed.”

Equivalent Circuit of a transformer:



Fig. 55 — The equivalent diagram considering the turns relation n between prim and sec = 1

Rprim = Resistanceofthewindingdofthepriman

Ldp=Leakage inductance related to the primary
Rp=Core loss related to the primary

Lm=Mutual Inductance Related to the primary
Rsec=Resistance of the winding of the secondary

Lds=Leakage inductance related to the secondary



Leakage Inductance

What is leakage Inductance

The definition of a fundamental inductance equation departing
from the energy stored in magnetic field:

For considerations of leakage inductance due to a particular layer, it is only

necessary to consider the other winding layers which influence in it.

The distribution of leakage flux through any layer depends only on its current and
summation of the currents of the layers that lay between it and the layer which is adjacent
to MMF zero position. For leakage inductance analysis purposes, we should consider the
spaces of winding layers as parts that lie between zero and the maximum field. To these

parts we will call “Portion”.

PORTION | ' PORTION 2

PORTION 1 ‘ PORTION 2

Fig. 57 Portion in interleaved coils
As a result of interleaving windings, we have a reduction of amplitudes of the
magnetic fields in the transformer. Consequently we can drastically reduce the leakage

inductance.



The density of the energy in the magnetic field is:

woB-H
-2

And the total energy field with constant density in a given volume is:

_B-H-V
W 2

At this point the flux density B is merely the current in the windings multiplied by
the permeability of vacuum, number of Turns of coils, etc ... and is not the flux density

present in the core (determined by the effective cross-sectional area, voltage, frequency,

etc.)

If the field is not homogeneous, this relationship can be applied to all units of

infinitesimal volume and the total energy can be determined by integration:

If we combine with the relations:

We get:

i

LN R
12 8

That we can call “Inductance general equation”

Inductance formula definition (Toroidal Case):

Initially we will determine the formula of inductance of an inductor with toroidal

core. Additionally we will determine the formula for the leakage inductance of a



transformer

As in a toroidal Core the field is homogeneous we can calculate de volume of the

Core simply by:
V=lfe XAef
m § o myH
L= — xg H dv =
12 14
Replacing V:
X e
B 2
I
- 7 newtor

My=4>X xX10 * x
am%

At present case de measures are in Centimeters.

We have:

0.4%p XH> Mo XA o

L=
18 x4

Replacing H?, We have:



Simplifying:

2
| 04 XN A

1@ xlfe

~

Introducing the relative permeability, we get:

04 SN XA o T

18 %

Inductance Formula definition (Leakage inductance Case):




Eprim=Height of primary coil.

Esec= Height of secondary coil

Fig. 59 - Circular coil for the determination of the leakage inductance equation

Equation of general inductance arranged for circular winding. In this way we are
changing dv by dr, then rearranging;:

. 12
o Q2
L=— Xdxxdnh>x© Hdr
|2 °n

Soon:
6" %52 aFprim*Esec O
” rim ec
Q H?dr = {—aé\l—g X & + <
6.1 el g e 3 %

Finally:

xd it A
- My X meZ xg@prlm Esec_l_gc_)
I e 3 %]

Decomposition of the Equation illustrating the elements of the leakage inductance:
Primary Leakage Inductance:

N, 9 ey XN~ M@éprir‘rﬁi
|

Lprim:

e 3 g



Secondary Leakage Inductance:

2 .
_ iy Xp Xdm XN ﬂia‘zEsecl

L . :
sec | L
Contribution of the Intersection gap:
2
M XP Xy XN
Linters x(s)

It is common practice to be considered the contribution of the intersection gaps as
part of the primary leakage inductance, however, this depends on the settings, primaries

and secondaries, number of layers and etc

Fig. 60 — Account of the intersection gaps

The inductance of the gap is due to the local field. ASimple way to treat the
problem, is to check the proportion of the field that acts on that layer are relative to the

total field, creating the proportionality constant k For each intersection gap.

2
np > Xdm XN 2
Lsp= I xgkn b

0
%)

The total leakage inductance is the contribution given by inductances of the

layers plus the contribution given by spaces (intersection Gaps).

L =L +oo.L +L inter(l) +000L

tot cam(1) cam(n) inter(n)
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Fig. 61 The null field spaces

We should note that the spaces that are experiencing null fields should not be taken

into consideration because it does not contribute to the total energy.

This is the case of the previous slide, where we have the field H = 0 in the inter-

section of gap between secondary 1 and primary 2.

Applying the same principle:

£:Eun Eoriui i i i
2 Q 2 Q 2 Q 2
oo B om ol 2 me B aw BT a B g M
i 3 T a ol a ol |- Tt <
L= ks ™ 0 C 2w drad C 2 - dr+8 ¢ 2 - dr+8 ¢ : . dr+ 9 Hdtl
|2 & & Bariml g g &Eprirmz g el &Esecl el aEsecz g % g
&h 0 % % 0

Solving:

dn g1 2.1 2.1 2.1 2 1
L=y o0 o o= S oHE + = R +(sp +53) #+H
My ERT. priml 12 primz*H 15 Cseck 4 oot + (51 +39) "

Doing Eprim1=Eprim2=Eprim e Esecl=Esec2=Esec, We Have:
L= myxpx— ’@ 3"‘Eprim'|'—l XEsects1 +59 xH
|2 eb b )

d 1 5 N %2
L= XX A ""Fé Xprimt — %sects] +sf x
2 ab 5] o 2




That simplifying finally crops:

2
My X XdmxN ﬂqiprim*' Esec

I e

5
L +57 +5%
@

Final Formula:

s
xp Xt XN im+ C
" ny m =IGi_ﬁprlm Esec_l_sl +qu
I e 6 o

Where:
Dm=Average diameter of the coil
L=Length of the coil
N = Number of the turns of that coil.

Eprim and Esec = Height of primary and secondary coils respectively.

S1 e S3 width of gap space between coils

We can note Ldp and Lds as the dispersion inductances on the primary and
secondary. These inductances are in series with the resistance of the primary and
secondary (Rprim and rsec). The mutual inductance and loss resistance (Lm and Rp) are

part of the diagram, but they are out of our present interest.

With the inductance general equation, we are free to define (deduce) any formula
for any arrangement of coils, to calculate the stray (Dispersion) inductances. We need only

arrange the problem strategically to solve the particular problem.



The equivalent circuit of a transformer and
measurements of AC Resistance:




The equivalent circuit:

As defined in the anterior chapter a transformer has a general equivalent circuit

like presented Below in which we now add a load Z.

Zprim Isec

Rprim Ldp Lds Rsec
O+—F 13— rrr—1—e rrr— 3@

| |
Vi Rp D & fir V2 |:|
. i

» L |
. . Zload
® - &

The general transfer function to it, using chain matrix is:

i . el i . el
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AC resistance Measurement

For the first work we must to measure the input impedance with output short

circuited. The effect of Z_ will be neglected and we can do it infinite impedance. Thus

considering this, our expression change to:

8? + Zzparim Zprin?
c +

g BO_ ¢ e
s = :
eCDg ¢ 1 +
= K
&  Zsec @
Z, 1is
1+Zpr|rn
A Zeac
B 1
zEEC

Zn= %= § +__szrirrli.:l *sac= Zsact Zprim
e i

=]

Consider that the turn’s relation n, must be taken into consideration to the proper

reflection of Z_,_ to the primary.

For the measurement of the AC resistance, we must connect the secondary in short

circuit, injecting in the primary ac voltage or current, measuring the active power.

The measurement instrument must have a wide band to assure precision . A

digital oscilloscope would be a good choice.

With the power and the current measured, we can calculate the value of the total

AC resistance for the given frequency (That of measurement).

A precise impedance bridge can be used for this measurement and also we can
directly measure the dispersion inductance of primary and secondary. There are
impedance bridges with various measurement frequencies that would be useful in our

testing’s.



Measurement of DC resistance

For the measurement of the DC resistance a Thomson bridge that works in Direct
Current is the correct choice. There are other instruments with four terminals for

measurement of DC resistance that guarantee good precision.

This same chosen instrument will be used in the transformer temperature tests,

elsewhere in this book.



High frequencies response:

For High frequency, is customary introduce the stray capacitance in the output of

the transformer, but the Zm in this case also, is considered virtually infinite. Then, our

complete matrix change to:

g |ZsectZprim ¥
. Blt——— ZeactZpritkd
@ By & doad Ul
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g Aoad O
The transfer function:
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In the graph can be seen the various curves for the value of V = Damping factor.

For the maximum gain flatness, the damping factor must be set between 0.5-0.7.

The minimization of the leakage inductance and stray capacitances can be obtained
through dividing the winding in many parts, besides trying to reduce the stray capacitance
by avoiding faces between same coils. That is an exhaustive work, which needs to be

planned carefully.

In the slide below we can see the distribution of windings of primary and

secondary in order to minimize the wanted property.
In 1 is the normal distribution of primary and secondary.
In 2 we have the second option, reducing the leakage inductance.

In 3 we have additional reduction of the leakage by the division of the secondary

and the superposition of more one primary.

In 4, there is an equivalent solution like 3, but laterally arranged with extra bonus

in the reduction of the stray capacitance.
In 5 extra reduction of leakage inductance and stray capacitance
In 6 there are still more reduction of the leakage inductance and stray capacitance.

We can increase indefinitely the number of coils, reducing additionally the leakage

inductance and stray capacitance. Care must be taken with the order of the coils.

For the deduction of the formulas to be employed in each case, we must define the
H profile of the coil and use the “Inductance general equation” rearranged for that special

situation Integrating as a function of dv, dr or other.



Leakege inductance reduction
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Leakage inductance and stray capacitance minimization
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Medium frequencies Response

For this condition, the complete equation will be used:

¢ Ea?+ Zprin ik ﬁ ¥
€ Zorim & Frgg e “pri Ll a? ZorimD u
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The transfer function would be:
Vo_1_ 1
Vi A 4 rind) W]
§ Rtz
54 2pnm, &  Zmp 2
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Where:
1
e i
+
Rp s >'1_m

Zea= Rsects Maac

Zorim= Rprim +5 *Lprim

Due to other considerations the power factor of the Z, ., can be added for a more

correct response of the system.



Low frequencies response

Evidently the transformer is not intended to work below its operating frequency,
but in certain cases, certain classes of transformers need transiently to work in very low

frequencies, like instrumentation transformers and so forth.

With the decreasing of frequency, the transformer is lead to the short circuit or

something near that, when frequency approaches 0.

We must consider the impedance of the generator to compute the real frequency
response, manly in applications of audio amplifiers or instrumentation. Someone can smile
or even To laugh when hearing about transformers to audio amplifiers, but still today the
best of the best of audio amplifier use Vacuum Tubes and transformers. Vacuum tubes and
transformers working besides last generation DSP, wireless and so forth. Is incredible but
it’s true. The transistors with their non linear natures are very strange in audio
environment. The feedback is improper to correct inter modulation products and other

transients generated in the nonlinearities and dynamic properties of such amplifiers.

We can modify our equation to work with generator impedance, considering that
the Zprim and Zsec are Zero, reducing our equation, and we get:
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Skin Depth and Proximity Effect




Skin Depth

Ampere Law in more Detail:

The surface current in a conductor always creates a magnetic field around it
It can be said that a tangential field to a conductor generates this surface current.

They are fundamentally related, generating one inherently creates another (Inter

causal)

This may seem counterintuitive therefore a magnet placed on a conductive plate do

not creates a perpetual flow of current (except in a superconductor).

To understand the principle on which a field always has a corresponding surface

current, it requires that we analyze how surface currents evolve over time.

We are assuming that this matter in most cases is not of full reader’s knowledge
and thus we are going to present it step by step in order to make it the most clearly

possible.



Diffusion of magnetic field in a Conductor

If a magnetic field “H” is suddenly generated at = 0 in the neighborhood of a
conductive plate. A corresponding surface current will flow in the conductor perpendicular
to the field (right hand rule). Resistive effects quickly try to reduce this surface current,
allowing the magnetic field penetrating the short distance in the conductor. By the fact, in
the ampere law the current and field are inter causal, if a conductor is subjected to a
sudden current, the diffusion chain will also be gradual, starting from the outer surface

toward the inside

Fig. 62

The current now flows at a finite depth in the conductor. The IxR resistive drops
are smaller but still present, and the magnetic field continues to spread toward the inside
of the conductor. But at a lower rate. As the surface current will gradually gaining a larger
flow area, the magnetic field diffusion rate reduces its speed to the square root of the time
(t=1,4,16, etc.).

Eventually the field reaches the opposite surface where the field now develops.

Since then the total current begins to decrease as comes into being an opposite
surface current on the other side of the conductor, who now has the same magnetic field,

until t = infinity when the current will be zero.




Fig. 63



Simple Rules in order to handle fields and currents in a single
face.

(Follows the right hand rule)



Direction of the current

Direction of the Arrow

Feather == o cutting edge

Fig. 64
Simple Rules

Observe the direction
of the current

H

Direction
of the Field

Fig. 65 Field towards up in the right side

Observe the direction
of the current

Fig. 66 Field Towards up in the left side

Fig. 67 Field towards down in the left side



Fig. 68 Field towards down in the right side

If a conductor is suddenly subjected to a homogeneous field

will be formed two films that will gradually grow toward the inside of the

conductor as shown in the following figure.

Fig. 69 Field suddenly subjected by an homogeneous field

Note that the current gradual diffusion is contrary, according to the directions of
the fields on both sides of the bar.

Fig. 70 The difusing in both directions

For t = Infinite the currents will be diffusing across the bar equally in both

directions, canceling each other. Therefore the final resulting current is zero.

Looking from another angle, bar dipped in a homogeneous field shows no
electrical potential, as described by the Faraday Law, where the time variation of the field

is required to produce voltage potential.




Fig. 71 At t=infinity

Diffusion interrupted by change of field or current direction

We can see that being the current diffusion gradual and if there is a sudden
variation in the direction, there is no time for the complete diffusion of the current in the
conductor. Then, by reversing the magnetic field, there will be the extinction of current
distribution in the original direction, recreating the process for the other direction of the

current.

We can see also that the higher the frequency, the shorter the time given to the
diffusion, decreasing with this penetration of the current into the conductor. It is clear that
there will be an external film of the current distribution and its thickness is inversely

proportional to frequency. In reality it is inversely proportional to the square root.

This diffusion has an exponential decay towards the interior of the conductor being
considered the foil thickness penetration where the diffusion displays a magnitude equal to
1/e.

The exponential area is:

Fig. 72 The definition of the “thicknes” of the skin depth from the exponential
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Fig. 73 The logaritimic exponential

The instantaneous current is also delayed of one radian per deepening of the skin,
thus the vector of AC current forms a logarithmic spiral, as was shown in the previous
figure.

High Density Region

Decays exponentially
toward to the center of
conductor

Low density region

Fig. 74 - Current diffusion in a circular conductor

Fig. 75 The exponential diffusion



Fig. 76 Considering the skin depth of the circular wire, working like a circular pipe

It can be seen in the figure above the distribution of field in a conductor for an

alternating current with a given frequency.

Rac_ Stot 77 49 49
Rde Sting 2. 2 ©49- 25 24

Rac_49_ 2.04
Rdec 24
Skin Depth
g r X _ r
P X XM >C | p Xy Xmp X
Where:
[ = Skin Depth

[l = Conductor Resistivity

H,= Vacuum permeability.

H,=Conductorpermeability.

f = Frequency in Hertz.
A =Wavelength of the frequency.
C= Speed of light in Vacuum.



Calculation of skin depth.

The temperature coefficien and resistivity of copper
to 20 ° C are:

dqg = 0.00393 Temperature Coeficient of Copper

- e TR
P20 = 1.7241-10 ©  Ohm meter

The permeability of Vacum:

i, = 4m-10

Forming a vector of temperatures
commonly used in transformers. We have :

Fig. 77 — Main constants and values of the temperatures

Calculation of resistivity of copper for each
temperature

Resistivity for each temperature

p :=pg{_4_] +C*'-2[I(T_3Q_I

1.927x 10 %
2.266x% 10 °
g=

2.469x% 107 °

2.639x 10 °

\2.808x 10 °

Fig. 78 — Resistivity as a function of temperature and resistivity at each temperature
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Values of “Constante,” for Copper and Aluminum in function of temperatures



Fig. 79 Constants of Cu and Al at each temperature



Proximity Effect:

Currents same direction Currents in opposite direction
Fig. 80 the diffusion of current depending the relative direction of conductors

In both conductors of the next slide, we can see the spacing and alignment of

greater diffusion regions, depending evidently the relative direction of the currents.

This effect is known as “proximity effect” because it involves effects due to

proximity of conductors and fields.

:-_:ili = | My g i — LI SE T T
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Fig. 82 Currents in opposite directions

Proximity & Skin Effect

The proximity effect in parallel conductors are combined with the skin effect,



generating a rather much more complex effect what is known as “Skin proximity effect”,

most wrongly mentioned in the literature as “proximity effect®.

The proximity effect is dominant over the classic skin effects in windings of high
frequency or high current in magnetic components (Transformers, Inductors or

transductors).

Ordinary proximity effect is combined with the skin properties of the current,
creating a combined effect notoriously difficult to be calculated, especially when it

involves multiple conductors.

The proximity effect develops considerable losses.

In extreme cases proximity effect losses may involve tens, hundreds and

sometimes thousands of times greater losses than the direct current.

Proximity Effect three-dimensional configurations.

Three-dimensional configurations are effectively one-dimensional when they are
contained in two of three dimensions. An isolated round wire is a case: Due to symmetry,
the currents and fields vary radially in cylindrical coordinates, with no axial or

circumferential variations.

This symmetry is destroyed with two wires, and the complexity grows with the

number of conductors and their consequent interactions.

There were no practical formulas available to calculate these phenomena in

windings of transformers and conventional inductors, until the advent of Dowell work.
Simplifying assumptions
»  The layers of windings are assumed to homogeneous conductive plates.

. The layers of windings are considered infinitely long portions of a coaxial

solenoid (The flow is uniform anywhere and axially between the layers).

»  The thickness of the layers is much smaller than the radius of curvature (may

be analyzed locally as a flat plate portion).
+ All the coils have the same distance (No partial layers).
+ All layers on a winding portion have the same thickness.

Consequences:

. These assumptions reduce the problem to one dimension; Currents and fields



vary only radially. Not varying axially or circumferentially. Similarly to the case of

a circular isolated conductor.



Transformation from a round conductor winding to metal plate

or sheet

Dowell transformed circular wire windings into an “Equivalent
Sheet” as follows.

»  First replaces round wires by squares of equal areas.
»  After join the squares by moving them.
»  After stretch it to cover the previous distance.

. The new thickness “h” is equal to the plate thickness of the square of the
conductive plate and the resistivity is increased by a factor s /h in order to

maintain the same resistance.

Fig. 83 Sequence of transformation from round conductors to sheet - Dowell
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Fig. 84
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Fig. 85 Bar conductors

We can see right the highlight showing the exponential decay of the current

distribution in the conductor bar

Fig. 86 - Sheet conductor



Eddy Currents

Inside Side : Outside side

Fig. 87 the diffusion in one layer

In the second layer due to the external field (inside field of the first layer ), a

contrary current is formed due to the fact of the field be on the outside (as seen by the

second layer). See right hand rule.
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Fig. 88 Fields and diffusion in 2 layers

Can be seen that with increasing field toward the center of the solenoid, there is a

gradual increase of currents flowing through each conductor layer.

Through highlights we can see those effects.



Forming a unique sheet:

internal | | External
side . Side

High p Material Low p Material

H

MMF Profile

Resultant

lavg
0

-1

Fig. 92 The resultant current for the second layer for 5 skin depth



We can observe a resultant by a combination of the two contrary currents.

The net average of this distribution is the total current flowing in the conductor, as

shown as lavg in the next slide.
21
Resultant
lavg

-1

Resuliant

lavg

Fig. 94 the resultant for 2 skin depths
We can see in the previous and next slides that due to the conductor thickness there

is a variation of the resulting profile, thus changing the average value.

This property as will be seen later, sets the optimal value of the thickness of the

conductor for each application.



Resultant

lavg

Fig. 95 The resultant for 1 skin depth



Square of the current

If we imagine a conductor, such as sliced into infinitesimal slices, losses will be
proportional to the square of the current multiplied by the resistance of each slice. Thus if
we set up a system to calculate the total loss of the conductor due to the resulting quadratic

profile, we can define a kind of the conductor AC resistance.

Maxof &

Fig. 96 The resultants

Evolution of the Average of the resultant squared for the average value.

Average

Fig. 97 — The average of the resultant squared

Second Layer

Fig. 98 Second Layer



Fig. 99 Third Layer

Fig. 100 Fourth Layer

Fig. 101 Fifth Layer




Fig. 102 Tenth Layer

Resistance relation.

o Rac= Ptot

Rdc Iav2>d:{

Note: I, does not match the average of a waveform of current, but the average
profile of evolution of the current in the conductor.

Relation for a particular layer:

Fr=M +DX(:’2- PJI

Where p is the number of the layer from the place where
H=0.

xsinl'(2 xX) +sin(2 xX)
coshH2 xXX) - coq2 xX)

Or:

e e R +2 x5in(2 xX)

92% +e C R 2 xco9 2 xX)

X siniX) - sinX)
“cosHX) +cod X)

Or:

X - X :
D:Zx)(xe-e - 2xsin X)

ex +e A + 2 xcod X)



Where:

Being d = conductor diameter.
and d = skin depth.

Layer Number

Fig. 103

Determination of Fr for the entire coil:

For practical purposes, most often, it is necessary to establish the resistance not for
a particular layer, but for all the winding. To achieve that, we must calculate the average

resistance of all layers.

Relation Fr for the entire winding Portion”:

£ v +p k- ol
P=1

Fr=
m



m being the number of layers for that “Portion”.

(2 1)

FF=M+— D
3
And the skin depth:
1 4 1
a2t 9" zer p° gdp® Corstats
emP X emxwy efe

As presented before

Fig. 104 — Constants for Cu and Al for each temperature

Sample Calculation of AC resistance for primary and secondary

windings due to skin and proximity effect

To illustrate, we are going calculate the resistance of two windings (primary and

secondary) of a transformer curled with a copper sheet.

e Core E42/ 20.

*  Primary 20 turns of 0.05mm copper sheet. Width of 25.39mm - 20 layers.

. Secondary windings 5 turns of 0.1 mm copper sheet. Width of 25.39mm - 5



layers.
» The average length of the coil is 9.9 cm.
*  The frequency of use is 100kHz of sinusoidal waveform.

» The resistance is calculated for a temperature of 100° C.
Specific resistance of the copper:
r.:=2.226410 °
DC resistance of the Primary:
Cross sectional area of the primary in Cm?:

Acuprin=0.0052.53

AcUni=0.013

IClnedia=d
Np :=2C
Ic i XN _
RAGripe e % ed Y 5 e S ot

DC resistance of the Secondary

Cross sectional area of the secondary in Cm?*:

ACUsec=0.022.53

Ac USEC=O .025



lcUnedia=9.¢

Ng:=5
lCUmedis
Hd%e R O
AClger

For 100° Celsius and f=100.000 Hz the skin depth is:

7E

o

dprim: =0.05

d '
WO ..
Xprim: g

(sinH2 >Xprirm) +sin2 %4prim)

Mprirm =%prim (cosF(E X}{prin‘)' cos(E XXpri n‘))

Mprim=1.001

(sinHXprim) - sin(Xprim))

Dprirm: =2 *¥prim (cosr(Xprirr) +cos(}{prin‘))




Number of turns of primary:

My rim:=20

Frprim5=Mprim+Dprim>@

e 3 @

Ragrim: =Rdfpri mXF orim

Ragim=0.047
dsec: =0.01
d
Xsec —%ﬂ
Xsec=ﬂ ﬂ5g
(sinH(2 xXse ) +sin(2 xXsz9)

Msec:Xsecx(cDS |{2 X}(sec) 3 (:05(2 XXse c))

Mcec=1

(sinl'()(ge() - sin(}(ge ())

Deac:=2 XXsEcx(CDS |'(X5et) +c05(}(5e ())

Mumber of layers of secondary:

Meec =2

2 ]-.D

aes Lo

Freec =Mgec+ Dse&———
e 3 @

Ragec =RdgeFrsec

Ragec=4.34 10 °

6



Dowell Relations — Simplifying the figure:

Real and imaginary parts for the determination of the AC Resistance and Ac

inductance of the wires:

M=a >ch>cutk{a >ch}

D=2 mxanlﬁ >'hD

e 2@
Where:
Mr‘e: RdM)
M= (M)
Dre: RdD)
Dim= Im D)
I Xw X, %h
a =
"
Doing h = 1.
| XWXy,
a =

r

Doingw=2 x 1t x f;

i 323 of Wy
a= | ——
Z

Expanding in the complex plane, we have:



siE
&g

: 2 : 24
& = F%aneij e & %Zﬁeij
B 2 = —_— g P =
a_gpﬁc:f ><—2+ ‘i +|>@|gnurﬁm>¢)>§p>§f ><—2+ ‘i
g e rg U g e rg U
Asfxmo/r is always >0, we have
20 20
&2 &%
g &Y g &4
i%ez ﬁagéez% E&Jz ¥ %aez%
5 2 - 0 . U0
a= .’:\,‘;p of ><—2+ ;i +i e of ><—:J ‘i
€8 r'e U e r'd U
Simplifying:
¢ 3¢ @
a:%ﬁ&ﬁ+i%ﬁ& Ul
€8 rgd & rg U

We may note that the real and imaginary parts are exactly same and that in reality

they are the inverse of the skin depth. Then, doing:

1
& rraig :
_]':f:p}ufx_. or d:?r E:l
d & r g ap X XMy

We are replacing h by d and by1/, then:

ah=— +i

o o
:::_)f:l

Now replacing d/6 per x, we have:
a :»h:Ej +i><£j:><+i>¢
d d

In the equations M and D. We have:
M= (341 = scothix+i =
As we are interested in the real and imaginary parts:

Mpa= Rellx+i 2d xcothx +i 2]

The solution over the complex plane, results:

M pe= ?}Ginhi)d % £oatd ; + 08I % oks
& sinH)(II2 +5in) @ sinH)(II2 + sin{)(?'2

That simplifies to:



Iismi)f]l weosix) + sinlx) xcodx)
-cusﬁx) +>(D&r>(:'

Mre= -X

The solution for the imaginary M:

Mim=Imi(x+ i % cothx +ix]

The solution over the complex plane, results:

Mim= x>sintx) = Ll - 206100 % Ll

sir'lﬁxfl2 + 5ini>€l2 sinhb(fl2 + sinixilz

That simplifies to:

(smﬁxll scoshx) - sirlx) xcodx)

Mlm— 5
co shbdl - codx)

Now for D part:

As we are interested in the real and imaginary parts:
Dre= Re s +i 30 Kanw
= e 2 dl

The solution over the complex plane, results:

5 cusﬁ?gé : cuiﬁﬁ’
Drg—zmmmf‘@ » ed - 2 mlrﬁ—p e e?@
smf‘fgo +t:|::5ﬁQ smffgg +c05£0
That simplifies to:
r\ée HFZE@ )-CDSHgéU =+ sin~=xt ED@‘:\O
Do - 2 3¢S &z

f\:cusﬁ?@@ nlok custﬁ?@@ -+
e e edn @
The solution for the imaginary D:

Dim= I e +i %0 XM
e 2 L

The solution over the complex plane, results:

CDS@\—L{:‘) co \_;
Cim= 2>¢<>‘a|n}‘@ * el +2>¢<>@|r@ x e&a
sm}‘?e@ +c09@ sm}fgo +c05ﬁeo

That simplifies to:



g@in}f?‘—n-ﬁ) muskfgé +sir€ﬁ§§ mui#i@_'é
£2p Ed & 47

Cim= 2>'§:<>fe eds

& g2 . D
f\:cueﬁ?@ 5 1+cus}i?@:9+
& e e @

Dowel complete relations:

The total voltage drop across the portion may be obtained by adding the resistive
drops and voltages induced in the tops of the conductors.

These resistive drops and induced voltages are calculated from the real and

imaginary parts of the equations, which, by itself are parts of the overall impedance of the
portion.

¢ (2o
P\ﬁr:%uyzg"“re*'(ﬂ;gl)mﬂ

u
R =Fr >Ry o
Where:

The inductance of Lwo dispersion due to the flow cutting the conductors can be
calculated by FMM diagram in the classic way.

The energy in the inductances and consequent contribution provided by the gaps
between the layers do not enter the correction calculations.

)§3>¢~4|m+ (—n2 1)>D

Lw: qu
RO

oml3c

ar
Lw=FL "Lyeo
Where:

2 3><1"u'1im+£‘r‘12-l}>'Dim
L:

2.2 .2
m><|a >h|

Now Simplifying:

We Take the relationships of Dowell in its two real terms (related to the resistive
voltage drops).



@Sin@ >'1:9 mcs@ N:@ +sir‘§ >'1:9 mcsﬁ :ui@
22 g 82 g 22 g 22 oo

D=-2xrx e 5 =
gccsfé% 34% - 1+c05)’§ X;g—@
M= -] rx(sink(l r)xcosl’(l r) + sin(l r) )@:os{l r))

(cosk(l r)2 + CDS(I r)g)

Be D:
@Sin@ >'1:9 mcs@ N:@ +sir‘§ >'1:9 muaﬁ :ui@
22 @ 22 @ 22 @ 22 @@
=2 i o 2
gcusfé% 34% - 1+c05)’§ X:g—@

D=-2¥rx

Expanding in series, we have:

>drd- —_ >d +D‘lr i

1
D=-
3 1260

Truncating the series:

Be M:

(sinHl r) xcosHi r) + sirlir) xcodi r))
( cr::usl’(l r)2 + c:n:us(l r)z)

M=-|rx

Expanding in series for simplification:
Expanding in series, we have:

a4
M:1+—><ir -—>dr +O(
45 472

Truncating the series:
4. ¢
M=1 +E:| sr

Like the relation between AC and DC is:

()

I"-'1+D><—



Collecting terms, result in:

Fr= eq_é_'_ém% dr +1
Rearranging:
2 2
B G I
15 3
Or Finally:
I r4
Fr=1+Y x—
3
Where:
2
et © 1
15

Originally we were using “p” to the layer number “m” to the number of layers, we

are now using “p” for the number of layers to avoid confusion with “M”



Applicability

Let us study the error that can be introduced by the application of this

methodology of simplification:
Number of layer from 1 to 100;
A changing from O up to 2.

Doing a comparison between the two systems, we obtained:

Frair‘r‘u::lgc &7 Frncrr‘g i
. — 10

Err% x=

Frnurryx

We can see in the above chart that for d/6, the maximum error is 4.041% of which

is perfectly acceptable for this type of application.

For thicknesses of up to 1.2 * § is the maximum error of 8.3791%, which is still

acceptable.




For thicknesses of up to 1.3 * d the maximum error is 11:54%, which stars to be

incompatible.

It is observed that in the previous figure from a number of layers the maximum

error is practically constant.

For a fast evaluation of the conditions of a determined application this may be seen

as a good system.



Skin and Proximity effects facing complex
waveforms




Behavior for complex waveforms

In the majority of applications, the power transformers are used to supply industrial
power equipment, computers and a huge spectrum of modern apparatus that involves
nonlinearities. Such equipments generating harmonics and a lot of Headaches for the
people involved in the design and maintenance of the power transformers used to supply

them.

The transformers need to meet certain needs in order to prevent high temperatures,

electrical noise, transients and so forth.

To meet the temperature requirements we need to design surrounding them with a
series of constraints in order to not lead them to high prices because the natural tendency

is over-dimensioning.

handle harmonics is not so simple. The majority of techniques used in ordinary
projects are not applicable here. For instance: if you have a problem with high temperature
increasing the size of the copper, many times the temperature rises also. This is crazy, but

is real. You need to know exactly to do to solve such problem.



We need to treat the problem through losses:

In windings with non-sinusoidal currents, the behavior is totally different. We can
assume that the total power Pt is actually, the sum of the power of each individual
harmonic. As for each frequency, there is a different resistance in the winding, to
calculate, we must define the power of the harmonics as the square of the rms current of

each harmonic multiplied by the winding resistance at the frequency of that harmonic.

Fr = |02}ﬂm+|]_2><F{W‘_]_+|22><R:.N2+|32}ﬂ-.,.\8+|r12>ﬂw-1

Where I = Current of Harmonic ‘n’.

R

wn = R at the frequency of that harmonic ‘n’.

R..-.m = Ftn m..-.‘vo
And

F,, = Fr at the frequency of that harmonic ‘n’.

Doing substitutions we make Pt:

s 2 2 2 2 2 2 O
Pt = Ryo %o "o+ 117 51 +127 512 + 137 53+ 14" Fpa + 13" Py

A effective resistance “R_,” can be defined as:

2
s

Where Irms, is the total RMS current of the coil.

Ay e R P



2 2 2 2 2 o S
an"gﬁa Wig Tl oy Hlo o tlg gty g +in

2
lrms

Rue=

Handling:

2 2 2 2 2 2.1y
Rwe oo Mot 3ty +12 a3 i +14 g+ fig
R 2
|rm5

5

To visualize the overall effect of varying the thickness of the conductor in the
winding losses, enabling simple calculation of effective resistance, we must establish

normalized values and in the specific case introduce the Kr factor.

Rw1 is the DC resistance of the winding when the conductor has a thickness of one
skin depth in the fundamental frequency.

Thus:



2 2 2 2 i 2
Rue Pt Rwofo oFto+ 11" sft1+12 st +157 Fts+14 s+ In g

Kr= =

bedo: B i | o Hrme
Finally:
2 2 2 ?, 2 Dl fy
o G0 FrothTFn +1 5 +15 i3 414 Fra+n Fug
-
2
|r>‘{rm5

Example for rectangular Waveform:

Unipolar PWM Waveform

+ Ton =
.

-

. To
Cyelic ratio —

Fig. 105 Unipolar PWM waveform

Harmonics for unipolar PWM waveform.

R iR T !
sin{n-7 - E,.}-:m{ N -— |

X ¢ \ 4 i ]

- Y, : =

]
=

g e
n-x -1,

In which Cn is the amplitude of the harmonic n.

Fig. 106



Determination of the Kr Curve.

Calculating the amplitude of each harmonic, for a duty cycle pulse = 0.5.

Plotting a curve Kr as a function of normalized thickness of the conductor, we now
have the figure in the following slide:

T=TF0.2% TeTE=0.5%
Tr=Ti=0.1%

— T=TE1%

Pubved Current 1= | Tr=T=2%
w8 Layers + {
Cyclic Ratio=0.5

== Tr=Tf=5%

Kr for unipolar pulse cyclic ratio =0.5

Fig. 107

Using Kr for loss calculation.

*  Determine the layer effective thickness “d*

» Find the skinDepth d at the fundamental frequency.

* Calculated/d;

* Calculate “R wl ”;

» Find Kr for the waveform, number of layers “m” and “d/ d ;

* Calculate the effective winding resistance R w e = (Kr) / (R wl );

« From “Irms”, calculate the losses P=(Irms)**(R w e)



M=10 | |

Loss Factor & Conductor Thickness




Further simplification with harmonics

We can further simplify these studies by applying the truncation of the results of
the series of Mr and Dr functions and final function of Fr. In our previous study for the

simplification of calculation of Fr, we had:
Fr=14+Y =—

Where:

5ap° - 1
15

We can expand the current waveform in Fourier series:

¥ ¥
it =lge+ a A scosln xwt) + a br, >sinln sawt)

n=1 n=1

The Sin and Cos terms can be combined In an alternative way:

¥
ift)= Ide + é Crocos(n swt -+ )

n=1

As the losses being:

¥
2 o 2
Ploss= Ide *Rdc+PRdex g Frxrmg

n=1

We can do:

2
Floss= Reff ¥ rms

¥

2 2 o 2

Reffdrms =ldc Rdc+Rdex g Frn¥n
n=1

If:



¥
z2 o z2
|d|: %Rdc+Rdc><a Frn >‘1r'|
ReffXrms n=1

2 2
Rdc*rms Fre¥rms

Then:
o
Reff _ n=1
rms
As:
Fr= 14 L o rﬁ
3

Making d defined for the fundamental and Ar for each harmonic, we have:

dx/fr

I
| r=
d

Replacing:

Fr= l+% >ttr4><r‘|z

E
o Y 4 ©
|dc2+ a Ir12+—3 1 xq r12><1n2
Reff_ n=1 n=1
RdC |rrn32

We can easily identify the first 2 terms as the RMS Current:

¥
2 2 o 2
lms=ldc + g 'n

n=1



Coming back to:

¥
ift)= Idc + é Cry scos(n s st +F )

n=1
Deriving we have:
d_ &
o a ©n ><3ir‘(n A o +fr-,)m A

dt

n=1

The RMS value of the derivative of the current is:

ﬁ ”2 ><f\:r'|2 &

2 2
Idepmgzw xa =W xé r'|2>-ir~,2
n=1 n=1
Soon, Replacing:
Irm§+Y— :-1r4><—12 Ndepmg
Reff_
Rdc 2

lI’FI'IS

Simplifying, Finally we have:

We see that in this case we do not need to calculate the harmonics of the

waveform, just knowing the RMS value of a waveform and the RMS value of its

derivative.

Final Formulas:



Where:

First Example: Calculation of a 4 Layers transformer with Copper
sheet in the two coils.

Let’s calculate the AC resistance of a coil with 4 layers of copper sheet
the sheet of copper has thickness 0.1 mm and width 26mm

The total length is 300mm.

The frequency is 100Khz.

The waveform is monopolar with Cyclic ratio of 0.50 and Tf=Tr=0.05T
First the calculation of the RMS of the current:

To calculate the RMS value and the RMS value of the derivative of the waveform, we can

make the frequency=1Hz, thus normalizing the values and keeping w=2*pi.

Then:
[ =1
O=0!
Ta=1
0.05
2 8 g pglPE,
Irms= | = »0 F?LE' #dt + = 0 |~ dt
T 8 005 T 00.05
0
|rms::.5??¢‘1

Calculating the RMS Current of the Derivative:

. 005

8 2
e 1a
Derlrme |= >0 i&g dt

T g @00p

0

ldepme=6.32



Calculation of the skin depth at 100°C:

Ta8

000
Calculating the Ar in relation to the skin depth:

om

d 0.1
| pi=—=—
d 0.2¢
| r=0.417
Doing:
w =20
p=4
2
Y ::5}4:' Gl
15
¥ =5.26,
And finally:
v o aca ldepme”
Bl M e e el
3 W |r'|-r|5@
a50:=0.00393

rogi=1.7248¢ ohms Cn

Temp=10

Fr=1.16"



rtemp=r 20%6l +az0{Temp 2]
Conductor cross sectional surface calculation:

Aqyi=0.126 mrf

|CU::3DO mm

Resistance of the conductor in ohms:

IELI

Rend = *
cnd n temp

L

100

Repd=2.615 10 >
AC resistance of the conductor:

Raci=Fr R ¢

Rgc=3.036 16 °



Second example: Calculating ht losses:

What would be the value of the losses if the peak current were100A.

F’mt:=lrmg>ﬂac

lrms=0.577%10!

2
Ptot:=Irms *Rac
Piot=10.12



Another method for the calculation of Fr

Now we can facilitate the Fr calculation with the introduction of a new
methodology. The application of this methodology is huge and can automatically calculate

many parameters that were extremely difficult to be made with conventional methods.

Now the method is simple, but when added to other structures can be shown its
complexity.

=

Scope

outt >

MONGP SOUANE Wave Fr Calcutator

Fig. 110

Now we can see the figure above. The red block is the Fr calculation implemented
through Simulink mathematical blocks. In the figure below we can see the implementation
inside the block:

Iioddiel o calculate Fr departly from Bignal, Lambda, Frequency, and Psi
Humbserta da Souza

Fig. 111 The Fr calculation through Simulink.

At the left side of the figure we can see the derivative block du/dt that performs the
mathematical derivative of the signal applied in its input. The signal in its output is
applied to the RMS block that performs the Root Mean Square calculation of the signal.

The operation of each block is demonstrated in the figure below.

The importance of this kind of system is that we can put anywhere in simulations
in more complex system doing implementations including thermal models and
temperature feedbacks, in order to simulate complete systems. We do not need to transport

any part of the system to include another model for simulation.



We have used such models even in the project of inductors, large power

transformers for UPS, railway rectifier, and many other power electronics equipments.

Constant

Fig. 112 In the blocks can be seen the calculation performed individually by the blocks and their results

Let us use it in the same problem we have calculated in the last example. First of
all we need to make an oscillator with the same specifications of the model used in the

calculations we have made.

il

MaNGE SGUATE W | g e Time percentage

B
Dyclic Ratation
[oa

[ | cooei | oo |_ o |

Fig. 113 Filling in the mask with the requested values

In the oscillator we are adjusting the signal amplitude, the frequency the rise and
fall time as a percentage of the total period, and the cyclic ratio.

[T ||| S—

@

Monap Scuare Wave

Fig. 114 The oscillator waveform

We got this:



We are setting up the values for 100A the signal amplitude, 100 Khz, rise time of
5% and cyclic ratio for 0.4.

Now we will setup our Fr calculator:

—

Scope

—
1.1G1|

Fr

Qutl L) Function Block Parameters: Fr Caloulator

Subsystem (mask)

Y

Moo, uare Wave
P S Paramaters

Frequency in Herts
Lamixda
[0.417

Burnber of Layers

[4

o | cacat | wew | ey |

Fig. 115 Filling in the values for the calculator

Below we can see a partial view of the working of some parts:

[ Fidew = .ql':H...l

Model to calculate Frde ™ B (& = 5 IR a8 & % * [nd Ps|

S ~E

Iy

Sagnal

Damaitive
D2 - Er

Fig. 116 The waveform of the function and the waveform of the derivative of the function

In less than 10 seconds we have our result:



Seope

o 5 N [

Fr

Monop SquUane Wave Fr Calculator

Fig. 117

In the system diagram of fig. 117, can be included other variables, constants and
functions, in order to calculate more a complete task, like in fig. 118 were the system is
calculating the power loss, departing from the included resistance of the sheet, and like in

fig 119, departing from the geometry of the sheet and resistivity of the material.

= l_..
Fr

Monop Squane Waf Fr Calculator

[}

10,12
EMS2 Dhide2 Multiply Loss

Resistance of the Sheet

Fig. 118
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Monop Sguang Wape Fr Cakulator

Lengh of the sheet

RMES Dibvie?

- [=[+3

hiuR gmd Ceace
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Thicknass Rdc

Resistraty of the copper
Caicutated to 100 Degrees

Fig. 119

The fig above can be used in calculation including the resistance of the coil. Its
bullshit but it serves to demonstrate potentiality. Mainly if combining many other different
aspects of circuitry.

Can be seen that the calculation are exactly the same like the values numerically
calculated step by step

Let’s talk some words about optimization:

In each solution there is a layer thickness that the resistance is the minimum value.
We now will concentrate in the solution to reach this mathematically.

First of all we need to normalize the equations in order to obtain values totally
dimensionless to allow us perform variations to investigate the behavior of the model.

The value of d is calculated as a function of the first harmonicfrequency,
temperature, resistivity, permeability and material, defining with that a reference value for
the DC resistance R d as a value referenced for the first harmonic skin depth d ..

|

Rdc_ dg

Reff Reff
B g
Fdc Rd

As:



Gl
R Ide
iH:: 1+£ ){)4 Ea';xﬂ.?
Rdc 3 ew  lrmsg

Doing substitutions:
2
R
Reff_ 1, 13 o3 a8 Jderrrs

gw Irmsg

Let’s plot a 3D graph as a function of D and the number of layers p for a certain
waveform (That one used in our last example):

Fig. 120A surface where the minimum values (Optimal width) is the valley of the plane plotted.

As we can see above, in each solution there is a layer thickness that the resistance

is the minimum wvalue. We now will concentrate in the solution to reach this
mathematically.

First of all we need to normalize the equations in order to obtain values totally
dimensionless to allow us perform variations to investigate the behavior of the model.

Getting the derivative and setting it to zero:

1 waMerme
A ha fr'H.l.i.'z
Isolating D , we have:

4

P oa st T
Lor® dems W defeemy |
v fdfering

A

Simplifying,we get the value of D for the minimum value of the R resistance:

§om e

P ddernn
B S

W



Combining with:

Gl
R ; Ide
iH:: ]_+}_ )@4 Ea';xj.?
Rdc 3 ew  lrmsg

We get the solution, for any arbitrary waveform, but for the optimal condition:

|, Regl a1
L Rl

3
ot )

And finally we can get the final value for a specific D :

; d
K ""l. 1
Reff | L I_|

Bile 31 Aapr ]

Now to normalize the entire system, we must arrange the formula to allow us see

the proper format to ensure simplicity of the calculation:

5, By jm
1 lderms
g4

We can see the first term from left to right as being dependent of y , and the second

one dependent of the waveform and frequency. In reality this second term is dependent
solely of the waveform, being the angular frequency that appears in the formula coming
from the differentiation. Thus we can put the term dependent of the waveform in a table
of values or even in formulas for the calculation of their values. For the sake of simplicity,
if wanted, we can design a calculator of the second term in Matlab, Mathcad,
Mathematica, Saber or even a program in a convenient language that could allow us

calculate it easily.

Let’s design one with Simulink of the Matlab. Part of it is already ready in the
model we designed for the calculation of Fr. Our present design is simply a derivation of
that.



—~|=

Scope

Waveform Term

Waveform Term Calculator

Fig. 121

Now we will calculate the optimum width of the foil from that calculation we have

done above.

Firstly we can determine the values from our oscillator:

N

Scope

Waveform Term

Monop Sguare Wave Waveform Term Calculator

Fig. 122

pi=

53 -1
15

y =5.267

D,:,,;,t:=—11 »0.757

Dopt=0.5



Solution other than for paper and pencil:

Today, the intense use of CAE systems do not require us spend our time

simplifying formulations of mathematical calculations.

In the past due to the use of the calculation rulers and even manual calculators, the
simplification of mathematical formulas, used to be very important. Today with the use of
computerized tools such as CAE Systems (MathCad, Math, Maple, Matlab, etc.) or even
programming in medium or high-level language such as Fortran, C, PLM, Basic, greatly

facilitate our work.

Over the past 20 years, we have employed more widely the combination of
symbolic and numerical methods for automatically solving complex mathematical

systems.

In our work of Power electronics with the time, we developed some topological
Matrix systems that we enter the incidences in hybrid matrices solving a lot of problems,
but practically not involving any complex intelligence we are doing about. The complex

intelligence was spent in the development of that tool developed in Maple.

Now we are presenting the simplified version of an old process for calculation of

powder core like m Kool of Magnetics for our high frequency inductors.

Calculation in the design of a 20Kva inverter filter inductor

Céalculation of an Inductor for UPS Inverter of 20k
192-03-030007
|, ssEnfyms
. 3
Lfiri=51%0
Max harmonic number:

Max:=2000 The maximum harmonic number (Up to 2000th

ne=0..Max

Thickness Interval



®1=20
This is the conductor thickness multipl
X2 :=80

Fundamental frequency:
Fund=60

Temp
100 Degrees Centigrates.

Constarge=75.764 (At 100 Degrees)
Resistivity of copper at 100 Degrees Centigrade

r:=22680 °

®1=20
This is the conductor thickness multipl
X2 :=80

Fundamental frequency:
Fund=60

Temp
100 Degrees Centigrates.

Constarge=75.764 (At 100 Degrees)
Resistivity of copper at 100 Degrees Centigrade

r:=22680 °



Height of each layer (Width of copper conductor)

X i=X1..%2 Variation of X1, since x1 up to X2

Relacdo da espessura do condutor para a pelicula de con

4 Constarge

ST

And:

f = nEund Harmonic number times fundamental frequer

En,x— W nEund

d ~ 1l00Constarge

(. e A A V. CHELIET At 100 Degree
' 100Zonstarge

(sirﬂﬁz krnl}{) +si r{z *rp, }{D

Mp,x 1=
W rn'H’IcosfﬁEkrn.H)‘ cod2kmn, x))

Dowell Realat

(Si”fﬁ rn.}{)' 5ir(' rn.}{))

=2k
i rn'}{,(COSHE‘ rn.}{;""cc'i(' rn.}{;';'

m:=10 Mumber of layers

nf- 1

Frnl}{ :=Mnl}{+

B x Calculation of F.r

Calculation of each Harmonic::

Sinal=READPRN"Arquivol.d)
n :=0..lasfSingl

Const=lastSingl



The waveform plotted matemaétically from a mathematical model of an thre
20Kva. This is the current in the filter inductor:

Current Waveform of the inductor filter

100

50

ﬁnﬂ

—50

-100

0 5000 1'104 1.5'104 2'104 2.5'104 3'104

n

An excerpt from the upper waveform

Detail of the waveforme above

120

Sinal 100
i

a0

1.041d 1.051d* 1.061d" 1.07d 1.081¢" 10014 1116
n

| rmas:=maksingl
lmax= 1235

| :=f{sinal



'

~[Const
2

@

3

001 207E
[EF 125)
QD 1E0RE
{E-1371
QDR EETDE
1E-2425)
QD 00TE
(DN 30071
ODaZE1EE
{H-374)
(DL TE
(EE A2i81)
ODEL020E
DO 42415
(DR L0RZE
(I A3
ODELITTE
{E-M]
ODE552EE
DN 55i21)
ODE5530E
DN 55:25)
ULAS
{Metric EGS)
ODETE2EE
it
DD E020E
AMetric E301

1mnﬂ
n
A
n
sl
n
s
"n
i
n
imm
in
imml
in
immi
in
il
n
immi
I
immi
n
immi
n
immi
n
Amm

70

60

=0

40

30

20

10

LA
370
T 112
{15,300
1002013
{2540
11852018
{3200
1350000
[34.54)
16872003
1280
16872003
12400
16872003
{4580
1602004
14240
116203
154.40)
1152037
154.40)
L5E3£.050
G510
350443
172,35
3150247
1B2.01)

Spetrum of the Waveform

L
(.40
142007
LA
AT5e D0
{9.53)
5012004
1501
550 004
ERL]
B30
{21.10)
B33
{19
B30
EARL]
502011
e
1085016
L6
1055 016
e
1209150
1250
1100020
Pral T
1500 025
{E10

RPN
3.55)
RERRRCTH
4.75)
il 004
1f.53)
T8 006
(1.05)
33 007
[3.35)
A2 0710
(10,85
B0
{1540
TEd 10
(.0
A5 007
(12,50
B2 5
(20,65
D592 115
1451
10632016
Q.o
Tl 15
(19.05)
LS
(19.61)

10

atn
14.42)
an
(5.54)
a3is
(5.28)
03m
(5,700
0am
(EX]
0587
115.00)
256
115,02
0587
115.00)
i)
0.6
L]
(18,55
]
(18,50
Exl!
(.20
06T
17.78)
1.0
{1.14)

n

036
)
0548
113,000
074
118,500
D768
13.50)
HLTT
155,30
1405
30.0)
1405
20.)
1405
134,
1115
(.30
1476
13758
1476
LR
1740
.
il
(ELAT)
233
(59.28)

100

=00
{%.36)

AER- 005

(478

.250=.003

{5.22)

2T4=008

1R8]

A=

123

AEE= 011

MR ]

AEE= 1]

111,80

AEE= 010

AR ]

403=004

15D

GB0=013

an

GBC=013

4B

aATi=ma

e

50013

11205

ABELDT3

1RET)

|tm5
.03
239
1.125
317
0.2
(517
1.175
.45}
.24
[3.53)
.24
[5.95)
1.214
15,95
1.238
[}
0.3
8.2}
0.3
.28}
am
(1000
0.375
8,52}
0.5
[2.87)

l'l[F
B 5 R S T T [ ST

010t
(zadl
0183
(a5
0146
(6251
052
{5161
UE]
18R
0365
EF]
0365
8
0365
el
k]
[ram
0405
{1630
0405
{1020
ATR
e
11565
[16.85)
075
[1881)

110



-

-

=
| ey |y [ | -
m

«-n-D-l-

Dados do Nucleo: K5530-E060

A :=549 B.=27.60
C:=24.61 F:=16.8 M :=10.30 fe:=12.3
Nesp::lo
MNum: =2
Aaf =41 Hlum

ZEMNMUME +28 +F)
10

|CL,I::

loy =17.324

=6l



Le gmfindow: =18.5- 4

Leghiindow=33

¥
— ke ii
100 ghWindow
Acum, = 100
Kedhilindow

Acum = 75558

Conductor DC resistance:

|kl
culesp,

Rdem :=
® fi\cun}

Conductor resistance for each frequency:

R, x 1=Hdcn’>1(frr1,><




Loss curve in function of the thickness

25
048
WCUT‘Q
—_— 20
0.2 0.3 0.4 ;
X
100
See |l & 89 & i
Wcun’;(i:ég Rdem + a Rimh, s &———

e
e et s

I
e 3
a 14
b

)

Il
4¢:
&

e g
NES

Wcun} =14.653 Copper |losses

0.4p Rlegptm
e Brax=7.57 10°

Brmax =

2
1 0.4p Klesp 1y Ref

ke &

AHeight of the coil:

[ =BT79 e

Nespbe— +0.08 +2

eldo 1]
0.85

Henr=

Henr=8.588 Less tharm =10.3

We can calculate the RMS of derivative of the current waveform used in the
example above and calculate the optimum exactly like the example of chapter xx in the

calculation of the K factor transformer.



Design of a ferrite 3Kva 200Khz power transformer for a ZVS-

QRC telecommunication SMPS.

One another example is the project of a power transformer for a ZVS Quasi
Resonant Converter — 52.8 Vdc/50A 200Khz SMPS:

This project was done in 1993 for a modular telecommunications power supply. in two
versions: one module of 50A/52.8Vdc and another of 100A/52.8Vdc. The photo of the

equipment can be seen in the end of this design procedure.

SMPS 48V 50A - 2WS - QRC 1993 MOSFET APTS5020BMFE

Project main specifications:
Mominal input  efficiency

1
EQmax=57.6 re{rasnf-zg Wiirmee = 220 =097

lomax=50 Dg:=0.10 Apparent duty cycle reduction due to res

inductance
f:=200000 amax=0.98 Maxduty Cycle Input power factc
Pf.=0.99
Eifinin: =400 8tot:=a8max Dd

dtot = 0.88



TRANSFORMER FOR SMS 50A/52.8 Vdc PROIECTCORE TDK PC40

Max temperature Vamax Amb Temperaturéorm Factor of Voltage
D ax =60 T5:=40
T 3 a FE =1

Secondary Voltage : Secondary Current:
Maximum current den

Esms=70.682 IS ms: :Ej
V2 ]3:=6.91
Primary Voltage: Primary current:
Efrms: =400 IPrms: =50retrasnf
Transformation relation: lPrms =10

Rel:=retrasnf

Core selected: EGEBAR3S

Core external dissipation surface:
Seye . =1459
Sef==1459
Maximum dissipation per unit area:
=238

Diss =%2>m 4T, + 100) By ol 2
Diss=0.096

Maximum power that we can have within the core. Thisis the dissi
comes from the temperature and is multiplied by the total dissipati

Wemaxime=Se fefiss Wrermaximas 14036



Core Volume:

Vokefinat=117.3 This comes from the geometry

Vokefing=117.3

Maximum core loss density in watts/cm ™3

Wremaxima

Jlvemak=——"—"
Vﬁkefinal J'.uremaxz 812

10000
Temp.100°C

|

=k
o
=]
(=]

Pev (kW/m3)
o
S
[ Y

|
— 300MT |
— 250MT |

10 . ,

— 150mT |

— 100mT |

’ —50mT |
10 100 1000 10000

Frequency (kHz)

Fig. 123



Actual ferrite loss density:

e =0 LD

Core weight in grams::

Pfe =614
Pre =614
Magnetic dimensional features:
Magnetic cross sectional area: Magnetic mean path lenght:
Aef :=7.98 Lfe:=14.7
Aef=7.98 Lfe =14.7
Bobbin Dimensional features:
Useful length of layer-Bed: Maximum useful height
Leami =4 Hpoh:=1.085

Lcamzq' Hbgbzl.DBE

Selection and configuration of conductors

Skin depth at maximun temperature:;

<
dulz'_a

5
\Ilf_f

dy =0.169n milimeters

For Secondary:



x
Secondary LI LTI

T

Waveform Tem

Wavelorm Term Calculabor

Manop Square Wave

Fig. 124
STg :=0.5567
Number of layers:
Pei=1
5 - 1
¥Ygi= 15
y g =0.267
So, the optimalould be:
I
Deopti =——7 8Ts
4 =g 7
Vs Dsopt
dgpt: =Dgyptelg

dgpt=0.131



SECONDARY

With copper sheet

Calculating the secondary cross sectional area in fuction of curr

| Srms
Aculsed=——
la
Aculsec 5.117
n:=1.10
DSEC:=O'12
dE‘Upt=D.131

The thicknBgec must be closdsgt If it is impossible, other me
must be taken

Conductor cross sectional area:

ﬁtcusec::Dsec’@DKcam' 2)
Acusec=4.56

_ Dsec

Dgfin-— dg

Dsi, =0.708

Calculation of The relation between Reff and Rdc:

Reff b g3l ﬁﬂ
LS e Tyt
Rae 3 Befin -
Ys_ agald’
Reolres = 1 +— Oy e
Zlres 3 Bty T

Reelres=1.232



Relres=1.233
Secondary number of tums:

Esmst @

I (N i i S
espsed ARF KBy ot N .
espsec 1

Megpses=1
Number of tums per layen:
ESporcamse=1
Mcamsee=Mespsec
Mean turn lenght:
LU g =148 (Catalog Data)

LCUmeg=17.58

Total conductor lenght

LCYptsed=MNespse¥Clmed centimeters

Lcyotsec= 17.5E
Weight in grams and Conductor losses:

Copper volume calculation:

Acusec

Yol =L
kusec '-#utseéw

Total weight in grams:

Peusec:=8.9800sec
Peusec=7.183

Prusec

Becomes Kg
1000

PCWotalser=

Secondary total losses: Peugtaise=7.183 10 3



Copper resistivity:
T: =100

r.=1.724%0 6[ 14+ 0.00394T - 20 ]

r =2.266 10 °
Copper density:

tey:=8.96 agfcm™3

Real current density in amperes per centmeter square:

5
™ 200
cusec Jrealsec 775.336 Inamps pﬂmz

Jrealset=

Conductor losses considering proxinity and skin effects:

LCUYptsec 2
Weuseo= 5 E dsrms Bselres
sec
L 2)w—0
( canT ) 10

Weusec=2.257

The secondary is divided intwo windings of 2 turns each and curled tc
insulated bv an insulator of 0.1 mm.

Primary

For the Primary:

i =l i
Primary ab|asic DfF/K *-
Scope
outt 0.5567
Wavefom Term Caiculator Waerom Tem

K Wavel Gen




STp:=0.5567

Number of layers:

Pp:=5
Sip- - 1
T
yp =8.267
S0, the optimalould be: .
Dogpt: =——%Tp
4 =0.32¢
Yp Dropt
dippt: :[bopt:’ﬁo

dropt=0.05€



dpopt =0.056

Calculating the secondary cross sectional area in fuction of current de

IPrms
Aculprim=——
a

n:=1.10 Aculprinre 1.447

Copper sheet chosen Gprim:=0.05

The thickné3gimmust be closdpgpt If it is impossible, other measures
must be taken

Conductor Cross sectional area:
Acuprir‘r‘i:Dprin*T(l[mcarrf 2)
ﬁtcuprim: 19

Cprirm
Dpfin =
do

Dptin =0.295

Calculation of The relation between Reff and Rdc:

Reff Yp_ agels”
— = 1+—¥®pyjn >?—-'-
Rde 3 e>Tm
Yp 1g016"
Rpslres =1 +—F Bpfin £t
Felres 3 Ffin ESTFEi

FF = Form Factor. For sinusoidal wave is 1.11 Rpelres=1.21

Primary number of tuns

EF?rmEPiC?
AEF £ Bmaftef

MNesprim=

Neaprirﬂ: 5.696



Humber of turns per layer:

E Sharcamprinml
N carmprini=M esprim

Mean tum lenght and conductor (Copper Foill total lenght:
LCUped =17 58

LEUmed=17.58

Letotprir=N esprirkCUmed &M centimetros

Weight in Grams and Conductor Loss

Coppervolume calculation:

Acuprim
Vﬂl:l.lprirﬁ=|-c'-'|:ntprirw

Total weight in Grams:

PCLIpriIT:I=E-9W°l:LIpriIT|
Peuprine 14.964

I:'n:l_u:iril'n
Pc ol nl Becomes Kg
YotalprinT 1000

Pedotalprie 0.015

Primary copper loss:

Feal current density in amps/Cm~™ 2::

|
Prrms 200

cuprim Jrealprine 526.216

Jrealprin
Perdas no condutor em watts considerando o efeito pelicular é de::

Le Watprim
—_—X
uprim
100

; 2
W cuprim= orms Bpelres

W euprin= 1.276

[ [ [ P I e ——



Height of coil:

In the transformer there are two Dielectric shields for semiconductors
EMI/EMC purposes.

eisol1=0.05 Insulating
eisol2=0.1 Insulating
Dighp:=1.0 Insulating
Dighp:=1.2 Insulating

Dighg:=0.2 Insulating
Shilectrg=0.05 Copper sheet
Sh23lectra=0.05 Copper sheet

Shielgectrg=Dighb+Shklectrot Dighb+5h22 e ctro- Dighs

Shidﬂectru: 2.5

In the presert case we have 2 windings for the secondary, That are core
tap conection,

Mecam SEI{DSE Q+Ei50|}g +Shielgdactri#g +MNeam prirt)prim'i' =1 SO|)+|:|.1

Hiorma= 5 86
H shape hasto be less than H coil;
Higrme=7.023 10¥pgp=10.85

Capacitance between windings and shields:;

Leam LCUmed Dighb
= — d:=——m
100 100 1000

ey :=8.8541878%0 12>§inﬂ$ermissivity of vécum

e :=2.FPermissivity relactive to mylar

e A
I:: =
d
c =1505 10 1%arad




Wewotal =Weuprirm Weused

PCuotal =PcWotalprimt PCWotalsel

Welotal

S meESms Vs =2.557 102
Area externa da bobina:

Se¥ =51.73

Vrms: =

Se¥,=51.73

Weight in grams and loss of the core :

Vokefinat=117.3

Jufe=0.15

Vokefinakfe
Wigegiis—

ot 1000
Wfaor=0.018
Peso do Mucleo em Kg:
Pre

Plectai ===

1000 Pfagtg=0.614

Temperature rise over the ambie

Welotat Wiaot

2 =42.998 Ok

0 -Z(P‘ilﬂota i |:'1E&c:1|ta)3



54 SO0

e

Fig. 125

Fig. 126



Fig. 127

Telecommunications power supply of 4000A/52.8 Vdc composed of 40 SMPS of
100/52.8 V the internal link for current sharing and information exchange is done through
fiber optics token ring network. It was microcontroller controlled and the concept for

reliability was the need of “three simultaneous events” to fail. The power transformer used

is that one we have calculated. Project 1995.



The Gap Losses - The approach




The visual effect of the gaps

Let’s consider a core with three gaps with a certain frequency:

I [ Jes e opeees PeT pes S

- .'!;{ lsle| bl r] QI 4=l dulelebis]
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e
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Coil immersed in'dispersed fields
=R i 7

Fig. 128

Vortex of induced currents in a cylindrical conductor due to dispersed fields.

Vortex of induced current

Cilindrical conductor

i ‘ Magnetic ficld
C thi conductor

perpendicularly

Current of the coal

Fig. 129

Loss on a cylindrical conductor subjected to a field perpendicular to its axis

For cylindrical conductors of small diameter d compared with d, the loss by eddy
current (proximity effect) due to an ac field amplitude B, perpendicular to the axis of

conductor and w frequency is:

Where d is the diameter 1 is the conductor length and r _ is the resistivity

For the complete winding the total loss is:



Poc= o TR s 5?5 |82 dA = o TP e s (8]
1284 ¢ 8 128

Where It is the length of one turn, Au is the portion of the window area that is
Fa W

really being used. (|8l is the spatial mean square of the magnetic field in that region and

r'|><N>'p>‘d2
458

Fp is the packing factor with N being the number of turns and n the number
of conductors per turn. From the equation we can conclude that the loss by proximity

effect is proportional to area times the square of the field in that area.



Determination of losses by finite elements:

When we make the magnetic measurement in 2D window using FEMM, we are

getting the energy in Joules / m.

We know that the energy stored in the magnetic field is:

W= w »\/
2
B xH B xH

Joules= 5 X = 5 XA - xCompril

oules B
J Wiz
MW 2

At present, we need the B square average over the area:

2
oules B

J N At o= B
MW 2 2

How the energy is proportional to the sum of B

Giehter B #H 1y, Joulesxry,
ﬁu>{|8|)2=%>ﬁﬂ ®2= 5 mcﬂszz

We can simply multiply the energy by 2 and mo and we have the product, and in

this way, replace it in the equation of loss of the conductor.

2 3 3 2
Py >‘Fp 3

p o o goulesHy O
Ay > s 8] )P = P s s 52 o
1287 1287 e M &

Joules

Making ™ ne, We have:




pC:

2
oy xd
\ 126t ¢ t ><(E nerTy ><2]l

Although the differential equations that describe the phenomena are relatively

compact,

It is very difficult to get closed solutions, except for extremely simple geometries.
Here is where the idea of the finite element, which breaks the complex geometry in a large

number of simple design elements.

The advantage of breaking the complex geometry in a large number of simple
elements, is that we turn a small problem but difficult to solve in a big problem, but of
relatively simple solution. Specifically, triangulation serves this purpose, as it reduces the

case to a simple solution of linear algebra, with perhaps tens of thousands of unknowns.

The FEMM uses triangular elements. About each element, the solution is
approximated by linear interpolation of the values in the three vertices of the triangle. The
linear algebra problem is formed by the choice of solution based on minimizing the total

energy.

The calculation of losses in Litz Wires

We designed two cores DIN E30 of a 48V/10A power supply resonant inductor.
We designed them in Solidworks, in two versions, one with a central gap, and another
with gap on all legs and through DXF we transferred it for FEMM, setting the ferrite core
with parameters (magnetic curve, resistivity, etc.) and created a copper block with a
current density to establish a similar field H created by the actual reel. The test is
magnetostatic 2D (two-dimensional) and the triangulation was made in order to provide us
with a precision compatible with our current and simple goals to avoid lengthy

calculations.

The energy was measured in FEMM in one of the copper blocks (in green in the

figure above) and we 1.0642 * 10-2 Joules per meter, then:

Energia 2

= 1.064%10
m

My =040 %10 2

Number of conductors in the Litz Wire:
n:=13

Number of turns:

M =41



Area Utilized:
Ay:=9510 >

Mean turn:

ly i =—
: 10C

Angular frequency:
wi=2 0 x2000
Packing Factor:

2 I_n><I\J>‘p>'d2

P ey
Fp=0.191
Copper resistivity:
rei=1.67310 °
p ><S.-.r2 *+p 2
Poi= T it xd ><(Er'|er><rr3, ><2]l

The conclusion is that the loss in copper for the 130 conductors #42 litz wire is:

Pc=3.327

We will vary the wire gauge keeping the total area of the conductor. All the

anterior values will be valid for the present calculation:

o2
ﬁreqm::g‘%% ¥

Aregnt=4.096 10 !

As:
il
Areggr= @_3 ¥
ea

Arranging:

Areaqt
n=&x z g
G%p)

Ranging the gauge (AWG) from #30 Up to #50:

AWG:=3031.5i



56 AW GH
—
25.4
—j-cgf 3 @
200
AWG 1000

&, Aeant i

g Gl B

nﬂWG =cel

Packing Factor:

g nawe NP e )
AWG 438

2

P FPawg

Pc —
AW G 128¢

He "(dnwsf AEnerm x2)

Plotting:

Losses as a function of Gauge

100

10 =

Total losses of the gapin Watls
|
/ |

0l 3 0 s 50

Gauge of each strand (AWG)
— trace |




Losses as a fimctionof G auge
110° : =
4 _‘_,x'/ -
| /
E 100 . 3
s ': /
o : T o s Ty
b + !
|
E 10 |
= :
[
1 |
30 35 40 45 50
Gauge of each strand (4WG)
T R

Conductor Diameter:

Like defined in the American Wire and Gauge the diameter of the wire in
accordance with the AWG number in inches is:

236 AWGH
1 S 39 @
d:—ﬁ'gje
200

To get in millimeters multiply by 25.4:

286 AWGH

—

g 2548 39 o
200

To get in meters, like our present need:

226 AW Go
25.4
—j-gf 39 @

200
d:=

1000

Some other considerations were made, but the most interesting is to prevent the
occupation of area where the borders (most intense fields) are more frequent. With this

objective in mind we will have a staggered winding wire of litz wire conductors 130 # 42
more or less as follows:
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Fig. 132 -

Another approach of inductors is the confrontation of the high reluctance regions
nearby the gaps. This effect combined with the skin effect produces a result where the
winding configuration with respect to the gap position is very important. In the following

figures we can observe the high current regions with curled plates.

The following sequence of figures will give us an idea of this effect.
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Note that with increasing frequency, there was a much more apparent decrease in
high current density regions. Getting completely clear the effect of high reluctance of the

gap in combination with the skin effect decreases the high density region.
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Fig. 135 Frequency at 240Hz

Now For 1000 Hz:
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Fig. 136 Frequency at 1000Hz

Effect for 100Khz:

Note in the figure the thin area around the high reluctance of the gap region
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Changing the position of the winding:

Returning to 10,000Hz and shifting the position of the winding, we can see the
highest density film forming toward high reluctance region. Likewise, it can be noted the
effect of a spreading reluctance. This is due to the reluctance behavior, spreading the

extent to which departs. Behaving in different ways exactly like a light source
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Fig. 139
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Fig. 140

Now at 1000 Hz:

Fig. 141

At 10000 Hz.
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With the move away of the conductor, we can see the blurring of the high current
density region. This makes more evident the divergence of the effects of high reluctance

region, behaving as a light source.
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Fig. 145

We can see in the figure, that if we move away the conductor to an appropriate
distance, we have the high current density region distributed along the width of the bar,
using it in a far more interesting way. This is due to what is called the blurring of

reluctance. It is about a gap reluctance of a certain myopia effect.
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Results of the observation:

We had the opportunity to observe in the previous sequence that the winding
position on the high reluctance regions is very important for the current distribution along
the conductor.

Skin effect, the thickness of the gap and the gap clearance distances between the
conductor and the core length should be considered,
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Fig. 147

Using FEA we can adjust the distances trying to get a good diffusion of current in
the copper sheet.



Current Diffusion

Sheet Conductor
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Fig. 148

This model has been created in FEMM, departing from the normalization of

dimensions as a function of the skin depth of the frequency under test.

Sullivan and Jinkun [10] investigated this phenomenon and through simulation
plus curve fitting, they determined a relationship that with a good precision for practical

purposes, describes its behavior.
They used five basic dimensions as can be seen from the figure.

It can be seen that with the movement away, there was a greater distribution of the
surface, thereby increasing the higher density regions reducing the overall resistance of the

winding.

Fig. 149

The framework was reduced through a simplification of the structure of the
problem, doing a infinite number of gaps distributed in an infinite length sheet. Thus the
problem can be analyzed in one of those gaps, considering the boundaries of the core to
be infinite. With those assumptions the number of variables was reduced for 3, The gap
pitch p, the gap length g, and the spacing between the sheet and the gap. The thickness of
the core are not important, so as the distance between the copper sheet and the botton part
of the cores due obviously to the fact that being the reluctance of the core low, the
diffusion of the current in this region of the copper sheet tends to be zero. Unless there is a

possible DC component.

The parameters that were changed during the simulation process were p, g and s



because the width of the copper sheet was maintained constant in two skin depth due to

the fact that thicker conductor could only contribute for the DC component.
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The g parameter was maintained constant also to keep the simulation easier, but

Fig. 150

also because if we change p we are automatically changing g.

The simulations results were plotted in curves giving resistance factors Fr, for

various values of p and s in a 3 D surface like shown in the figure xx.
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Fig. 151

The curves plotted by finite elements simulations, were used to curve fitting and
the result was an analytical approximation formula that facilitates calculation due to the

without need to use tables or everything else to design quasi distributed inductors.

Frispy = u

— Lhp LS
(6"+p")"

Where:



_ {1.95
095 —14-s

hi=33s4+2.14;

Like informed by Sullivan and Jinkun in [10] the expression approximation and the
simulation presented an error less than 4.5% and an absolute error in Fr less than 0.08.

And that the expression is maintained accurate even with large values of s and p.

For large s, k and b become:

(1.6
¥

b= 31335

And the expression is rewritten to:

Fr o= MO8 oes.

) 5% 03
331 2|
Loy

.

p
If the ratio of s is much greater than 3.33, the equation will enter a roughly linear

region and it can be simplified as:

0.68p

N

Ir= = 30
. . . p . . .
By the other side, if the ratio of s is much smaller than 3.33 the equation is enter
in a constant region with Fr=1.9.

We can get good results and get Fr near that one obtained in distributed inductors
(Fr = 2.5) if we maintain the following conditions:

<

P<2.5 xd

If the gap length is high, it can also reduce the ac resistance. But it needs to be kept



substantially low when compared to the gap pitch.

Like initially presented to us, this problem is first of all a geometric puzzle and the

guidelines were presented. The solution for the rest of the problem is like the others.



The End Effect

Another kind of scattered field inside window is the “End Effect” that is the

responsible for the heat of the ends of coil in transformers. This will be studied in volume
2.
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The problem of the size

The size of a transformer is constrained by many factors: Temperature, power loss,

cost, size, Induction, voltage regulation, Impedance, Inductance, harmonics and others.

The determination of the dimensions of the transformer is a quite complex task,
because there are infinite possibilities of dimensions and also infinite relations between

them.



The definition of the equation that determines the flux density B,
departing from frequency, voltage and magnetic cross sectional area of

the core:

First of all, we need to determine the relation between voltage and flux density

because this is the dominant factor of a transformer:

In Section I we have defined the relation between a constant voltage and the
evolution of the flux density for a determined number of turns, cross sectional area,

voltage and time. The relation is shown in the block diagram of simulink below:

Applied Voltage Integrator

Constant

Fig. 155

Let us consider now for the sinusoidal case. We have the model for Constant
voltage applied at the input, and we are going to employ it in the same dynamic system at
the present case. We need change the excitation only:



E ><tus(w ><t}

1
E S ¥— ¥_onst
iz 2| 5
+w

Const__.
E><ﬂ sl w>'t}
W
Bria«  for  sinfwx)=1
w=2xx

With this formula above we can calculate the number of turns of the transformer:
Aef - cross sectional area of the core:

Bmax — Amplitude of the flux density.

F — Frequency of operation.

erms — RMS voltage of the coil or applied to it..

4.44 - constant derived from 4*ff where ff (form factor) means RMS/Avg of one
determined waveform. For instance sinusoidal ff=1.11. Then 4*1.11. For square wave ff=1

then 4*1=4; For other waveform we need to determine ff and multiply by 4.

There are many possibilities of design, leading to different results of costs, size and
performance

The control of the several factors that governs the transformers is of fundamental

importance in the design of such apparatus.

First off all we need to have guidelines concerning certain parameters that mainly
define the overall specifications of a transformer. Among many, the main constraints are:

Power, Temperature, Flux density, Magnetic cross sectional Area, Copper window area,



frequency and current density in copper.

There are also many different technologies and applications: High, medium and
low power transformers, High frequency, High frequency medium power, planar high
frequency, fly back, forward half pulse and further huge universe of possibilities, being

each one a particular scenario of vast possibilities.

Even in power transformers we have many possibilities in the design. Composite
laminates, cruciform cores, number of steps, 90 degree cutting, 45 degree cutting and so
forth,.

We will begin with the magnetic cross sectional area Aef. We have the working
frequency and the max flux density. Thus considering that our transformer have one turn,
there will be a voltage in it. If besides we imagine that our one turn winding is a block of
copper with same area of the entire coil of the primary (Or secondary). You must
hypothetically consider the individual cross sectional area of the copper multiplied by the

number of turns. This performs the total useful copper area.

Considering the figure nest page, there we have a transformer window full of

windings of copper wire.

The space (Area) occupied by the copper is naturally less than the total window.
Thus we have a occupation factor Kjan that is called “Space Factor” of the copper in the

window.

Insulation Wrapper

Insulation Layer

| Lateral Margins




Fig. 156

First of all we will determine the formulation about the geometry of an EI
transformer then we will be calculating the temperature of a transformer in order at

the end determine the size and the main parameters.
Using our study, let us calculate a input transformer for a UPS of 80Kva.

We need to determine the lowest cost and the optimum relations for a and b, thus
determining the best conditions for a three phase transformer using right angle composite

lamination.

For the EI transformer we must first to consider the most common normalized
relation of EI lamination. There are other values that can be analyzed for each particular

case.

In the formulation we are treating them in normalized form giving space to

introduce the factors for other standards.



EI Core transformer:

Calculating over a single Phase EI lamination transformer

The Coil

Defining the core normalized dimensions



Length of the window:

Height of window Area:

fhw = o-4

Core Window Area:

Aw = w-Hw

Core Width:
lcore == A-(1 + 4-a)

Core Height:
IIcore .= A-(B +2-0)

Lamination Surface:

Slam = lcore-Heore — 2- 4w

A(PB+20)(1 +40) —2p4




Stack:

Stack = 0.95-E-4

Volume of the core
Volfe :== Slam - Stack
095 (A2 (B+20) (1 +40) —2pA%a) 54

Iron core density:

Dfe:=7.65

Core weight in Kilograms:

Dfe-Volfe )

o
e = 1000

0.0009500000000 Dfe (A (B +20a) (1 +40) —2pA%a) 54

Magnetic Cross Section:

Aef == 095&-4°



Mean Turn

A

Fig. 157

Mean turn length:

leudvg = 2-,4-[1 H.;Jr(n_;x)]

Volume of Copper (Primary and secondary together):

Volcu = Aw-Kjan-lcudvg

Density of Copper (Reference Value)
DensRef := 8.96
Weight of copper:

( Denscu-Volcu)
1000

gy =

o

0.005540000000 B 4> 0. Kjan [1 & | %m}

Current Density:

We are defining Di as current density in (Amper’s)/Cm?:

The current of coil is:



Aw-Kjan-Di
2

fear =

As we have a winding of one turn, the voltage in the winding is:

Foring = 4,44-1°-Bm-def- 10 ;

4.218000000 107 F BmE A%

We can determine the total power of this transformer as:

Pottot := fenr-Erms

2.169000000 107 4" o Kjan Di F Bm &

As an example, we can calculate the cross sectional effective area, departing from

the power of the transformer, defining the lamination to be used:

Solving for A%and making x =1, we get a so used calculation of the effective area

departing from the power of the transformer:

P0-0.95° _
2.105000000 10 B-a Kjun Di F Bm )

Actt = sqrt[

Considering that for general EI proportions we
have:

FPo
B o Kjan Di F Bm

Aef == 6541.620043 /

Only in another form:

Aef = 6541.620043 PD/B I / 1

0 ﬁ:jgﬁ Di FBm




tr = L3
=15
Fiap == 00421,
Ban == 1000,
£ = 2,

F == &,

Aef:=1.06273013F

Aef:=1.06%/F

Now we can calculate the resistance of the coil:

[ p-feud vg]
Aw-Kjan

Reoil :=

The total copper losses can be calculated easily:

Wew == (2- fenr]z-Rc:uﬁ;

The Leakage Inductance:

For our present interest the leakage inductance is for the number of turns=1, then:

lleak =

0.4-1-10 *-n-dm [ 0.75-0-A

4+ G.016-0.75 -(I'AJ
ha-

to = 0.4--107%

dny — Jc:m41»‘;;;
I



By normalized parameter, we find:
2096000000 107 1 4 ( L ot % T fx] ¥4
B

The reactive power in the leakage inductance in Vars is:

Lieak =

Var = (2*?81’1?)2 2-m-F-Lleak

Iron Losses:
The iron losses, depends on the flux density and frequency of use:

For a given condition we get the information from the curves of the magnetic core,

the loss is in watts per kilogram:

DenspPferro (Loss density of the iron core).

Now we can get the losses in the iron:

Wie := Pfe DensPferro

The temperature calculation formula is derived from a general study for
temperature discussed in “Loss and weight approach” in “The problem of Temperature” in
the Second Volume of this book.

The average temperature is calculated from:

(Wle + Wew)

wi |

0.162-(Pfe + Peu)

We can also determine the temperature from calculating the specific dissipation in

watts/cm? in the area in blue, shown in the figure below.

The graph of next page can be used to determine the final temperature.



Fig. 158 The Dissipation areas of the transformer

They are the vertical areas used for heat dissipation.

Normally the areas that take part of the dissipation process are the vertical ones

that work in the air convection, which is the major part of the cooling process.
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T0,T25 and T50 are graphs for ambient temperatures of 0, 25 and 50 ° C

respectively.

Making:

e =113



g
Fian == (.53

D = 7.03
Deriving from t we can calculate de current density required for that temperature:

Hife | W 2

Baralata| Ar= ol i

| 0162 (Ffe Per) ” )

S ] {1.583531275 Lo 1620000000 Ar { 104360500000 4°
47 p (2 = 0250000000 )

— GUNSHIR0000 47 (2 + 02300000000 1) )

o)
L=

s

T 130500000 £ DensPiirra) )

At last, we define the current density:

"

S _posarmntzona ()7 4 1632663334 47 Denstferr
Dhanwine i— DOM224744871 7 - i arl ll{ ] —3i_ S E—

i A p

Now we will plot two graphs of Di as a function of the central lag width. One for A
Class (105 ° C) and the second one for B Class (130 ° C).

Curve for A class (105 ° C) transformers:
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Fig. 159Current density calculation from central leg Class A (105 ° C)

The parameters of the curves are for 1Watt per Kilogram, 2Watts per Kilogram,
3Watts per Kilogram and 4 Watts per Kilogram . In the abscissa we have the central leg of



the “E” lamination and in the ordinate the current density.

Curve for B class (130 ° C) Transformers:
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Fig. 160Current density calculation from central leg Class B (130 ° C)

Now we need to calculate the percentage of copper losses:

M
Prritor

Pure_of Culosy = ‘ 100

1o|_fHp
261439700105 [————
‘ A8 B

The percentage of reactive leakage power can be determined:

06 Fare

Fupe poqe _puer == :
- Pt

150168971310 ¥ tor
AY 01 F B

Voltage regulation of the transformer:

ﬁqﬂ( Vo™ — J'.l".":'.:g} )
Prret

Foliepre Rapulatinsn =— 100-
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Design of a sample E I transformer:

Values for calculation:

Voltage of secondary:

Vsec=100V

Voltage of Primary:

Vprim=100V

Output current (Current of secondary):
Isec=5.90A

Flux density:

Bm=10000 Gausses.

Relations of lamination:

A =05
B=1.5
Kjan=0.421
x =1
p.= Esec¥ec
"~ 0.95
P=621.05
1 1
Acr:=6541.62004F x X
bxa Xzn D X XBp,
Aafi=25

We can select A=5:

For 10 Kilogausses the loss density for the silicon iron we are using is:

1 Watt/Kg
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Fig. 161Current density calculation from central leg Class A (105 ° C)

Using the graph, as shown, we get:
Di=2.24A/mm?

By the current density, we can get the cross sectional area of the conductor:

ISEC
2Di6
r—
el0p

Swire:=

By the AWG table we get: Scu=2.634 Diam,,=1.88 (With insulating Varnish).

We are now calculating the voltage regulation due to leakage inductance and
resistance of primary and secondary coils:

The approximate value is:

5 [a850 ki 466721088 B>a® 562 + 3.094006048 » %)

Pofreg=4.7 4875828 .
R0 6 Brg
Fokeg=7.87E

Calculation of the number of turns:

E=100V:



u Ex1f
" 4.44F XBr XAt

M=150.15
Mi=150

Accommodating the wire in the core
All in millimeters

Length of the window:

lw =b 38 x1C

ml=1 Lateral marg

| ——LN 2 I){.'l 85
urn i .
$erlayei™ Diaray,
Iurn%eﬂaye]—SBDDS

Turnger|ayey=33

No'fa\),re e 4545
Nofaye rg=>

1+ NofiayergdDiarg,+0.1) + 0.3+ Nof 5y ers{Diarg+ 0.1 +0.2
0.86

=24.767

Now we are using centimeters:

lcuavg=2 A >§ +x+ p;ag

Doing:

W=l

lcuavg=2 A >§ +1+ p;ag



For A class (105 °C)

r :=2.3><1ciE

I
cuav@‘N -
Swire
100 Rtot=0.5

2
WCU: =RtDt)dSEC X2

Rtot:=

Wcy=34.842

lcuavaN X—Sﬂ]rj x8.99Q

Poyi=
e 1000

Pei=2.714
P ._Q.M X3 XA - 1.5>¢3\2)>0(>¢\ X7 .6t
fe: 1000
Pfo=5.737
Wie: =1 >Pfe
Iw:=b ><A
Iy =7.5
dm:=|cuav;
p
dm=12.16;
_ B dm 2 25 14
Lieak =0.44p x10 %pxm XN fm +T§ Var‘_=L|ea|<>QXp>¢F><2x(|set)2

Var=35.28.



The voltage regulation calculated from the transformer is:

Jvaf +w. 2

Volt Reg=100%
B 625

Volt Reg=7.93¢

Such value is very close to the previously calculated

Temperature rise:

Wey+Wre

D := -

0.162P., +Pre)’
Dt =60.371

We must do something, because the temperature variation is beyond the permitted

for Class A transformers:

We can increase the stacking factor E for 1.12, reducing the number of turns and

consequently reducing the temperature rise that becomes:

We + W
Dt:= (ol fe

2

0.16MP.+Pre)”  Dr =55.39¢



Determination of the better cost for a three phase transformer

Fig. 162

Fig. 163

Fig. 164

Without any previous definition of size and proportions of a three phase
transformer, let’s introduce our study to define the overall dimensions departing only from

normalized free relations

Using our study, let us calculate a input transformer for a UPS of 80Kva.



Generic Lamination

Fig. 165

We need to determine the lowest cost and the optimum relations for a and b, thus
determining the best conditions for a three phase transformer using right angle composite

lamination.

General Considerations:

We are using the Mathematical CAE Maple in our study. We do not present the
internal mathematical formulation because due to the fact that is a natural consequence of
the initial assignments: The equations are quite elementary and do not need further
comments. If we follow step by step the evolution of the equations, the creation of the
variables in the formation of the general equations, You can determine all the components
of the study.

Length of core copper window:

Iw = [3-4

Height of core copper window:

fhw = o-4

Area of the copper Window:

Aw = |w-Hw;

Width of the core:



foore:= 3-A+ 2-c- 4

Height of the core:

Icore :=2-4 + -4

Surface of the lamination:

Stam = Leore Heore — 2-Aw

Stacking:
Emp = 095-E-4

Volume of the core:

Volfe := Slam-Emp

Core Density:
Dfe:=7.65

Weight of the core in Kilograms:

(Dfe-Volfe)

Fie =~ 000

Magnetic cross Sectional Area:

Aef = 095542

Mean Turn:

lendvg = Z-A-{l Sl




Volume of the copper coil (Primary and secondary):

Voleu == 3-Aw-Kjan-lcudvg

Weight of the copper:

(Denscu- Veoleu)
1004)

Belii=

Considerations about power, cores and losses:

D, is the current density in ampere/square centimeter:

The current of the hypothetical unitary turn is:

Aw-Kjan-Di
2

fenr =

Due to the fact we have only one turn in the winding

Frms = 4.44-F-Bm-Aef- 10 8

We can define the total power of the transformer as:

Pottof := 3-fenr Evins

As an example we can determine the magnetic section from the full power of the

transformer:

Potiot — 3-4.218000000 10°° B 4% 0. Kjan Di F BmE

From here we can get the sqrt of P to calculate the Aef, so used in calculation of

transformers:

Now we can calculate the resistance of the winding:



(p-lcudve)
Aw-Kjan

Renr 1=

We calculate the copper loss:

Wew 1= 3 -2-!&‘”;: -Renr

The iron losses depend on the flux density and frequency of use
For a given condition in watts per kilogram:
DenspPferro=Watts/Kilogram

The total iron loss is:

Wie = Pfe DensPferro

Preliminary considerations about cost:
Cost density of Iron:
Denscustoferro:

Cost of the core:

CustoNucleo = DensCustoFerro-Pfe

Cost density of copper:
DensCustoCobre

Cost of the coil:
CustoEnrolamento = DensCustoCobre-Peu

Total cost of the transformer:



PrecoTotal = CustoNuclea + CustoEnrolamento

Leakage Inductance:

We are considering that there is one turn for
primary and secondary:

per i— 0A4-m- 10 A
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Reactive power in the leakage inductance:

Far = 3- {2-jem'JzQ-TE-11'~L.F€L?F»:‘._

The average temperature of a transformer:

2 i st

=W | Weul |

Ar= \ 3 2
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Calculating the core cost:

CoreCost := CoreCostDensity Pfe;

Calculating the coil cost:

CoilCost == CopperCostDensity-Pcu

Total cost:

TotadCost = CoreCost + CoilCost

Powersquared '= s.&rhs( f).iz], Pnrmfz)



[ TotalCost )

Powersguared

UnitCostSquared ==

Setting the parameters:

poo2.8210 "1 4 000393 (180 — 20)]
Space factor of the window:
Kjan:=0.23

Density of the iron core:

D =765

Iron core density:

DensPfirra = .15

Af = 101)

Ambient Temperature:

Tu = 45

Stacking multiplier:

Ei=1

Core cost density:

el nsiDamiis: == 9
Operation frequency:

F = &)

Maximum Flux density:
B == (5004}

Copper cost density:

CrppparCostDensioy == 16

Surface of cost of the solution under consideration:

A=10Cm;

plordd S GniConSquared . 020 F 2.7)



We did not give any prior relationship that the transformer must assume. The
unique predetermined relationship is between the stack and the width of the blade leg that

is square.

This is also the main reason for our search for optimal values of the normalized

relations of the core.

In later studies we will give complete freedom to the program find the best

solution for the core that will also be the optimal value.

The figure below gives a surface where the minimum point is the best cost of the

transformer.

Now we will search for the minimum value of the cost by the Maple command
NLPsolve.

AL 1 1

+ 0.065

0.060
Caost -

density 1
0.055

Fig. 166

Minimum cost density and Optimum Values of alpha and beta:

NLPSotvel po. 02.15B 1.6)

[00459250MMI23234 500K [ (LENZRIGONRESEITIL [ 3.294400960K56460] ]



Minimum Cost Density=0.04593508......

| 0t =0.880559950805819, B = 5.30383528288125]

Evidently this depends on unity prices in each particular country, but gives an idea
of what can be done to minimize costs by improving the relationship of measurements of

the iron core.

Voltage regulation due to leakage inductances and coil resistances:

H0-sqrtl Vo™ — Weac )
Forar

FoltareRFy —

-
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R
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AR
f = 300
53028
= 1700,
Lozl
F == &,
it
Ban == 15000,
L 5000H)

Spo 282100 101 4 00039 (180 — 0]
(ODO0OASI32 ] 6000

The voltage regulation of this transformer, considering the parameters found is:

Ferlfteg
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eveff TS 1T,
4 GEAR4 2020

The resistive voltage drop:

G0 Hew
Foptd

Buoxlrop =
LdavsddnThn — AL 25ERRA 1S T (5.19)
evelf TS 1971,
L. TEOG00RLS

The inductive voltage drop as a percentage of the output voltage:

L0 Faar
Irductveliop = ————,
° RedHCTmvel e Pori

1RSI0 (5,21)
eradf(15.210);
1331181903
We have made an introduction about optimization of the normalized relations of
the iron cores. Evidently this is apartial solution, because to get the entire figure we must
to parameterize the A and x, searching the minimum price. In reality there are two far
values for minimum prices but this is the question for the third volume of our book where

we will discuss about general conditions for optimizations.

The optimization of the core corresponds for each power. Depending structure of
the transformer, for example: In one project of an UPS of 500Kva the transformer uses

duct for refrigeration. This is another kind of study.

Bellow we can see the coil simplified drawing of this transformer. In the drawing,
at the left side up, can be seen the refrigeration ducts. This is a special case, because this
transformer needed to handle harmonics and many other factor must be accounted. We are

considering this in the third volume:
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For cruciform cores the solution is the same, however we must reference to the
internal dimensions of the core to get Alpha and Beta. The computation of the average

turn length, must be calculated as a function of the radius of the leg.
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K Factor and K Factor transformers




The problem of the loads and the current spectrum

Today in the industry in modern data centers, telecommunication sites and even
office buildings, there are a wide use of information technology equipments and even
power control equipments that require large power. Unfortunately, most of them have non-

linear power supplies that inject harmonics in the power grid.

The great inconvenience of the harmonic injection is that leads not only to low
power factors, but to the creation of additional losses which can often bring the electrical

system to fail.

The measure of the harmonic content is the most important value in dimensioning
of the energy system. There are many solutions to mitigate the harmonics in power, but
their majority is expensive and in many cases impossible of being used mainly by space

consumption, cost and other additional factors.

The transformers are the most sensible apparatus of the system, because the

content of harmonics injected in the line, directly leads to very high dissipation.

Its detrimental effects increase with the square of the harmonic number, as the
losses involving skin depth like proximity and strange effects, and other sensitive to the
square of the product of the intensity of each, with their harmonic number. They create

large power losses that can lead them to a fire.

Underwriters Laboratories (UL) recognized the potential safety hazardous

associated with the using standard transformers with nonlinear loads.

They developed a rating system to indicate the capability of a transformer to
handle a specified harmonic content. The rating described in UL 1561 is known as K
factor transformers. UL derived K factor transformers from the information contained in
ANSI/IEEE STD C57.110 “IEEE recommended practice for establishing transformers

capability when supplying non sinusoidal load currents”

K factor transformers are designed to reduce the heating effects of the harmonic

currents developed by the non linear loads.



The K Factor definition:

The K factor as defined by IEEE 110-1992 is:

(nY

The k factor applies exclusively to transformers it is a weighted of average of
harmonic current magnitudes. Increased higher order harmonics will greatly increase K
factor. This represents the heating effects of harmonic induced eddy currents in winding

conductors.



Different topologies of non linear loads and the K Factor:

Let us consider different topologies of non linear loads thus establishing different

levels of K factors.

A simplified but full precision, Matlab-Simulink K Factor
Calculator.

In order to facilitate full comprehension of the matter, we will establish as a

measurement device implemented in Simulink.

As the need of get the information of harmonic content of a certain waveform, we
are using the block “Fourier” of the Simulink library. The decomposition is given in the
output as vector of the required list of harmonics.

The output is led to two places: One is the 2 input multiplier, multiplying by itself
(squaring) each harmonic. The other is led to the multiplier, which multiply it with the
number of each harmonic. At the end of this phase, the value is squared.

— =

Productz Mingt

Mag *
@— Founer
Sinal Phase "". Product! (Mag'n2
" Fourier  "trminatert Fioduct
n
Constant
Fig. 169

The hart of the system is the standard Simulink Fourier solver block (In yelow) at

left side. It can be seen internally in the figure below.

The block can solve in blocks treating the signal like a vector where each element
is a harmonic.
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To work we need to set the fundamental frequency and the harmonic number or a
vector of harmonic numbers:

" Fe Fmrwm (k) (k)

Fourier analysis of e inputt signal over & nunning window of one
cycle of the fundamental frequency.

Faramaters

Fundamental frequency f1 (Hz):
[ furdt

Harmenic n (D=0C; 1=fundamental; 2=2nd harm; ..} :

[n

[ o | cocot | web | eon

Fig. 171

We are beginning our description of the K factor calculator using resources of

images. We think as spoken in the Chinese proverb: “An image worth more than a
thousand of words™.

Below we can see the blocks showing the result of each output.
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We transformed the block obove in a subsystem as shown below. The mask of the
subsystem includes the variables needed by the fourier block.

Final

Suba | If

Hr monic Number
|3'5?';111.3151?19212325??W3133353?39414'345] i_
.=
o | coxe | wep | s |

Fig. 173 The model needs to define de vector with the harmonic numbers that the module has to calculate.

As can be seen, the harmonic number is supplied as a vector with the harmonic
numbers required from 1 (Hidden) up to 45nth.

Other operations are done and finally we can get the K factor:

N
s

]
Samod Z Inz ag Squared

Elamentst
n=1
L*. +&
% [In"'] 2/

Sum of (Mag"n) Squared
Elamants
am=]



Fig. 174 In this figure is shown the values calculated for each output

We completed our instrument, implementing a Wattmeter, a VA meter a Power
factor meter and a displacement factor meter. All will be used for analysis of different
kinds of loads.
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We must work first with our first load. They are present in each personal computer

in our houses, offices and many more other places.

There are variations of them with and input power factor converter, but they are

only few among many others.

Its use is very harmful for the power mains, mainly for transformers. Fortunately

the majority of the loads of a building are of almost linear nature.

But the problem can be serious when there are many distribution transformers

segregated from the rest of the mains, feeding only loads of information equipment.



The IEC 62040 standard for UPS systems and the non linear

input interface power supply for personal computers.

This power supply works with a single phase rectifier with the values defined by
[EC62040 for each power, and a switching mode power supply bringing down the

voltages to the levels and powers required by the information equipment.

Fig. 176

We first are using a model of approximately 12Kva (To simulate a combination of
many power supplies in parallel, because our main purpose is to define the K factor of

them.

Values defined in the standard

Ve= /2 40.920.960.875/ = 1.224n e
gi=
Pap
v
T=015 R>X=T Ry &
0.66¢gp
0.15
\\u"lc::l.zwin | g e
R1

Let’s make the measurement getting this information, and as a second step we can

make an arrangement of a three phase configuration to measures neutral current.
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Fig. 177 System in SimPower and Simulink arranged for testing and get our values

Results of the simulation:
Input Voltage: 220 Vac
Rms Current: 54.31 A

K Factor: 12.79

The values encountered are:
Real Power: 7887 Watts
Apparent Power: 11950VA
Power Factor: 0.6601

Displacement Factor: 0.9985



The effect on the neutral current

Now we can see this same power supply distributed in three phase configuration to

see the neutral current:

k|

L
@Hjole BRAGEE S -

Fig. 178 The Phase and neutral current waveforms

The harmful effect of the neutral current: 94.07 A RMS of third Harmonic.

Let’s consider a transformer of 100 Kva with 2.5% of total impedance supplying a
system with 3 power supplies same as those presented in the anterior example. The effect

over the K factor will be shown.
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Now we can see that with the effect of the transformer, even with 100 Kva and
2.5% of series impedance with mostly inductive effect, the K factor decreased for 12.15.
Very close to the value considered in the major part of specifications for this kind of
apparatus. Evidently in the physical installations like sites of data centers where there are
many transformers, circuit breakers cables and so forth, the impedance will be
significantly higher than we have arbitrated. A thing became very clear: the neutral cables

in this kind of installation must be double of the size of the phase cables.

Before entering the K factor transformers project we need to consider other power

apparatus used, because we need to analyze them carefully.

In most installations on sites involving power sources, there are many UPS
systems that often do not consider the harmful effects that their rectifiers may pose to the

commercial power grid.

I have seen many UPS rectifier of very large manufacturers, including equipment
that features high reliability, but the rectifiers of its UPS are made without any knowledge
of polyphase rectification. They seem to be designed by beginners, without any
knowledge of power electronics. They present very poor input power factors and

harmonics spectra very harmful for the commercial line.

At the moment we are entering only to talk of a few topologies. Our present



concern is to obtain K factor values for our projects. But in a special section we will cover
transformers for high power rectifiers; there we will talk about such subjects. In those
studies we must define the current waveforms of each winding and their mobile magnetic

portions that mean, descend deeper into these matters.

The portion mentioned above is that one part of the H profile that lies between zero
and the maximum value of H, as defined in page 73. Following the behavior of the
transformer the H profile can move depending the combination of the contribution of the
field of different coils. With such movement the other parameters of the transformer can
change according with the change of the portion. An method of “averaging” can be done

that can affect the calculation of the transformer.

By now let’s study the K factor for other topologies, at the moment a three phase 6
and 12 pulses controlled rectifiers will be used.

First of all let’s consider the fig 180 where we have a 6 pulse non controlled

rectifier with a current source simulating an infinite inductance as a load.



B

Comulolions

Lime Currenl A

Line Currenl B

Line Currenl C

Currenl Of Delln

Carrenl of
-Delle C

Fig. 180

idello
— .

Fig. 181

The line current is:



Fig. 182

The input current (Combination of the line currents by transformer windings:

(2/3)*Idc
(1/3)xldc

Fig. 183
Calculating Harmonics:
@&-P 6 e&3r 0
li;g 6 = l@g 6 1
e —Ea g osinlowtldwt +=56  1p xsinlnowt)dwt
p 'H'_ k2 p =4 -
g8_54° : QBE S
e 6 @ es6 @
?casé?:f“ p X cofBp kO
2 &6 @ g6 @ .
Ch= = Ap + M
p & n n &)
Doing:
Max:=1001
n:=1,3.Ma
g =1

Plotting:
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Calculating K Factor:

h-l'ax
a .y
et =304.664 Wrong

I\-Lax
a €
n=1
In this case, such equation do not converges to a value, being totally dependent to
the number of harmonics. This is due to the sharpness of the square wave that presents low
decay of harmonics added to the product of the amplitude of the harmonic by its number.

Such product tends to be constant.

We can observe that in the first graph the decay of the harmonic is dependent of
1/n. It’s clear that if we multiply each one per n, the result is maintained constant up to

infinity.
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We will be using this series for the study of high power rectifiers where do not
exists this kind of product, due to the fact that the application do not exist need for the
calculation of harmonic product by its harmonic number. In the real rectifier there is the
commutation angle created by the impedance of the transformer and power line that forces
the decay of harmonics, making possible the convergence of the harmonic series: We will

be seeing this in the high power rectifiers.

By now we will be using simulation in Mathlab that is straight forward and
sufficient precise because they are numerical solutions of the formulas involved. Even in
power systems, because the solutions involve state equations and are very close to the
mathematical solutions. In the past we have used state equations conjugated with Petri
Nets

We are performing the simulation simultaneously in three rectifiers. One is a 12
pulses rectifier and the other two, 6 pulses rectifiers. The difference between the two is the
arrangement of the secondary’s where one is delta and the other is star. This promotes
different current waveforms as can be observed in the two oscillograms at below right of
the figure. Despite the different waveforms is maintained the equality of spectrum, and

therefore is maintained same K factor.

We have used same unit impedances in the simulation of the rectifiers and such



impedances are those ones employed in the characteristics rectifiers used for those

purposes.

In the figure 186 we have the two rectifiers and the resultant waveforms. The

oscilloscopes in the right side of the figures show the waveforms of the input currents.



Classification of K factor according to loads and lines.
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Fig. 186

The values we got for the three solutions are:
12 pulses rectifiers: K factor of 3.676 ~ 3.7
2 rectifiers of 6 pulses: K Factor 6.68 ~6.7

The four solutions match the table of specifications for the key factor observed in

such applications:
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Fig. 187

Transformers normally come in standard values like K4, K9, K13, K20, K30, K40



and K50.

The first problem is the definition of the spectral figure coming from a defined K

factor number.

We defined a universal oscillator that can be settled for each K factor used in
calculations of transformers. In reality there isn’t a fixed determination of a particular
“Waveform” and the own definition of the K factor do not guarantee any spectrum in
particular, do not existing also any limit for the number of the harmonics. Evidently the
main interest of the standard is to guarantee the limitation of the eddy currents generated

inside the electrical conductors by proximity and skin depth effects.

In the present case, we can define a table of certain values of Kfactor and our
“Second term”, that is calculated by the “Waveform Term Calculator as stated in the

chapter xx.

Firstly let’s define a structure for the determination of our values: In this system
there are 5 waveform generators with K4,K9,K13,K20 and K30 that are the most used
standard for K Factor transformers. For each one there is a K factor calculator and a

waveform term calculator (Second term calculator).

With this system we are making a survey of the second term for each k factor.

K Factor ST

Fig. 188 Kfactor and Second Term Table
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Formulas group:

W frms
ST =
/ Iderms
2

Reff Vv 4 ( Iderms 7
[ o ===k :
= : g

Rde w-Irms
Or:
4
Reff Y4 ( 1 ]
el — M I S — || =
Rdc 3 st
w frms
o= w1
W \r
Where:
i (5-p° — 1)
15




Sample project of a 50Kva three Phase distribution transformer for

Kfactor =13

Let’s make an example of a transformer distribution of 50 Kva of Kfactor=13.
The input is a three phase line of 380 Vca delta connection.

The output voltage is a three phase 127/220 Vca star connection.

The frequency is 60Hz.

The coil of the transformer is of aluminum.

The flux density is of 15000 Gausses.

First of all we see a problem at first glance. What is the kfactor of the current in the

delta primary of this distribution transformer?

Exactly the same, because the transformation is done, involving only the secondary
for the primary in one leg. This, do not interfere in the spectral composition of the

waveform.

Bm:=13000 a :=1.026 b:=4.232 x:=1.30

With all those, let’s calculate our transformer:
Stack=A xx

We have to apply the stacking factor in order to get the net stack for the magnetic
calculation.

Netstack=0.95&tac
Magnetic Cross sectional area:

Netstac k=0.95Gtac
Acf:=A XNetstac

Aef=100.03!



Secondary:

Vsegmg =127

Vsegmsﬂ(?
T 4.4 B XA of

Ns:

Ne =31.771

Rounding Ng:=32

With k factor of 20 through the table xx of page xx, we have ST=0.4¢

ST:=0.4641

If we are planing to use aluminum bar, then:

Number of layers:

p:=4



5o 1
15

y =5.267

So, the optimdbwould be:

1
Dopti=—— =T

opt 1

4 =0.306
y Dopt

Mow let's calculate thdor the first harmonic, Then for aluminum at 180 degrees::

104
d :ZEJ
&y =13.426
do pt ' =Dopt *do
dopt=4.113
ly ' =A XL0%b
ly =380.88

The Bar chosen is:
Wbar::].z.? Fbar:::g.gﬁg

Turns per layer:
The Side Margin is:

m =8
__Hbar
in= =
dy Dfin=0.296
Calculation of The relation between Reff and Rdc:
Reff y 4 1.54
— = 1+350in Ko
Rde 3 eSTa
¥ 4 17 a
Relres=1+L »Dfin e
elres 3 i o
Felres=1.289

Calculation of the number of turns ner laver:



Calculation of the number of turns per layer:

lyy - 2>m

), B5=8.077
Whart0.)a

8 turns per lay

Mg
— =¥ g Layers
g
Calculation of the secondary current:
- Pout
A8 3 segms
lgac=131.23¢
Current density:
Dj:=0.893 _Isec
L o
S =146.958
Conductor cross sectional area:
W harthar3
Acus =——
100
Mean turn leght: Acus=1512
lcus:i=64
Calculation of the secondary resistance, loss and weight:
r :=3.90810 °
Deng| =277
lcus>is XRe|res
Rggg=—————— X%
Acus
RSECZG'SEE 3
2
Wl =lgec *Rec
Weug=117.4
Whartbar
Volyg=————— =3 Hcusxn
kus 100 s
VUEUSZB.GQ:"‘

Mmme s fed



Deng|/okys

P ="
alus 1000
pa|u5=8.5?g
Primary:
VPrifmg =380
\a’prirﬁngﬂt?
" 4.406 XBm A ef
Np =85.062
Rounding Np:=95
The Bar chosen is:r
Whar=12.7 Hpgr=3.2969
Turns per layer:
Side Margin:
m =
ly - 2
il #0.85=24.23 24 turns per layer

(Whart0.]

i (Layerk

— =3.958 I ayer

24 =

Height of the coil:

4 q{Hbar+0.340.3+4 {Hpar+0.3+0.3

0.82
— Pout
il B
SRS Iprim=43.86
| r.
o prim
Sprim: o

+4=45,405



Wharth
Acup::%r okl

Calculation of the primary resistance, loss and weight::

lcupi=51
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Ptoty=46.03

Waltot=3 A cup + 3 W CLg

Woalto=631.902
lron Core:

Slam=45.356- (38:9.258)

WOk =S|ampf 250,95

7,650k,
Prei=———
1000
DensPferns=1.15 Watts Pro=156.88
Kg
Wiai=1.15Ff
Wie=180.412
Temperature calculation:
2
{er"'waltu}x—
Di:i= 3
2
- 5,98 3
0.162 xFfe + Proty s
s é 2,78

Oy =96.407

Dhotspot=30 Temperature difference between average and the hottest spot:

Tfin:=0t + 45+ Dhotspot

Ten=171.407 Ok For H class (18

Below in the next page, can be seen the 3 figures of the transformer coil. There can
be found the values of the average magnetic path of the secondary and primary.
Additionally can be seen in the third drawing the side margin ML in the two sides of the

coil.
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Fig. 194

Due to the impossibility of choosing an exactly thickness for a defined optimal “d”

calculated, certain considerations must be done in order we get more advantageous results.
Let’s see with more accuracy our definition of the bar used in our project:

We have seen that the Dopt was 4.13 but by virtue of practicity, we must use
standard bars, we have chosen a 3.969 height bar. What this means? We could have

selected another one with bigger dimension. Why we have chosen this one?

To see why, we need plot the graph to see the consequences of the variation of the

relation and see why we decided so.

Making:
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et MR,

™

We can plot it:
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Can be seen in fig 195 that we can choose in the two sides around the optimal
point and the better are the left side ones, because we can use less conductor weight and

consequently cheaper and also occupying less space.

Do not worry about the dimension of the vertical axis because it’s only a relative

measure:



Solutions for skin depth

The obvious reason about the replacement of the solid conductor by a Litz Wire:

The use of this conductor is due to the fact that
of an improvement in the use of multiple areas of the
conductors by individually possess better ratio d/d.
There is also the fact that multiple conductors, by
twisting, to submerge several times in different field

: Fig. 196
gradients =

H, creating
eddy currents in lower locations, thereby reducing
losses. The angle of twist and the settings are very
important. There is Litz wire “True” and “False”. The
true litz wire, are twisted of twisted of twisted yarn
twist ... in various hierarchies, in a perfectly defined

prescription, causing all conductors to pass through all

positions, ensuring in addition to other effects, current

equalization.

False, they are only twisted and do not guarantee that all wires pass through
everywhere. The simple twisted wire or “False Litz wire” is known in the English
language as “bunched WIRE”. In this paper these two forms will be indistinctly called
“Litz wire”.

Perhaps the most obvious way to reduce skin effect losses are by using the classic

“Litz wire” (TWISTED WIRE).

If a circular conductor is replaced by a Litz wire twisted-n, it can be assumed that
the wire was replaced by a square conductor divided by a number of layers equal to the

square root of n.
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Skin effect at strand level:

Skin Depth
In each
conductor

Strand Level
Fig. 197
We note that the effects produced in one conductor are duplicated in groups of

conductors.

The skin depth effect observed in a conductor, can likewise be seen in groups of
conductors, the obstruction to penetration of the magnetic field works like they were a

solid conductor.

Skin of the bundle

Bundle Level

Fig. 198 — Proximity effect at bundle level
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Fig. 199 — Proximity effect at strand level

Proximity effect at bundle level:

There are circulating currents (Eddy currents) in conductors produced by external f

At Bundle Level

Fig. 200

The Litz wire is by far the most effective way to reduce high frequency losses for
waveform close to sinusoidal. 120 twisted conductors, can reduce the losses of 42% can
be obtained by solid wire for triangular waveforms to 70% square wave and pulsed current
to 85%.

If the conductors of the twisted litz wire are too thick, the losses can be much

larger than the solid conductors (Due to proximity effects to multiple layers)



Conductor plate or foil

The use of the copper plate is intended to reduce the thickness of the conductor,
thereby maintaining its area. This decrease in thickness of the conductor plate is possible
by having the width equal to the width of the window.

Using plate or foil decreases the thickness of the conductor, improving the ratio d /

Winding plate or foil results in the greatest possible number of layers, for a given
number of turns (assuming a single layer solid conductor), which only minimize losses if

the thickness of the conductor is optimum.

The use o aluminum plate or foil is a good idea in the replacement of copper due to
the fact that the increase of the skin depth produced by this metal pays off partially the

effect of the resistivity but using a metal less heavy and cheaper.



Interleaving winding

Interleaving windings increases the number of “Portions” (This can create
problems with available window size). The average loss (Net) can be reduced by this
practice due to reduced amplitudes in the profile of FMM that reduces the field to which
the portions are submitted and consequently reducing the circulating currents. This is
without a doubt one of the most effective skin effect and eddy current loss reduction

means at the highest levels of power.



Winding Construction for Minimum Losses:

Avoid big conductors.

Insulate attaching screws that passes through high field, including those ones that

pass inside the core.

Avoid using metal parts inside the windings that do not work as coils. They

produce strange effect.
Make a current confrontation where possible.
Use conductor sheet, plate or equivalent.

Use Litz wire.



Planar Windings

The planar winding is without a doubt the most suitable for very high frequency
operations (In the range of megahertz) as the windings may be constructed from printed
circuit plates where the copper layers are extremely thin (17 microns, 35 microns, 70
microns, or other), the windings can be intercalated with great ease, and consequently to

use the conduction on both sides possibly no reverse currents (Optimum confrontation).

Planar coil
romtation between primary and secondary

Fig. 202
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