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Preface

Ferrites have become firmly established as one of the most important classes of present day magnetic
materials and are widely used in linear, digital and microwave branches of electrical engineering. Of these
applications, those in the digital and microwave fields are rather well served by the literature, whereas it
appears that hitherto there has been no textbook specifically devoted to the properties and applications
of the largest and most established group of ferrites, i.e. those having high permeability and low losses.
It is to remedy this deficiency that this book has been written. It is concerned with the technically im-
portant properties of magnetically soft ferrites at frequencies up to about 100 MHz, and the applications
of these ferrites to inductors, transformers and related devices. It is primarily intended for electrical
engineers and physicists whose work involves design or development using these ferrites. Thus the treat-
ment of each aspect of the subject is direct and functional. But it is not superficial; adequate detail and
analysis is given where it is relevant to the main purpose. Data, theoretical relations, and design or
selection procedures have been given in the most accessible and useful forms. Wherever possible the
labour of design or selection has been minimized by the computation of the functions involved and the
presentation of the results in tabular or graphical form.

The four opening chapters deal with the properties of ferrites and magnetic circuits in general. The
first gives a broad introduction to ferrite materials and a qualitative description of the origin of the
magnetic properties. It also describes those aspects of manufacture and processing that may be of interest
to the user. The next chapter considers in detail the expression of the electrical and magnetic properties
of ferrites ranging from the Rayleigh relations to recent recommendations of the International Electro-
technical Commission.

Chapter 3 is devoted to a wide-ranging survey of the properties of currently available manganese zinc
and nickel zinc ferrites. It starts with a tabulation of all the ferrite manufacturers known to the author;
entered against each manufacturer are the current material grade numbers classified according to applica-
tion. There follows an extensive presentation of material properties containing over 180 separate graphs.
In the case of Mullard Ferroxcube the data were largely generated by the author and his colleagues
whereas the other data were exclusively supplied by the manufacturers concerned. Every effort has been
made to ensure that the selection is as comprehensive and representative as possible. The author expresses
his gratitude to the many manufacturers who have contributed data to this section and he apologises for
any omissions or unbalance that may become apparent. The fourth chapter considers the relations
between the properties and the geometry of the practical magnetic circuit, e.g. the effect of non-uniform
cross section, air gaps, etc.

The next six chapters each deal with a basic type of ferrite-cored device. In order to prevent repetition
and excessive proliferation the aim has been to treat the fundamental principles in some detail and to
avoid consideration of the more specific versions of the device. Thus important applications such as
telephone loading coils, I.F. transformers, T.V. line output transformers, etc., have not been separately
described, but inasmuch as their design is concerned with ferrite cores the essential information will be
found in these chapters. They consider in turn inductors, transductors, wide band transformers, pulse
transformers, power transformers and magnetic antennas. Each is a study of the basic theory and design



concepts with special reference to core properties and geometry. These chapters contain much specially
computed data and original work.

Finally all the design aspects that relate particularly to the winding and are common to a number of
the applications, e.g. resistance, eddy currents in conductors, self capacitance and leakage inductance,
are grouped together in Chapter 11.

The quantities and units used in this book are primarily in accordance with the International System
(S.1.) and the symbols are as far as possible consistent with IEC Publication 27. This representation is
rapidly superseding the C.G.S. practical system. However, as many readers will be more familiar with
this latter system it has been included as an alternative in the following way. In the main text the equa-
tions are in S.I. units except in rare cases where an equation is applicable only in some other (stated)
system. If the C.G.S. version of a numbered equation differs from the S.I. version, the C.G.S. version is
given in a footnote. Unless multiples or sub-multiples are specifically indicated, the symbols refer to the
basic units of the appropriate system. If a numbered equation does not have a footnote version it means
that the S.I. and C.G.S. versions are identical provided the appropriate units are used. In the graphs,
scales have been given in both systems of units where necessary. E.CS.
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Ferrites; Their Nature, Preparation and

Processing

1.1. INTRODUCTION

Ferrimagnetic oxides, or ferrites as they are usually
known, have become available as practical magnetic
materials over the course of the last twenty years. During
this time their use has become established in many
branches of communication and electronic engineering
and they now embrace a very wide diversity of composi-
tions, properties and applications. The scope of this book
is restricted to the properties of those ferrites which are
magnetically soft and which are of technical importance,
and to the applications of such ferrites in devices which, in
the broadest sense, may be described as inductors or
transformers. In the pages that follow, unqualified
reference to ferrites will usually imply this restricted scope.
It is appropriate, therefore, that this introduction should
put these particular ferrites and their applications into a
proper perspective by surveying briefly the wider field.
Magnetite, or ferrous ferrite, is an example of a
naturally occurring ferrite. It has been known since
ancient times and its weak permanent magnetism found
application in the lodestone of the early navigators.
Hilpert! in 1909 attempted to improve the magnetic
properties of magnetite and in 1928 Forestier? prepared
ferrites by precipitation and heat treatment. Magnetic
oxides were also studied by Japanese workers * # between
1932 and 1935. In 1936 Snoek® was studying magnetic

oxides in Holland; by 1945 he had laid the foundations
of the physics and technology of ferrites and a new
industry came into being.®

Ferrites are ceramic materials, dark grey or black in
appearance and very hard and brittle.

The magnetic properties arise from interactions
between metallic ions occupying particular positions
relative to the oxygen ions in the crystal structure of the
oxide. In magnetite, in the first synthetic ferrites and
indeed in the majority of present-day magnetically soft
ferrites the crystal structure is cubic; it has the form of the
mineral spinel. The general formula of the spinel ferrite
is MeFe, O, where Me usually represents one or, in
mixed ferrites, more than one of the divalent transition
metals Mn, Fe, Co, Ni, Cu and Zn, or Mg and Cd. Other
combinations, of equivalent valency, are possible and it
is possible to replace some or all of the trivalent iron ions
with other trivalent metal ions.

In the early practical ferrites Me represented Cu+ Zn,
Mn+Zn, or Ni+Zn. The first of these compounds was
soon abandoned and the other two, referred to as
manganese zinc ferrite and nickel zinc ferrite (often
abbreviated to MnZn ferrite and NiZn ferrite) were
developed for a wide range of applications where high
permeability and low loss were the main requirements.’
These two compounds are still by far the most important
ferrites for high-permeability, low-loss applications and
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constitute the vast majority of present-day ferrite produc-
tion. By varying the ratio of Zn to Mn or Ni, or by other
means, both types of ferrite may be made in a variety of
grades, each grade having properties that suit it to a
particular class of application. The range of permeabilities
available extends from about 15 for nickel ferrite to
several thousand for some manganese zinc ferrite grades.

The applications started in the field of carrier telephony
where the combination of good magnetic properties and
high resistivity made these materials very suitable as cores
for inductors and transformers. Since the resistivities were
at least a million times greater than the values for metallic
magnetic materials, laminated or powdered cores could
be replaced with solid ferrite cores and these could often
be made in a more convenient shape than their laminated
counterparts.

The application was extended to domestic television
receivers where they became, and still remain, the undis-
puted core material for the line time-base transformer
and the magnetic yoke used in the deflection system. In
domestic radio receivers, rods or plates of ferrite are used
as cores for magnetic antennas. Many other high-
permeability, low-loss applications have been found.® °

Meanwhile ferrites having hard magnetic properties
were discovered.!® They have a hexagonal crystal
structure and a typical chemical formula is BaFe,,0,,.
They are characterized by having very large coercivities,
e.g. greater than 160 Amm™" (2000 Oe). Because these
ferrites were introduced at a time when the more im-
portant constituents of metal permanent magnets, e.g.
Co and Ni, were scarce they found ready application. The
crystallite axes may be orientated during manufacture so
that anisotropic properties are induced and greater
magnetic energies may be stored.!' In both isotropic
and anisotropic form these ferrites are used for a wide
range of permanent magnet applications, e.g. loud speaker
magnets, magnetic chucks, small electric motors and
focussing magnets. Other hexagonal ferrites were
developed'? '3 having useful soft magnetic properties
that are maintained up to frequencies approaching
1000 MHz.

Another class of application arose when it was found
possible to prepare spinel ferrites, such as Mn Mg, Mn Cu
and Li Ni ferrite, having substantially rectangular hys-
teresis loops. The main use of these materials is for
memory cores.’* 15 These are very small toroids which
are used in large numbers as elements in rapid access data
stores. The storage function depends on the two distinct
states of remanence that these materials have and the
ease by which they may be selected and switched from
one state to the other. Rectangular loop ferrites are also
applied in devices such as switching cores, used to
send pulses of energy into selected memory core circuits,
and multi-aperture cores, used for performing a variety
of logic functions.

Applications at microwave frequencies resulted from
the discovery that the alighed moments of the electron
spins within the crystal lattice may be made to precess
at a frequency that depends on the strength of the steady
internal magnetic field. An incident circularly polarized
electromagnetic wave will only produce precessional
resonance (and the accompanying absorption) if the
rotation is in the right sense with respect to the direction
of the steady field. This gives rise to non-reciprocal
devices in which the transmission properties in one
direction are quite different to those in the other.!®
A variety of microwave devices have been developed
which depend basically on this principle. They include
wave guide isolators, switches, circulators, modulators,
etc. The performance of these devices depends among
other things on the saturation magnetization of the ferrite
and the width of the resonance absorption peak. Many
different ferrites have been used to meet the diversity of
requirements that occur in the field of microwave
engineering. Among the most important are spinel
ferrites, such as Ni ferrite, Mg Mn ferrite and Ni Cu Co
Mn Al ferrite, hexagonal ferrites such as BaFe;,0,4 and
garnet ferrites, such as yttrium iron garnet with various
substitutions.

Permanent magnet ferrites, rectangular loop ferrites
and microwave ferrites are extensive subjects, each merit-
ing its own specialised literature. As previously stated,
this book excludes them from further consideration and
concentrates on the properties and applications of
magnetically soft MnZn and NiZn ferrites. Further, it is
not intended to consider in this book the physics of
magnetism in general or of ferrites in particular. This
subject is extensively covered in the literature. However
a short qualitative description of the spinel lattice, the
magnetic domain and the magnetization process will be
useful as a basis for the discussion of the properties of
ferrites. The reader is referred to standard text books for a
more complete treatment.!”- 18- 19. 20

1.2. MAGNETISM IN FERRITES
1.2.1. The spinel lattice

Fig. 1.1 shows a unit cell of the spinel lattice and the sites
of the various ions. The small cubic diagram shows how
the unit cell is composed of octants of alternate kind: in
the large diagram only the four nearest octants are shown
complete, the remainder having the symmetry shown in
the smaller diagram. All the octants contain the same
tetrahedral arrangement of oxygen ions, the sites being
defined by four corners of a smaller cube, which in
practice is usually slightly distorted. In the octants corres-
ponding to the unshaded parts of the small diagram, the
remaining corners of the smaller cube are occupied by
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Fig. 1.1. Unit cell of the spinel lattice

metal ions. In the alternate octants these corners are
not occupied; instead there is a site in the centre of the
octant. This site, being surrounded by a tetrahedral
arrangement of oxygen ions, is called a tetrahedral site
or A site. A tetrahedral site is shown separately at the
top of the diagram. All the black spheres are in tetra-
hedral sites although this is not obvious when considering
only one isolated unit cell. The remaining metal ion sites
are surrounded by six oxygen ions in the form of an
octahedron. These are referred to as octahedral sites or
B sites; an isolated octahedral site is shown at the bottom
of the diagram.

In the unit cell there are 64 possible tetrahedral sites
and 32 possible octahedral sites. Of these only 8 tetra-
hedral and 16 octahedral sites are occupied in a full unit
cell. If, in the preparation, the ratio of metal ions to
oxygen ions is too small, i.e. there is excess oxygen then
some of the metal ion sites may be unoccupied. These
sites are then referred to as vacancies. If the ratio is
correct, then the unit cell contains 24 metal ions and
32 oxygen ions, i.e. there are 3 metal ions for every 4
oxygen ions. Thus the spinel unit cell may be considered
from the chemical point of view to consist of 8 molecules
having the formula MeFe,O,. Of the three metal ions,
one is on a tetrahedral site and two are on octahedral
sites. If the spinel were ‘normal’ the divalent Me ion
would occupy a tetrahedral (4) site while the trivalent
Fe ions would occupy the octahedral (B) sites. In an
‘inverse’ spinel the divalent Me ion occupies one of the
B sites while the trivalent Fe ions occupy the other B site
and the A site. In terms of a unit cell:

Me Fe, (O
Number of [ A site — 8 } 3

ions B site 8 8
In practice spinel ferrites have an ion distribution some-
where between ‘normal’ and ‘inverse’.

The spinel structure consists of a number of interlaced
face-centred cubic lattices. The most obvious one in
Fig. 1.1 is that formed by the A sites on the cell corners
and face centres. The remaining A sites (octant centres)
form another face-centred cubic lattice displaced from the
first along the cube diagonal.

The positions of the oxygen ions are also defined by a
set of interlaced face-centred cubic lattices. Any oxygen
ion may be taken as occupying a corner of a face-centred
cube having the same dimensions as the unit cell; all
other sites in this face-centred cube are also occupied by
oxygen ions. Again, the octahedral (B) ions occupy sites
on four face-centred cubic lattices. Each of these lattices
has the same dimensions as the unit cell and they are
displaced from one another along the edges of the smaller
cube in the unshaded octants.

These interlaced lattices are called sub-lattices and they
play an important part in the magnetism of ferrites.
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1.2.2. Magnetization

Electrons spin about an axis and, by virtue of this spin
and their electrostatic charge, exhibit a magnetic moment.
Normally, in an ion with an even number of electrons,
the spins or moments cancel, and when the number of
electrons is odd there will be one uncompensated spin.
For the transition metals the number of uncompensated
spins is larger, e.g. the trivalent Fe ion has a moment
equivalent to five uncompensated spins.

When the atoms of these transition metals are com-
bined in metallic crystals, as they are, for example, in
iron, the atomic moments are spontaneously held in
parallel alignment over regions within each crystallite.
The net number of uncompensated spins will be less than
for the isolated ion due to the band character of the
electron energies in a metal. The regions in which
alignment occurs are called domains and may extend
over many thousands of unit cells. The spin orientation
is along a direction of minimum energy, ie. external
energy is required to deflect the magnetization from this
direction and if the external constraint is removed the
magnetization will return to a preferred direction. This
directional or anistropic behaviour may arise from a
number of factors. Crystal anisotropy is inherent in the
lattice structure; the magnetization always preferring the
cube diagonal or cube edge. Mechanical strain can cause
anisotropy and the shape of the grain boundary will
nearly always produce anisotropy. The result is that the
magnetization is held to a certain direction, or to one of a
number of directions, as if by a spring. The greater the
anisotropy, the stiffer the spring and the more difficult
it is to deflect the magnetization by an external magnetic
field, i.e. the lower the permeability (see Chapter 2 for
definitions of permeability, etc.)

The parallel spin alignment implies that the material
within the domain is magnetically saturated. The mag-
netization is defined as the magnetic moment per unit
volume and is therefore proportional to the density of
magnetic ions and to their magnetic moments. This
magnetism arising from parallel alignment is called
ferromagnetism.

In a ferrite the metal ions are separated by oxygen ions.
As a result of this the ions in the A4 sub-lattice (tetrahedral
sites) are orientated antiparallel to those in the B sub-
lattice (octahedral sites). If these sub-lattices were identical
the net magnetization would be zero in spite of the
alighment and the ferrite would be classified as anti-
ferromagnetic. In the majority of practical ferrites the
two sub-lattices are different i number and in the type
of ions so that there is a resultant magnetization. Such
materials are classified as ferrimagnetic. For example, in
the foregoing section it was stated that in the general
spinel molecule MeFe, O, one metal ion occupies an A
site while two occupy B sites; thus in the case of MnFe,0,

where both metal ions have 5 uncompensated spins the
net magnetization is 5 spins per molecule. This compares
with a net moment of 22 spins per atom in the case of
metallic iron. For this reason a ferrite has a much lower
saturation magnetization (u M., ~ 0-5 Wb.m~?) than
metallic iron (about 20 Wb.m~2). However, in spite of
the partial cancellation of the spin moments, ferrites
possess sufficient saturation magnetization to make them
useful in a wide range of applications.

The crystallite is normally divided into a number of
domains of various spin orientations, e.g. opposite (180°)
and orthogonal (90°), so that the crystallite has very little
external field arising from the internal magnetization, i.e.

e e

=
= DOMAIN l——‘ lso’vmu.—————] DOMAIN ==

Fig. 1.2. Transition of spin direction at a 180° Bloch wall
(domain boundary )

the demagnetizing fields are small. The domain boun-
daries (Bloch walls) consist of regions many unit cells in
thickness in which there is a gradual transition of spin
orientation, see Fig. 1.2. This transition must act against
the anisotropic forces and the forces which tend to hold
the spins in alignment and therefore involves storage of
energy. The number and arrangement of domains in a
crystallite is such that the sum of the energies, mainly
the wall energy and the demagnetizing field energy, is a
minimum. Fig. 1.3 shows an idealized arrangement of
domains. If an external field is applied, the domain walls

—_—-

It

experience a pressure which tends to make those domains
having a component of magnetization in the direction of
the field grow at the expense of the unfavourably
orientated domains.

In practice it is energetically favourable for domain
walls to pass through certain imperfections such as voids,
stressed regions, non-magnetic inclusions, etc. Fig. 1.4 is a
simplified representation of the situation. In the absence
of an applied field the walls are straight and might occupy
the positions shown in (a). The dots represent imperfec-
tions. If a small field is applied in the direction shown (b)
the walls remain pinned by the imperfections but bulge

Fig. 1.3. Idealized
domain pattern
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Fig. 1.5. Hysteresis loop

as would a membrane under pressure. These movements
are reversible. The change in magnetization is restricted
by the stiffness of the walls. Under these circumstances
the lower part of the magnetization curve is traced. As
the field increases, the pressure on the walls overcomes
the pinning effect and the walls move by a series of
jumps (c, d, e). These movements are irreversible, i.e. if a
certain field change is required to produce a jump, the
reversal of that change, ie. the restoration of the field,
will not in general cause the wall to jump back. During
this part of the process the magnetization curve rises
steeply. Finally, when all the domains have been swept
away, further increases in field strength cause the magne-
tization vector to rotate reversibly towards the external
field direction until complete alignment is approached (f)
No further increase in magnetization is then possible
and the material is said to be saturated. Normally in a
polycrystalline material there is a wide distribution of

grain sizes, domain sizes, orientations, etc., and irrevers-
ible and reversible processes merge together. However
the above illustration represents the main stages in the
magnetization process.

If the magnetic field, having reached the maximum
value corresponding to Fig. 1.4(f), is made to alternate
cyclically about zero at the same maximum amplitude,
the initial magnetization curve will not be retraced. Due
to the irreversible domain wall movements the magne-
tization will always lag behind the field and an open loop
will be traced. This phenomenon is known as magnetic
hysteresis and the loop is called a hysteresis loop,
see Fig. 1.5.

The ease with which the magnetization may be changed
by a given magnetic field depends on the anisotropy, i.e.
magnetic stiffness, whether the change is due to reversible
or irreversible wall movements or rotations. A low aniso-
topy leads to a large induced magnetization for a given
magnetic field and therefore to a large value of sus-
ceptibility and permeability (see Chapter 2).

1.3. MANUFACTURE
1.3.1. Manufacturing processes

The processes used in ferrite manufacture on an industrial
scale are similar to those used in the manufacture of
other ceramics. The description of these processes given
in this chapter is intended mainly for the information
of the user, so that the possibilities and limitations of
manufacture may be taken into account when a particular
ferrite core design or application is being considered.
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Fig. 1.6. Typical flow diagram for the manufacture of polycrystalline ferrites

There are, of course, other methods of preparation which
are far less common and which have been used in special
cases, usually on a small scale. A brief mention of these
will be made before giving a more extended description
of the normal processes.

One such method of powder preparation is chemical
co-precipitation in which the constituents may be
precipitated from salt solutions in the form of hydrated
oxides or oxalates. This technique has the disadvantage
that the product is susceptible to changes in the conditions
of the solution during the preparation of a batch. Also,
unwanted products are formed and these are difficult
to remove. Electrolytic co-precipitation?! overcomes
these disadvantages while retaining the intimate mixing
inherent in co-precipitation. In this method the composi-
tion is formed by electrolysis from anodes consisting of
metals corresponding to the required oxides. The oxides
are formed continuously in an alkali salt electrolyte.
Good control and a high degree of purity are claimed.

The mixture of oxides, however prepared, is usually
sintered into a dense mass of the required shape. The
alternative, fusion, is another method that has been used
on a laboratory scale for the preparation of both single
crystals and for polycrystalline ferrite preparation.

Returning to conventional manufacture of polycrystal-
line ferrites, a typical flow diagram is shown in Fig. 1.6.
This diagram shows alternative processes, e.g. wet and dry
milling, and forming of final shapes by pressing or
extrusion. It is not intended to imply that in practice the

manufacture follows only the left hand or only the right
hand paths; in fact wet milling is often used in the
production of both pressed and extruded parts. Other
process variations are possible; some will be mentioned
in the more detailed description that follows.

The effect of the process variables on the magnetic
properties of the ferrite is a subject of great significance
to the manufacturer but it is beyond the scope of the
present treatment. However, a brief mention of the more
important relations will be included as appropriate in the
process descriptions. Inasmuch as this procedure intro-
duces the magnetic properties it will anticipate some of
the more elementary parts of Chapter 2.

1.3.2. Raw materials

The raw materials are normally oxides or carbonates of
the constituent metals. Chemical analysis, particle size
and price are important characteristics of these starting
materials. Because minor constituents or impurities may
have a great influence on the properties of the finished
ferrite it is normal to analyse incoming materials in an
attempt to ensure that the composition does not deviate
significantly from batch to batch. Particle size of the
starting material has a profound effect on the behaviour
of the product during manufacture.2? The ease of mixing,
the compressibility, the shrinkage and the reactivity all
depend on the particle size so it is normal to keep a check
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on this parameter to ensure uniformity between batches.
Materials of adequate purity and uniformity are usually
prohibitively expensive, and successful large-scale manu-
facture deépends on the skill with which reasonably-priced
materials may be used to produce consistently ferrites
having the required magnetic properties.

The constituent raw materials are weighed into batches
to give the proportions required for the composition.
Ignoring the influence of the minor constituents, the
relative proportions of the principal metal ions and the
oxygen ions have a basic effect on the magnetic properties.
In mixed ferrites there are three or more different metal
ions and this gives a wide range of possible relations.

Figs. 3.3.1 and 3.3.2 give an indication of the effect on
the saturation flux density of changes in the ratio of zinc
to other non-ferrous metal. Figs. 3.8.1 and 3.8.2 give the
corresponding effects on the permeability-temperature
relation. Zinc ferrite is paramagnetic at room tem-
peratures; it is seen that an increasing proportion of zinc
has the effect of reducing the Curie temperature and,
except at the higher temperatures, it gives rise to a
maximum saturation flux density. If more iron is used
than the amount required for the exact composition,
MeFe,0,, then the excess iron appears in the form of
divalent ions. Then Me, representing the divalent ions,
includes some ferrous ions, e.g. manganese-zinc-ferrous
ferrite. The effects of excess iron are complicated.?® 2*
A small excess can minimise losses and cause a secondary
peak in the permeability-temperature curve (see Fig.
3.8.4). It also provides conduction electrons and reduces
the resistivity ; for this reason the amount of iron is not
normally allowed to exceed about 109 of the amount
needed to supply the trivalent ions.

Trace elements such as cobalt or calcium are often
added to modify the properties of the ferrite.2® Since these
elements, and others, are usually present in small
quantities as impurities in the main raw materials the
amount to be added depends on the amount present
when the materials are received.

1.3.3. Mixing

The main purpose of this process is to combine the start-
ing materials into a thoroughly homogeneous mixture.
If crystallites of uniform composition and properties are
subsequently to be formed then the constituents must be
present in the correct proportions in any microscopic
volume of the bulk material. It is difficult to avoid
unmixing, i.e. one or more constituents becoming slightly
more concentrated in certain regions of the mass, by
virtue of the particle size or density. This may be due to
agitation, either during mixing or transport, or in the wet
process, due to sedimentation or selective filtration.

The mixing may be carried out dry, or the constituents
may have water added to form a slurry which may be
stirred with a turbine blade. Another method is wet ball-
milling. The constituents are placed in a rotating steel-
lined drum with steel balls and a medium such as water.
Steel is used because any iron picked up by the mixture
due to wear of the lining and balls may be allowed for in
the initial composition of the powder. The fluid is mainly
for cooling and mixing purposes. Wet milling usually
continues for periods up to about twelve hours. Particle
size reduction is not a primary aim of this process and is
not usually very great.

After wet mixing the product is poured off as a slurry
into a filter press where the water is squeezed out. The
resulting blocks are then dried in an oven. In the dry
process the powder has to be loosely pressed into blocks
ready for pre-sintering. The pressing into blocks makes
the product easier to manage in the kilns and improves
the thermal conductivity.

1.3.4. Pre-sintering

Pre-sintering or pre-firing is a calcining process in which
the temperature of the powder is raised to the region of
1000°C. Strictly this is not essential to the preparation of
ferrites but it is a very important means of obtaining the
necessary degree of control over the properties of the
finished product.

Swallow and Jordan?® state that pre-sintering is
carried out for the following reasons:

1. It decomposes the carbonates or higher oxides,
thereby reducing the evolution of gases in the final
sintering.

2. It assists in homogenizing the material.

3. It reduces the effects of variations in the raw
materials.

4. It reduces or controls the shrinkage occurring
during the final sintering.

A typical pre-sintering cycle for manganese zinc and
nickel zinc ferrites consists of passing the powder down a
tunnel kiln in air so that its temperature is raised to a
peak of 940-1060°C in about 8 h and then allowed to fall
until it emerges from the kiln at about 200°C, about 20 h
after entry. During this process the constituents partially
react to form ferrite, i.e. spinel crystals begin to form and
are normally allowed to grow to about 1u in size. The
extent to which spinel is formed depends on the reactivity
of the material, the temperature of the kiln and the time
for which the material is heated. Middel?” gives a linear
relation between spinel content and sintering tem-
perature starting at about 259 spinel formed at 800°C
and going to 1009, at about 1350°C.

After pre-sintering, the porous lumps of partly formed
ferrite are easily crushed ready for milling.
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1.3.5. Processing of the pre-sintered powder

The pre-sintered powder is milled to reduce it to small,
uniformly sized crystallites. This process is carried out in a
wet ball mill or a vibrating mill. In either case steel balls
are normally used and as previously stated the inevitable
wear of the balls may be allowed for in the composition;
balls of other materials might cause contamination.

Milling times of up to 12 h are commonly used. After
an initial period of rapid breakdown the particle size
decreases in proportion to the milling time and then
approaches a limiting value. The extent of the milling
affects the forming characteristics of the powder, the
sintered density and the magnetic properties such as
permeability and losses. Since the extent of the milling
depends on milling efficiency as well as the milling time
it is preferable to mill to a certain particle size rather than
a certain time. Particle size may be controlled by measur-
ing the aggregate surface area of the particles in a sample
of the powder.

After wet milling, the slurry is drawn off and the bulk
of the liquid is removed by a pressure filter. The filtered
material is then oven-dried and powdered. The dry-
milled powder does not, of course, require this treatment.

At this stage it is usual to add the binder and lubricants.
The choice of these additives depends on the subsequent
granulation process, the method of forming (pressing or
extrusion), the required strength of the formed piece-part
before firing, and the avoidance of undesirable residues
after burning-out during sintering. Commonly used
binders are gum arabic, ammonium alginate, acrylates,
polyvinyl alcohol, while waxes and wax emulsions, zinc
or ammonium stearate may be used as lubricants to ease
powder flow during forming. The quantities involved
are quite small; using water as a vehicle these additives
are blended with the powder to give the right consistency.
Sometimes the lubricant is added later, when the powder
has been granulated.

For the extrusion process the consistency must be that
of a stiff dough. This is obtained by kneading. The batch
1s then divided into separate charges of the right size and
shape for the cylinders of the extrusion machines. They
are de-aerated to remove voids which would be detri-
mental to the extrusion process and to prevent excessive
porosity of the sintered extrusion.

For dry pressing the powder must be in a form in
which it will flow readily and uniformly into the die. This
may be achieved by granulation. Methods of granulation
in common use are:

(a) Forming the powder (with binder) into tablets and
then partially breaking these down by a method
such as sieving.

(b) Pan granulation. The powder is loaded into a
rotating pan which has its axis inclined at about
45° to the horizontal. The tumbling action causes

the particles to agglomerate into small granules.

(c) Spray drying. The powder, with binder and
lubricant, is formed into a high solid content slurry.
Alternatively the binder and lubricant may be
added during milling and the milled slurry used
direct. The slurry is sprayed into a chamber where it
is atomized as high velocity particles in the presence
of currents of hot air. The arrangement is such that
the droplets scribe long trajectories before dropping
into the collecting zone as dry granules.

The optimum size of granul¢ is dictated mainly by the
die in which the part is to be pressed. If the granules are
too small or contain too many fines, the powder will
work its way in between the sliding faces of the tool and
cause excessive wear and friction. If they are too large
they may not adequately fill the extremities of the die.
Uniformity of size is important for a good flow of the
granules and, to ensure a dense compact, the granules -
must readily break down under the pressure in the die.

1.3.6 Forming

For the ferrites that are the subject of this book, the usual
forming method is dry-pressing or extrusion. Normally
the main purpose of this operation is, of course, to form
the powder into a shape which is as near as possible to
the final shape required. The dimensions of the forming
tools must be larger than the final part dimensions by a
factor which allows for shrinkage during sintering. The
product when sintered is very hard, and shape modifica-
tion at that stage is usually expensive. Another, equally
important, purpose of forming is to force the crystallites
into close proximity so that, during sintering, they may
grow to form a dense material, i.e. one having a low
porosity. There are occasions when the compacting is
more important than the shaping, e.g. in the iso-static
technique described among the miscellaneous methods
at the end of this section, the powder is pressed into a
simple shape of high density from which the required
final shape is cut after sintering, the quality of the product
justifying the cost of the technique.

Dry pressing

In its simplest form this process consists of pouring the
correct quantity of granulated powder into the die and
then closing the die with a prescribed pressure which is
usually in the range 1:6 to 16 kg.mm~2 (1 to 10 ton.in™32).
In practice the flow properties of the powder must be
taken into account and therein lies the art of dry pressing.
As the powder is compressed it builds up a friction
between its outer surface and the adjacent die walls. Due
to this friction and the viscosity of the powder, the
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Fig. 1.7. Some aspects of pressing technique

pressure (and therefore the density) in the pressed powder
is not uniform. Fig. 1.7(a) shows the simple pressing of a
cylinder and indicates by shading the higher pressure
zones caused by friction. If the length [ were long enough,
the friction alone would be enough to balance the applied
force and the powder at the bottom of the die would not
be compressed at all. This difficulty may be somewhat
alleviated by compressing the powder from both ends
as in Fig. 1.7(b). In practice it is usual for the die to move
in a vertical line during pressing, the movements of die
and punches being so related that the most uniform
pressed density is obtained. Even so, shapes having l/d
ratios of greater than about 5 are difficult to press
successfully.

Inhomogeneous pressed density leads to inhomogeneous
magnetic properties and so degrades the product. It also
leads to non-uniform shrinkage during the sintering and
this causes shape distortion as shown in exaggerated form
in Fig. 1.7(c). In more complicated shapes, non-uniform
pressed density may result from some zones being com-
pressed more than others, see Figs. 1.7(d) and (e). The
simpler the shape the more successful is the pressing and
the better is the control of the electrical and mechanical
parameters. On the other hand, as the understanding of
the flow properties of the powder improves and pressing
technology advances, more complicated shapes may be
successfully pressed. However, some shapes will always be

inherently difficult to press and control. Such shapes are
those that include:

(a) zones of widely unequal powder compression

(b) zones having large aspect ratios (I/d) in the direc-

tion of pressing

(c) abrupt change of cross-section

(d) features that lead to fragile die punches

(see Fig. 1.7())

Shapes having cavities extending perpendicular to the
line of pressing cannot normally be pressed as they would
require split dies. Such dies are rare in ferrite pressing
technology.

The pressed parts have the consistency of drawing
chalk. They are said to be in the green state. As the parts
leave the press a proportion of them are weighed to check
the density and they are then stacked on trays to await
sintering.

Extrusion

The extrusion process is used mainly for rods and tubes.
Such shapes cannot easily be dry-pressed, because if the
pressing were axial the length/diameter ratio would be
too great whereas if they were pressed transversely the
die punches would have feather edges.

The extrusion process is very simple. The de-aerated
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charge of plasticized powder is placed in the cylinder of
an extrusion machine. A ram then forces the charge
through a suitable orifice to form a length of rod or tube.
When a convenient length, e.g. about 0-7 m, has emerged,
the extrusion is stopped and the length is detached from
the machine to be laid on a tray. The tray has a number
of parallel grooves in which the still-plastic extrusions
may rest and be held straight while they dry. When the
extrusions are dry and hard the ends, which have been
deformed by handling, are removed and the remainder
may be sawn into pieces of the required length (allowing
for shrinkage during sintering). Where a large production
is required it is possible for the extrusion, cutting and
drying to be done automatically and this leads to a more
consistent product. Sometimes, particularly for shorter
lengths or where greater length accuracy is necessary, the
final cutting is done after sintering.

Miscellaneous forming methods

Iso-static pressing. The inhomogeneity arising from the
friction and flow of granulated or plasticized powders
may be avoided by iso-static pressing. In this method the
finely milled powder (particle size 0-1—0-3y) is placed,
either loose or after being compacted approximately to
the required shape, into a latex envelope itself approxi-
mating to the required shape, e.g. a cylindrical compact
may be formed and placed into a cylindrical sleeve. The
air is evacuated and the sleeve is sealed. It is placed in a
hydraulic pressure vessel and the pressure is raised to
about 1000 atmospheres. This pressure, acting on all sides
of the envelope, compresses the powder evenly and with
the minimum interference from friction.

This process may contribute to the preparation of high
density ferrites, e.g. having porosities of 0-1 %, or less but
the shapes obtainable from iso-static pressing are
relatively simple and this normally leads to cutting and
shaping. The cutting and shaping may either be carried
out before sintering or, if greater final accuracy is required,
after sintering. For items such as ferrite recording heads
for industrial or professional equipment, high density is a
prerequisite to good wear characteristics, and production
cost is less important than good performance. Accordingly
the ferrite parts for these heads are often cut from blocks
that have been iso-statically pressed and sintered to a
high density.

Slurry pressing. This technique is used when it is
necessary to induce orientation of the particles during
forming. The powder is made into a slurry and when the
required amount has been admitted to the die a strong
magnetic field is applied so that the orientation is
obtained. With the field maintained, the die closes and
the fluid is expelled by the pressure through filters at the
bottom of the die. This process is mainly used to make

anisotropic barium ferrite permanent magnets and aniso-
tropic high frequency hexa-ferrites such as Ferroxplana.
Hot pressing. This is a refatively new process in which

" the pressing and sintering occur simultaneously. The die

is made of a refractory material heated to the sintering
temperature by a surrounding electric furnace and
pressure is applied by die punches which do not enter the
sintering zone. This process, which is virtually confined
to cylindrical shapes, enables dense ferrites to be obtained .
at relatively low sintering temperatures.

1.3.7. Sintering

In the compacted form the partially reacted particles
press against each other over part of their surface, the
remaining surface forming the boundaries of the inter-
stitial voids or pores. At temperatures in the region of
1000°C and above, the free surface containing the voids
decreases, the particles grow together to form crystallites
and the density rises. During this process the linear
dimensions of the piece part shrink between 109, and
259%, depending on the powder and the pressing tech-
nology and this must be allowed for in the design of the
forming tool. The grain growth and the elimination or the
persistence of pores both have profound effects on the
properties of the sintered ferrites.?® 2° Typical crystallite
sizes range from about 5 to 40pu.

The properties are, of course, also affected by changes
occurring within the crystallite structure. These changes
are influenced not only by the temperature but also by
the atmosphere in which the sintering takes place,®® in
particular the partial pressure of the oxygen in the
atmosphere.

A mixed ferrite in a quarternary system such as
Mn-Zn-Fe-O can exist in a wide variety of compositions
within the limitations of the spinel structure. Even when
the proportion of the three metals is fixed during powder
preparation the valency states and the phase depend on
the amount of oxygen in the structure and this will depend
on the oxygen equilibrium between the structure and the
surrounding atmosphere. If, for instance, the partial
pressure of oxygen in the atmosphere is very small, any
excess iron in the composition would be present as ferrous
ions and would take its place with the other divalent
ions, e.g. Mn and Zn. A small proportion of ferrous ions
together with manganese ions tends to increase the
permeability and reduce the losses, but the co-existence
of trivalent and divalent ions of the same element lowers
the electrical resistivity. On the other hand excessive
oxygen in the atmosphere would prevent the formation of
ferrous iron. As well as leading to higher magnetic losses
and higher resistivity this would cause the formation of
cation vacancies since the ratio of oxygen ions (anions)
to metal ions (cations) would be excessive. The presence
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Fig. 1.8. Typical sintering cycle

of vacancies gives rise to after-effects such as change of
permeability with time, known as disaccommodation
(see Fig. 3.10).

The chemistry and physics of mixed ferrites comprise
a large and complex subject and many aspects remain
unexplored. The above brief excursion into this field is
intended to illustrate that the atmosphere control has a
direct bearing on the composition of the sintered ferrite
and therefore on its properties. The control is complicated
because equilibrium oxygen partial pressure varies with
temperature and at any one temperature the optimum
with respect to iron may not be the optimum with respect
to the other metals, e.g. manganese. In practice a com-
promise has to be found empirically. Another difficulty is
that uniform equilibrium may not be attainable because,
as the sintering proceeds and the porosity decreases, the
inner regions of the material become less susceptible to the
kiln atmosphere and inhomogeneity results.

Fig. 1.8 shows a typical sintering cycle for a production
ferrite. During the heating period the oxygen pressure is
often made relatively high; this may be done to assist the
burn-out of the binder. As the maximum temperature is
approached the oxygen pressure is normally reduced as
quickly as possible to a low value. However for some
ferrites, where the properties are not critical, this reduc-
tion of oxygen is not necessary and it is possible to carry
out the whole sintering process in air.

There are many types of kiln used in the manufacture of
ferrite.>! They may be classified according to the method
of heating—oil, town gas or electricity, and according to
whether the charge remains stationary (static kiln) or is
passed through the kiln (continuous kiln).

Oil firing, although the cheapest, presents some
disadvantages in process control and is not often used.
Kilns fired with town gas are extensively used where a

large throughput is required and where sintering in air is
permissible, e.g. for pre-sintering of powder and for the
final sintering of parts which are not required to have a
high magnetic stability. Gas-fired kilns are usually of the
continuous type. Such a kiln might be 43 m (140 ft) long
and produce nearly 500 kg (5 ton) of pre-sintered powder

per hour or 250 kg (} ton) of sintered parts per hour. The
charge is passed slowly through the tunnel of the kiln.
It is stacked on silicon carbide plates carried on trucks
and is protected from burning gas. The temperature
increases with distance along the kiln until the central
sintering zone is reached, thereafter the temperature falls
until it reaches about 200°C at the exit. The horizontal
scale of the firing-cycle, see Fig. 1.8, may be expressed as
distance along the kiln instead of time. Control is obtained
by a series of thermo-couples connected to potentio-
metric recorders and to electronic equipment operating
gas valves.

Static electric kilns are used mainly for development
work, for short production runs and for the sintering of
parts requiring special firing cycles. They have two main
disadvantages. It is difficult to maintain uniform condi-
tions, particularly temperature, throughout the zone
occupied by the charge, and it is difficult to control the
process because there is no output to monitor until the
process is complete.

The majority of high-quality ferrite is sintered in
electrically-heated continuous kilns. Fig. 1.9 shows the
side elevation and alternative sections of a pusher-type
kiln. The charge is stacked on silicon carbide pusher
plates which slide along either a track formed of tiles (a)
or along grooves formed in the lower parts of the tunnel
walls (b). The plates, which press against each other, are
slowly moved through the kiln by a ram which pushes
against the plate nearest the entrance. After the ram has
completed a stroke equal to the length of the pusher
plate it returns and another loaded plate is introduced.
Care must be taken to avoid the plates being obstructed
and causing a catastrophic hold-up or pile-up inside
the kiln.

The kiln is heated by elements consisting of either
silicon-carbide rods or wire such as Kanthal. The
elements may be placed either in the side walls of the
tunnel as in section (a) of Fig. 1.9 or along the roof and
floor as in section (b). The temperature may be kept
more uniform if the aperture of the kiln is shallow; for
this reason the roof and floor offer better accommodation
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Fig. 1.9. Diagram of a pusher type kiln

for the elements and this system is preferred.

An alternative arrangement is to use trucks instead of
plates. The trucks butt together so that they virtually
form a floor to the kiln, their sides dipping into sand
troughs to provide a seal. Trucks allow larger loads and
greater immunity from obstruction but since the loads
tend to be tall and narrow and the elements must be
located in the tunnel walls there is an appreciable
temperature gradient between the bottom and the top of
the charge.

The temperature control in the various zones of an
electrically-heated continuous kiln is obtained by means
of thermo-couples placed in the walls and almost touching
the charge. The thermo-couples, which must be screened
against leakage currents from the elements, operate
potentiometric recorders and means of controlling the
element currents.

Atmosphere control is normally required to produce a
pre-determined transition from air or oxygen in the
rising temperature zones to a low oxygen partial pressure
at or about the zone of maximum temperature. This may
be obtained by feeding air in at the entrance of the kiln
and nitrogen in at the exit. Inlets for air or nitrogen are
also provided at intermediate points. The flow of gas past
the charge is impeded by baffles. The nitrogen and air
pass along the kiln towards the centre until they reach a
point determined by relative air/nitrogen pressures where
they rise and pass above the charge to be exhausted at a
point above the entrance. An air-lock is necessary at the
exit end to prevent air leaking into the cooling zone.

Instruments are used to measure and record the oxygen
content at a number of points in the kiln and by means
of these instruments the oxygen content is automatically
controlled.

1.3.8. Finishing

When the sintered part leaves the kiln it is 10-25%;
smaller in linear dimensions than its pressed size. If the
pressed density and the firing cycle have been correctly
controlled it is normally possible to hold the dimensions
of the sintered part to better than +29 for pressed parts
and 3%, for extruded parts. As explained in the section
on pressing, non-uniform pressed density can lead to
distortion during sintering, and where the geometric form
oi the part (e.g straightness, roundness) is important it
may be necessary to specify geometric tolerances or
form gauges.

If the specified tolerances of dimensions or form are
smaller than those which may easily be achieved by
sintering alone then some form of finishing process will
be required. Such a process usually consists of grinding or
cutting. As the sintered product is hard and abrasive, the
grinding and cutting will significantly increase the
production cost. For this reason it is usual to avoid,
where possible, tolerances smaller than those obtained
by sintering.

The most usual, and often unavoidable, finishing
process is the grinding of surfaces which are required to
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give low-reluctance butt-joints in the assembled magnetic
circuit. Fig. 1.10 shows typical mating parts. The surfaces
A— A must be made flat and smooth so that the residual
gap obtained on assembly is as small and as stable as
possible. Surface grinding may also be required to control
a dimension, such as h, to close tolerances.

As far as mating surfaces are concerned the degree of
flatness and smoothness obtainable depends to a large
extent on the acceptable cost of the operation. In principle
a reasonable surface may be obtained by the use of a
normal surface grinder and this is often used when only a
few parts are involved. In mass production it is usual to
use a plough grinder. In this the work, perhaps a hundred
pieces or more, is attached magnetically to a large circular
surface plate. This rotates slowly in a horizontal plane.

p—— Ny I ] N L
) e TR

(a) (b)

Fig. 1.10. Typical mating parts

Above this plate and laterally removed from it is
another circular plate carrying an abrasive annulus. This
plate is rotated rapidly and the vertical clearance between
the lower plate and the abrasive segments is adjusted to
equal the required height of the ground piece part. The
work is flooded with coolant, usually water, and the lower
plate is moved laterally under the upper plate until all the
parts have been ground to size by the abrasive wheel. It is
usually necessary to grind the back face of the work first
so that a stable base is formed. Such a process will give a
total residual air gap (two butt-joints) equivalent to about
5u. If a substantially smaller gap is required then lapping
techniques must be used. As these are not easily adapted
to mass production the cost of this improvement can
be high. .

Another widely used finishing process is the cutting to
length of extruded rods or tubes. This is done with a
diamond-impregnated metal-bonded wheel. Where it is
necessary to remove sharp edges, e.g. the edges of a ring
on which & conductor is to be wound, this may be
successfully done by tumbling (rumbling).

Finally there is the cracking process commonly used in
the manufacture of television deflection yokes. These
yokes are normally pressed in the shape of a bottomless
flower pot. Before being fitted over the neck of a picture
tube the deflection coils will have to be fitted and this
necessitates dividing the yoke into mating halves. This is
done during manufacture; the yoke is cracked along a
diametral plane by the heat of two fish tail gas burners
applied along the required dividing lines. Sometimes the

required dividing lines are defined by notches or grooves
formed during pressing. Due to the somewhat random
nature of the cracks, the cracked parts must remain paired
so that when incorporated in the deflection assembly they
may be restored to an almost perfect magnetic circuit.

1.3.9. Inspection

The mechanical dimensions are checked by conventional
techniques. The magnetic properties pose greater prob-
lems. For a typical ferrite core it is necessary to control
about seven magnetic parameters and some of these
present appreciable measuring difficulty, e.g. the measure-
ment of very low magnetic losses, temperature coefficients
of permeability, etc. Some measurements cannot easily
be done on the production line and usually require the
specialized resources of a quality control laboratory.
Although such facilities, used on a sampling basis, give
adequate inspection of the manufactured product, the
inevitable time delay makes the effective feed-back of
process control information rather difficult. This latter
aspect of inspection is probably the more important
because it can ensure that the process will be maintained
in a high-yield condition. In practice adequate inspection
and control is attained by a combination of on-line and
laboratory testing backed up by the accumulated
inspection records from which control relations may
be derived.

1.4. FINISHING PROCESSES AVAILABLE TO
THE USER

Usually a ferrite part leaves the factory in its final form
and the user has only to combine it with the required
winding and hardware to complete the wound assembly.
There are, however, instances where the user must carry
out some finishing process on the ferrite itself: (a) in the
development of a prototype design it may be necessary to
carry out machining operations, (b) in the production of
inductors or transformers the design often requires core
halves to be cemented together and (c) the encapsulation
of the complete wound assembly is sometimes necessary
to provide adequate environmental protection of the
winding. In many cases users have developed their own
techniques; in this section some brief notes on these
topics will be given for the guidance of those encountering
these problems for the first time.

1.4.1. Machining

Normal ceramics machining techniques and standard
machine shop equipment may be used for most shaping
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operations on ferrites; see Section 3.3 for data on
hardness, etc.

For surface (and cylindrical) grinding, ‘green’ silicon
carbide wheels may be used. Roughing operations require
a fairly hard grade of wheel with a coarse texture while
for finishing a softer wheel with finer grains may be used.
A peripheral speed of 1500 to 1800 m.min~ ! (5000 to 6000
ft.min~!) is suitable. The cut should be limited to about
0-025 mm (0-001 in) and the traverse should be rapid so
that local heating is restricted. The work should be
flooded with coolant; water or a dilute soluble oil
solution is suitable. The wheel must be dressed true so
that ‘hammering’ of the work due to eccentricity is
avoided. The dressing must be repeated at frequent
intervals because ferrite rapidly dulls the wheel.

Diamond machining is a much better technique.
Diamond-impregnated metal-bonded cutters may be
used for surface grinding, drilling, reaming and sawing.
Because the cutting is much more efficient, less heat is
generated and larger cuts and slower traverse may be
used. For surface grinding, wheels having diamond
particles of 150 to 180u (100 to 80 mesh approx.) are
normally used and the peripheral speeds should be
similar to those quoted for silicon carbide wheels. Cuts
of 0-6 mm (0025 in) may be taken. For sawing, the size
of the diamond particles may vary from 150 to 90u
(100 to 170 mesh approx.) depending on the thickness of
the wheel. As before, peripheral speeds of 1500 to 1800
m.min~' (5000 to 6000 ft.min~*) are recommended. The
cut may be as large as the available radius of the wheel; a
25mm (1in) cut is quite common. Again an ample
quantity of coolant is essential ; water or dilute soluble oil
solution may be used.

A valuable technique, which cannot be classed as
normal machine shop routine, is ultrasonic drilling.
A tool, having a cross-section identical to that of a
required hole, is attached vertically to the end of an
electro-mechanical transducer which is resonated longi-
tudinally at ultrasonic frequency, e.g. 20 kHz. The end
of the tool is brought into contact with the ferrite and
it delivers a rapid succession of minute blows. An
abrasive slurry, such as 45 (325 mesh approx.) boron
carbide in water, submerges the end of the tool and
the result is that a downward pressure on the tool causes
it to cut its way through the ferrite. In this way holes or
patterns of holes of any cross-section may be drilled.
Large holes may be trepanned by using hollow tools thus
reducing the amount of ferrite cutting to a minimum. The
tool is usually made of mild steel or brass and an ultra-
sonic power of 300 W is suitable for most purposes.

1.4.2. Cementing

Ferrite-ferrite bonds may be made with thermo-setting

resin adhesives, in particular the epoxy resins, but if the
bond is to be strong and permanent a number of precau-
tions must be observed. The main cause of the deteriora-
tion of bond strength between ferrite parts appears to be
the ingress of water vapour between the ferrite and the
resin. Some resins are more resistant to this deterioration
than others and the porosity of the ferrite is probably also
a factor. The test of a good bond is its strength after it has
been subjected to a number of damp heat cycles. Often a
wound component, €.g. an inductor, must be protected
from dampness in order to prevent corrosion or degrada-
tion of the winding during its service life. If such protec-
tion includes the ferrite core, the deterioration of joint
strength due to dampness ceases to be a problem. Before
subjection to dampness, a good bond has a tensile
strength that is greater than that of the ferrite. Not all the
factors contributing to a good bond are understood, but
experience has shown that the following points are
significant.

Choice of adhesive

The available range is very large. The most important
factors influencing the choice are the required curing
temperature and the viscosity. The economic curing tem-
perature must not be above the maximum temperature
to which the assembly may be safely raised. If the
assembly consists only of ferrite and other inorganic
parts it will not usually impose a limit to the curing
temperature. To bond the parts of such an assembly a
hot setting resin may be used. Such resins cure quickly
at about 180°C to give very strong bonds. They are
available in solid, powder or liquid form. As solids or
powders they present some difficulties in application on a
production scale. The liquid form usually consists of two
components, the resin and the hardener, and these are
mixed together by the user. Usually one or both com-
ponents contain a solvent and in that case the manu-
facturer generally recommends that as much of the
solvent as possible be driven off by warming the mixture
in free air conditions. This may be done after the adhesive
has been applied but before the mating surfaces have been
brought together, or alternatively the process may be
carried out on the adhesive in bulk before application.
While this appears to be essential for a good ferrite-
metal bond experience has shown that solvent removal is
not necessary for ferrite-ferrite bonds.

If the assembly includes temperature limiting materials
such as thermoplastic or other organic insulating parts
then resins with lower curing temperatures, e.g. 100 to
120°C, will have to be used. Cold or warm setting resins
are also available but they are usually inferior to the hot
setting resins in bond durability and stability. Flexible
adhesives have advantages under some circumstances,
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but they tend to creep under load and may have poor
stability even when unstressed. If the bond is required to
withstand adverse environmental conditions, particularly
damp heat, the strength of sample joints should be
determined experimentally after exposure to such
conditions.

The other important factor is the viscosity. If it is too
high application is difficult; if it is too low the resin may
run out of a poorly-fitting joint or, in a well-fitting joint,
it may be absorbed by the porosity of the ferrite. It is
sometimes an advantage to incorporate a filler such as
finely powdered chalk or silica. This will reduce the
temperature coefficient of linear expansion, reduce the
shrinkage occurring during curing and increase the
viscosity. On the other hand it makes the exclusion of air
or water vapour from the mixture more difficult and it is
usually advisable to remove the water vapour from the
filler before mixing.

The selected adhesive should be easy to prepare, it
should have an adequate pot life and a simple and
reasonably short curing cycle. Needless to say, the manu-
facturer’s instructions for a particular resin must be
meticulously followed. The constituents must not have
exceeded the permitted shelf life and must not have been
exposed to excessive atmospheric moisture before or after
mixing. Quite often bond weakness may be traced to
insufficient care in the preparation of the resin mixture.

Preparation of surfaces

The surfaces to be bonded must be perfectly dry and free
from contamination. It is advisable to clean the surfaces
before bonding. Degreasing in solvents is widely employed
but it has been found that ultrasonic washing in hot
water containing a small amount of detergent is the most
effective process. After cleaning, the surfaces should not
be touched by hand.

Application

For maximum bond strength, the resin manufacturers
usually specify the thickness of the adhesive in the joint;
figures between 0025 and 0-25 mm (0-001 and 0-01 in)
are often given. However, in a ferrite-ferrite bond it is
usually necessary to make the joint as thin as possible in
order to minimize the reluctance of the residual gap in
the magnetic circuit. In practice adequate joint strengths
are possible between flat ferrite surfaces from which all
the surplus resin has been expelled by the application of
pressure or by rubbing the surfaces together. It is
obviously preferable to use resins that have an optimum
joint thickness that is near the lower end of the above-
quoted range. Joints prepared in this way have effective

gaps in the magnetic circuit that are not significantly
larger than those obtained when the joints are dry.

Curing

After application of the adhesive, the mating surfaces
should be clamped lightly together to provide contact
pressure, e.g. a pressure of 002 kg.mm™~2 (27 Ib.in " 2) has
been found satisfactory. The manufacturer’s curing
instructions should then be followed. If a warm or cold
setting resin has been used it is usually preferable to cure
at a suitable elevated temperature (e.g. 60-80°C) as this
will result in improved strength. However if the viscosity
becomes very low at the curing temperature so that there
is a risk of excessive absorption by the ferrite, it is
recommended that partial curing be allowed at room
temperature and that this is followed by a suitable heat
cycle to complete the cure.

Bonds between ferrite and other materials are more
difficult insofar as there is a difference in the temperature
coefficients of linear expansion. This coefficient, «, for
ferrites is about 10x 107% °C~!. Thus steel (x = 12 x
107¢°C~') may be successfully bonded (although steel,
having large magnetic losses, is not recommended for
intimate connection to a ferrite core), while brass (a =
19x 1076 °C™ ") presents the difficulty of accommodating
the differential expansion or contraction. In practice the
interfaces are locked together as the resin cures at a
temperature which is usually well above room tem-
perature. On subsequent cooling a stress is created. The
attachment is then prone to failure due to the resin or the
ferrite fracturing under the stress. The best remedy is to
alleviate the stress by reducing the shear strain in the
adhesive. This may be done either by using a flexible resin
or by making the adhesive layer as thick as possible, e.g.
by including an open glass cloth scrim wetted with
adhesive. As stated earlier, if the resin mixture contains
solvent it is usually advisable to remove as much of it as
possible by warming the mixture in free air conditions.
This may be done after application but before the mating
surfaces have been brought together or it may be done
before the adhesive has been applied.

Apart from the additional aspects, the procedures
described for the ferrite-to-ferrite bonds apply equally
well to these dissimilar bonds.

1.4.3. Encapsulation

Encapsulation is a technique of protection whereby an
electrical component or assembly is embedded in a
casting of insulating material, e.g. synthetic resin. The
component or assembly is suitably mounted in a mould
and the encapsulant is poured in until it is covered.
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Usually all air and water vapour is removed by evacuation,
thus ensuring that the finished casting is without voids.
The encapsulant is then allowed to set or cure into a solid
or elastic mass. The main protection is against mechanical
shock and vibration, and against hostile atmospheric
constituents such as water vapour, sulphur dioxide and
salt. Ferrites, being inert to atmospheric conditions, do
not normally require such protection, but in most wound
assemblies it is difficult to provide the essential protection
of the winding without including the core.

There are many encapsulants available, the main ones
being epoxy resins and silicone compounds. To perform
its task successfully an encapsulant should be tough,
impervious to the atmosphere (particularly to water
vapour) and capable of adhering to any parts of the
assembly, e.g. terminal connections, which break the
surface of the casting. The latter point is of importance
because lack of adhesion could provide capillary paths
by which water vapour may reach the inside of the
assembly.

The encapsulation of a wound ferrite assembly presents
special difficulties. It has been observed that except for
mechanical protection the ferrite core does not need to be
encapsulated. In practice the core must usually be included
and it is the resultant stresses that give rise to the
difficulties. The main factors are:

(a) Most resins shrink during the curing process and
exert a compressive stress on the core. If the curing
has been done at an elevated temperature the
differential temperature coefficient will increase the
compressive stress. It is shown in Chapter 3 that
mechanical stress can appreciably change the
initial permeability of a ferrite, so the process of
encapsulation may cause a change of inductance.
This difficulty may be overcome by using a non-
rigid resin, e.g. a silicone elastomer or an epoxy
resin which has been made flexible by the addition
of liquid polyamide resin or polysulphide rubber.
Such non-rigid resins must be selected with great
care because they may lack toughness, or the ability
to adhere to the terminal connections or they may
not be a sufficient barrier to water vapour.

Another possibility is to load the resin with a
filler in an attempt to equate the temperature
coefficients of the encapsulant and the ferrite.
However, because filled resin sets hard and exact
temperature coefficient compensation is unlikely,
appreciable residual stress must be expected.

(b) If the resin completely fills the winding space, and
has been cured at room temperature, a rise of
temperature will cause a bursting stress on the core
as the differential temperature coefficient reverses
any stress due to curing shrinkage. This effect can

easily break any ferrite core which, like a pot core,
encloses the winding, even if the encapsulant is
quite flexible. For this reason it is undesirable to
allow the encapsulant to fill spaces enclosed by
ferrite.

A particular case in this category is the effect
of a hard resin in the air gap of a pot core. Dif-
ferential expansion will cause the gap to increase
with temperature and this will tend to make the
temperature coefficient of inductance negative.
Even if fracture does not occur the resuitant tem-
perature coefficient of inductance will be un-
predictable. The stresses due to volumetric expan-
sion of the encapsulant in ferrite cavities may be
made negligible by the use of foam encapsulants
since the gas in the foam is easily compressible.
The foam encapsulant must of course be satisfactory
in all other respects.

(c) If the resin sets hard and adheres to the surface of
the ferrite, the differential temperature coefficient
will cause shear stresses in the surface of the ferrite,
an action similar to that of a bimetal strip. Such
stresses could cause fracture, so it is good practice
to prevent adhesion to the ferrite.

(d) Most resins have fairly high permittivity and
dielectric loss angle. Such resins, if allowed to enter
the winding or the winding space, could increase
the losses of most medium or high frequency
inductors. This may be another reason for pre-
venting the resin from entering the winding space.

Summing up:
The encapsulant should be:

sufficiently tough,

a sufficient barrier
conditions,

sufficiently flexible to prevent compressive stresses in
the ferrite,

capable of good adhesion to parts of the assembly
which break the surface, e.g. terminal connections.

to adverse environmental

The encapsulation technique should:
avoid solid filling ferrite-enclosed
winding spaces and air gaps,
avoid adhesion to the ferrite if a hard encapsulant
is used.

spaces, e.g.

It is not easy to select an encapsulant and develop a
technique which fulfils these requirements. For this reason
encapsulation is not widely employed in the production
of high performance inductors and transformers using
ferrite cores.
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Chapter 2

The Expression of Electrical and Magnetic

Properties

2.1. MAGNETIZATION

The magnetic field strength, H, inside a very long uniform
solenoid having N, turns per axial length / and carrying
I amperes is given by

NI
H=—""

Am™!
l m

@.*

Its direction is parallel to the axis of the solenoid and it
is uniform across the internal cross section.
The associated flux density, B, is given by

B=puH teslat (T),ie. Wo.m™2 2.2)

where p, is the magnetic constant or the permeability of
free space. It has the numerical value 4z x 10~ 7 and has
the dimensions henries/metre or [LMT~21~2]. Thus in

*Many of the quantities used in this section are vector quantities
and therefore the equations involving them are vector equa-
tions. However, in the present limited treatment, the relative
directions of the vectors are implied in the text so no special
symbols will be used to denote vector quantities or vector
operations. For a more general treatment the reader is referred
to textbooks on electromagnetic theory.

+The unit of flux density in the SI units has been named the
‘tesla’ and has the symbol T, (see IEC Publication No. 27).
It has the units Wb.m~2 so there is no change in its value:
IT =1Wbm ?=10*Gs
1 mT = 10 Gs

the SI units, flux density is dimensionally different from
field strength.

If the solenoid is now filled with a magnetic material,
the applied magnetic field will act upon the magrietic
moments of the ions composing the material. This process
has been described qualitatively in Section 1.2.2. The ions,
by virtue of the spinning electrons, behave as microscopic
current loops each having a magnetic moment. These
moments may, in general, be considered to be aligned
parallel to each other over small regions, or domains,
within the material. In the demagnetized state the
domains are distributed so that the vector sum of the
magnetization of the domains is zero. Under the influence
of an applied field the ion moments are re-orientated,
either by the growth and contraction of the various
domains or by the rotation of the magnetization within
them, so that the ionic moments effectively augment the

4n N,I
101

Oe

@1) H=
(1 Oe ~ 80 Am™!)

(22 B=H Gs

In the CGS systém of units H and B have the same
dimensions and therefore the oersted and the gauss are
strictly the same units.
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applied field. This increase in magnetic field is called the
magnetization, M, and it is expressed in A.m~ . It is the
vector sum of the magnetic area moments* of all the
microscopic currents in a given volume of material,
divided by that volume. The internal magnetic field, H,,
becomes

_ Ny

Hi = T+M

and the flux density becomes:

Am™! 23)

T, (Wb.m™2) 2.4)
T, (Wb.m™?) 2.5)

B = pH, = p(H+M)
or B=uH+J

where J is the magnetic polarization in teslas; it is
sometimes referred to as intrinsic flux density

J=pM T 2.6)

Thus M is the increase in the field strength due to the
magnetic material and J is the corresponding increase
in flux density. The ratio of the magnetization and the
applied field strength is called the susceptibility, x; it is
dimensionless.

From Egn 2.4
B M
~ = — = 2.7
H #0(1+H> B(1+K) 2.7

This quotient of flux density and applied field strength is
called the absolute permeability and is sometimes
denoted by p. However it is more usual to show it as the
product of the magnetic constant and a dimensionless
constant called the relative permeability, u,. In the chapters
that follow, the relative permeability is such a widely used
parameter and is given such a variety of qualifying sub-
scripts that it is convenient to drop the adjective ‘relative’.
Thus permeability will refer to the dimensionless ratio
and in equations it will normally be associated with the
magnetic constant, u,. The absolute permeability, as such,
will not be used.

*Magnetic area moment, m, is the product of a current and
the area of the loop in which it flows, the direction is normal
1o the plane of the loop and when viewed in this direction
the current has clockwise rotation.

B_ 2.8
T Mt (2.8)

from which it follows that
k=pu—1 29)

The applied field strength may be determined by
measuring the current and using Eqn 2.1. The measure-
ment of flux density depends on the law of induction, i.e.

e=—d¢/dt V (2.10)

where ¢ is the magnetic flux ie. the area integral of the
flux density; it is expressed in Wb.

In the ideal solenoid ¢ = B4 where A is the cross-
sectional area of the magnetic material. If N, turns are
wound tightly round the magnetic material the e.m.f.
induced will be

e= —N,AdB/dt Vv (2.11)

By integration, the average e.m.f. during a change of
flux density, AB, is:

E= —-N,AAB V (2.12)

The negative sign indicates that the e.m.f. is in such a
direction that it would produce current opposing the

change of flux. If the flux density is sinusoidal, e.g. if
B = Bsin wt, then from Eqn 2.11, dropping the sign:

e = N,ABwcoswt = E cos wt
E=wBAN, V

_ @BAN,
7

If the current in the ideal solenoid is increased from
zero, the field strength increases and the magnetization
will increase non-linearly by the processes illustrated in
Fig. 1.4. It is more usual to consider the dependence of
the flux density on field strength. Such a B-H curve is
shown in Fig. 2.1. Starting with the magnetic material in
an unmagnetized or neutralized state the B-H curve
will follow the path oba. If, on reaching the point a, the
field strength is decreased, the B~-H curve will follow the

or E

v (2.13)

4n NI

@3) H = +an M Oe
@4)
}B=Hi=H+4nM Gs
25)
en B o iraMoiia
. —_—= T — = K
H H
e 2=
8) F=H

29) 4nk = pu—1

d¢
210) e = ——x 1078V
(2.10) e a =

dB _
(2.11) e = —NZA—d?xlo 8 v

(212) E= —~N,AABx107% V
wBAN,
2

QI3) E = x107% vy
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Fig. 2.1. Hysteresis loop
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upper limb of the open loop. As explained in Chapter 1,
a reason for this lag in the change of flux density is the
irreversible movement of the domain walls. If, on reaching
point d, symmetrical with a, the field strength is increased
again towards its former positive maximum value, the
lower limb of the loop will be traced. The loop is called a
hysteresis or B~-H loop. Although, on the first cycle, the
loop may not close exactly, a number of cycles will result
in a closed loop. If the excursions of H are symmetrical
about the origin the material is then said to be in a
symmetrical cyclic magnetic state.

If the field strength is large enough to take the material
substantially into saturation, ie. to a point where the
magnetization M cannot be significantly increased, then
the intercept of the hysteresis loop with the B-axis, B,
(or —B,), is referred to as the remanence of the materiai
and the intercept with the H-axis, H_ (or — H,), is referred
to as the coercivity. The tips of loops for smaller excur-
sions of H lie very close to the initial magnetization
curve oha.

Since B is a two-valued function of H, the instantaneous
ratio B/H depends on the magnetic history. However in
alternating magnetization it is usually relevant only to

consider the peak amplitudes of B and H, i.e. the tips of
the loops. If the material is in a symmetrical cyclic state
and H is vanishingly small, the permeability is designated
I;, the initial permeability. It is 1/u, times the slope of
the line oe. If H is not vanishingly small, then the per-
meability is referred to as the amplitude permeability
designated u,. It is 1/u, times the slope of the line con-
necting the origin to the tip of the loop produced by that
particular value of H. As H increases, u, increases, until
the tip of the loop reaches b and the slope of the line ob is
the maximum value of ppu,.

A non-symmetrical or minor loop is traced if, on
reaching a point such as ¢, the field variation is reversed
and the material is cycled between ¢ and f. The slope of
¢of divided by y, is called the incremental permeability,
Uy, and if the amplitude of the excursion is made van-
ishingly small it becomes the reversible permeability, p,.
Finally, the slope at any point on a hysteresis loop or
curve is referred to as the differential permeability.

In principle B, H and u have meaning and may be
observed without the need for windings, e.g. in a wave-
guide or a cavity. However, in the present context, it is
by means of windings on magnetic cores that magnetic
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properties may be observed and put to useful purposes.
The ideal solenoid is not a practical arrangement but it
mey be simulated by a uniformly wound toroidal core.
An ideal toroidal core is radially thin so that it approaches
an elementary ring and consequently has a uniform
distribution of field strength and flux density across its
cross-section, Such an ideal toroid is assumed in the
remainder of this chapter. It is further assumed tnat the
windings fit closely to the core, the flux is contained
entirely in the core and that the effects of stray inductance,
capacitance or resistance due to the winding are negligible
so that the impedance measured across a winding is due
entirely to the properties of the core material.

The methods of expressing core properties will be
related to such a core. In a practical device the core
departs from the ideal, having, in general, a relatively
large non-uniform cross-section and perhaps an air gap
in the magnetic circuit. The modifications to the theore-
tical relations required to cover such a core are considered
in Chapter 4.

2.2 THE EXPRESSION OF THE
LOW-AMPLITUDE PROPERTIES

In the majority of applications of magnetic materials in
inductors and transformers, the field strength or flux
density is varying in a more-or-less complex way. For the
purpose of expressing material properties and design
relations it is convenient to consider only sinusoidal wave
forms. Ferrite cores are often used at quite low amplitudes.
At these low amplitudes the non-linearity between B and
H is small so that, to a first order, the waveform distortion
may usually be neglected. Under these conditions, if the
field strength is sinusoidal then the flux density and the
e.m.f, (proportional to dB/dt) may be taken as sinusoidal.
Thus simple a.c. theory may be used to describe the
influence of a magnetic material on an electric circuit.
When distortion must be taken into account this may be
done by specifically introducing non-linearity into the
relations.

For the present purpose, low-amplitude may be taken

as corresponding to flux densities of the order of, or less -

than, 1% of the saturation flux density.

2.2.1. Complex permeability

The inductance of a circuit may be defined as the flux
linkage per unit current, i.e. for an alternating current of
peak amplitude I,
Né
= = H
1

For a winding of N turns on an ideal toroid of magnetic

length ! and cross-sectional area A

_NBA N4 NI

Le—=—=5ruT
L=t 72/1 H (2.14)
= Lou
where
L. #N*A

= the inductance that would be measured if the
core had unity permeability, the flux distribu-
tion remaining unaltered.

In general the impedance of the winding will not be a
pure reactance; there will be a resistive component due
to the loss of energy incurred as the magnetization
alternates. The impedance may be expressed in terms of a
complex permeability.

Whereas a loss-free core will present a reactance
X = jwL, a core having magnetic loss may be represented
by an impedance:

Z = joL,+R,
= joLus—p)
where R, 1is the series loss resistance
L, is the series inductance
Uy is the real component of the series complex
permeability
and u! is the imaginary component of the series com-
plex permeability.

(2.15)

Then
oL = oL }
R, = wLou{
and the magnetic loss tangent:
R
fan 5, = —& s (2.16)
wL,
_
B J

where 8, is the loss angle, i.e. the phase angle between
B and H.

Fig. 2.2(a) shows the vector diagram corresponding to
the series circuit.

An alternative approach is to represent the same
impedance in terms of parallel components. Fig. 2.2(b)
shows the equivalent vector diagram, the applied voltage
U and current I in each case corresponding exactly in
magnitude and phase. Then the admittance,

2

N4
(214) L = 4mu—=x10""  H

2

N?4 . o
= L,u where L, = 4n—l—x 10~
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1 1 1 /1 1
Y=—+—=- ——— Q@217
JoLy, R, joL\p, ju,
where R, is the parallel loss resistance
L is the parallel inductance

u, is the real component of the paralfel com-
plex permeability

and u, is the imaginary component of the parallel
complex permeability
Then
oL, = wLu,
R, = oL u;
and the magnetic loss tangent: (2.18)
tan J,, = (311’ He

P “p

By analogy with the conversion of series to parallel
impedances quoted in Fig. 2.2 the following relations

ﬁ

r
|

Twl
$ U=1z U=1z
s = s
U
1= Q ﬁp I= U
Rg z "7
R U/&Lp
tans= = tans=0lp
(A)Ls Rp
(a) (b)

Lp=Ls (1 +tan? 8)
Ro=Rs (1+1/tan? 8)

Fig. 2.2. Equivalence of series and parallel inductive circuits

exist between the series and parallel components of the
permeability.
By = pL (1+tan?s,) }

uy = i (1+1/tans,,) (2.19)

Graphical representation of the components of the
complex permeability and of the values of tané,, as
functions of frequency are common methods of indicating
the performance of ferrites at low field strengths. Where
the term ‘permeability’ or the symbol u is used without
any identification of the complex components, the real
component is assumed.

2.2.2. Variability

The permeability of a magnetic material may change for a
variety of reasons. When such changes occur as the result
of unavoidable variations in the operating conditions,
they are usually detrimental to the performance of the
magnetic material and must be minimized or their
magnitude controlled. These changes are referred to as
variability and the quantitative expression of the types
of variability will now be considered briefly. Experimental
observations and some discussion of the phenomena
are given in Chapter 3.

The most obvious cause of variation is the change of
temperature. Over a limited temperature range the
reversible variation of permeability with temperature may
be described by a temperature coefficient defined by:

Ay,
u; A6

1t is usually expressed in parts per million per degree
centigrade. In principle this and the following expressions
may be applied to any of the previously described forms
of permeability, including the loss components; in
practice they usually refer only to the initial permeability.

If the range of temperature is small the above expres-
sion is satisfactory but, if A p;/p;, becomes appreciable,
it is necessary to define the value of y; used in the
denominator. Further, if the relation is non-linear
or has a turning point within the temperature range
considered, further ambiguity may arise. In present
practice the above expression is interpreted as:

(12— 1)
# (0,-06)

where p, is the initial permeability observed at 6, and
1, at 0,. If the permeability change is large, the value in
the denominator should be a mean value. It has been
suggested! that the geometric mean gives a more satis-
factory result.

Then

Temp. Coeff. = (2.20)

Temp. Coeff. = 2.21)

(p2—p1)
V Btz 0,-8,)

If the relation is very non-linear or has a turning
point between 0, and 6, then it is better to abandon the
concept of temperature coefficient and to specify that the
curve shall lie within a prescribed area, bounded on either
side by 0, and 8, and at the top and bottom by lines
giving the permissible change of fractional permeability.
Such an area might be rectangular or, if some compensa-
tion of another temperature coefficient, e.g. that of a
capacitor, is to be attempted, the shape may be that of a
parallelogram.

In Chapter 4 it is shown that when an air gap is inserted
into a magnetic circuit so that its permeability is reduced

Temp. Coeff. = (2.22)
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to an effective value, ., the effect of permeability varia-
tions are reduced in the ratio u./u; It is therefore con-
venient to divide the temperature coefficient by ;. This
gives the temperature factor of permeability. Correspond-
ing to Eqn 2.20.

Ay
Temp. Factor = W2 AD (2.23)
while corresponding to Eqn 2.22
Temp. Factor = b2 —p) 2.24)

M1p2(0,—64)

To obtain the temperature coefficient of the effective
permeability it is only necessary to multiply the tempera-
ture factor, by p. Temperature factor as defined by
Eqn 2.23 is at present the usual method of expressing the
temperature dependence of the initial permeability of a
ferrite material.

Normally the initial permeability rises monotonically
with temperature until it reaches a peak just below the
Curie temperature. Then, as the forces that hold the
spins in alignment are overcome by thermal agitation
the permeability falls abruptly to values approaching
unity and the material becomes paramagnetic. It is
possible to introduce secondary peaks and even minima
in the p/0@ characteristic in order to produce a low
temperature factor within a limited operating temperature
range.

A second form of variability is the variation of permea-
bility with time, or disaccommodation as it is sometimes
called. This phenomenon is described in some detail in
the introduction to Fig. 3.10. It is sufficient here to state
that if a magnetic material is given some form of dis-
turbance, the initial permeability is, in general, instan-
taneously raised to an unstable value from which it
returns as a function of time. Let ¢, and ¢, represent two
time intervals measured from the time of the disturbance,
and let u, and p, be the corresponding values of the
permeability observed at these times, then in general the
instability is defined as

o and is usually expressed in percent.

31
The times must also be defined. Usually the fractional
change in permeability is small so there is no need to
use a mean value of permeability in the denominator.
By a similar reasoning to that used for temperature
factor, the instability factor is

(2.25)

Bi— U
— (2.26)
H#y
In the discussion of Fig. 3.10, specific types of dis-
turbance are referred to and specific measuring techniques
are described. These lead to particular forms of the above

expressions. The one most commonly used in the past,
and still often quoted, expresses the time change of
permeability, at constant temperature, between 1 min
and 24 h after the material has been disturbed by an
alternating field which decreases to zero from a value
corresponding to saturation, i.e. disaccommodation

ot M (usually expressed in percent)

131

D= 227
where u, is theasured at t = 1 min and u, is measured at
t = 24 h after the disturbance.

The corresponding value of disaccommodation factor is

B~
[T
More recently time intervals of 10 min and 100 min
have come into use.

Because it is observed that the change of permeability
is approximately proportional to the logarithm of time,
the IEC has proposed that the disaccommodation factor
be expressed as

(2.28)

Lﬂzt (2.29)
ui loglot_2
1

Within  the validity of the assumed relations this

. expression will yield a value which is independent of the

times of the measurement.

2.2.3. Hysteresis

There are a variety of coefficients that have been used to
express hysteresis loss.2 In this section only the Rayleigh
and Peterson coefficients will be introduced because they
are derived from consideration of ideal hysteresis loop
shapes and have formed the basis for the more recent
methods of expression. In a later section these current
expressions will be considered and compared.

The Rayleigh relations

Rayleigh,® 1887, observed experimentally that at low and

decreasing values of magnetization the amplitude per-
meability linearly approached the initial permeability,

ie. p, = w+vH (2.30)

(2.30) p, = p+vH
v is a hysteresis coefficient having the units Oe ™!

10°
Yeas = Evﬂ
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where v is a hysteresis coefficient having the units m.A~!
Multiplying by p,H this relation becomes:

B=yp (wH+vHY T 2.31)

He further observed that, for the specimen examined,
the sides of the hysteresis loop would be represented by
parabolic curves such that

B= ;40{(;4i+\'ﬁ)Hi%(H2—H2)} T (2.32)
where B and H are instantaneous values and
H is the maximum value of H.

It should be noted that Rayleigh used only one
constant to express the change of permeability with field
strength and to express the width of the hysteresis loop,
two properties of a magnetic material which are not
obviously related.

The hysteresis loop is essentially a d.c. loop. With
alternating magnetization the non-hysteresis losses will
resuit in a phase angle between B and H. This will give
rise to an elliptical B-H relation which will be super-
imposed on the hysteresis loop. If hysteresis predominates

By {(ni +oft )H*; (I"\ll-ﬂz )}\

A
By ("i +vH)H
Bo MM

// H
2

~ o+ o340

Fig. 2.3. The Rayleigh loop

in the range of amplitudes for which the Rayleigh loop
applies then the overall loop will tend to be parabolic.
If the other losses predominate the loop will tend to be
elliptical, but the paraholic component and the associated
hysteresis phenomena will still be present.

The Rayleigh loop is shown in Fig. 2.3. The vertical
width of the loop at any given field strength is, from
Egn 2.32, u,v(H?—H?) and, by integration of this width
from —H to +H. the area of the loop is 4u,vH?/3.

The energy lost during each cycle in a unit volume of
the material due to hysteresis is equal to the loop area.
It is called the hysteresis energy loss (volume) density and
is denoted by wy

4uovH3 4y B3
wy, = §BdH =
3 320
Jm™3.cycle™! (2.33)

The hysteresis power dissipated in a core of volume Al
which is subjected to an alternating field of amplitude
H and frequency fis

Pyo=w, Alf W
=12Rh W

where R, is the series hysteresis loss resistance and I

is the r.m.s. current = Hi/,/2N.
Combining these equations with Eqn 2.33
4vB N4
Ro= B onr uou. Q
3npou?’
4vB
=" oL Q 2.34)
3npaps
‘. The hysteresis loss tangent:
R, 4vB
tand, = — = —
AN =L 3npu?
4 i (2.35)
3my,

As far as a.c. bridge measurements are concerned, the
Rayleigh relations are embodied in Eqns 2.30 and 2.35.
For a magnetic material to obey the Rayleigh relations
the measured properties should follow each of these
equations with the same value of constant, or, combining
the equations to eliminate the constant, it should obey
the following equation:

3np, tan §
Mo = #i+—4—h
or p=—"M (2.36)
n
1——tané
7 20

There is no obvious reason why this relation should
be obeyed however low the field strength is. The Rayleigh

(2.31) B = uH+vi? Gs

(232) B = l(+vAH+ (H*~H*}  Gs
1 1 . vB?

2.33) w, = — x loop area = —vH® =

(2.33) w, 4n P I 3nul

ergs.cm” 3 cycle ™!

4vB
(234) R, = —.wL Q
3nu

4B A

EY

2.35 ——t o —
235) anon = 3nu;  3mp,



The Expression of Electrical and Magnetic Properties 25

region is a term loosely applied to the low amplitude
region in which tan §, is approximately proportional to
B or H, the value of u, in Eqn 2.35 being assumed equal
to u;; this is equivalent to saying that the hysteresis
energy loss is proportional to B® (see Eqn 2.33).

Fig. 3.5 shows relations between p, and low amplitude
flux density measured on typical ferrites. Values of v have
been determined from the tangents of the curves at zero
flux density. Fig. 3.15 gives the corresponding tan 6,
relations measured on the same specimens and from these
the values of v have also been derived. Comparison shows
that, for the materials considered, the two independently
derived values of v approximately agree. However, in
both figures, the relations are not linear but tend to fall
away from the tangent at B =0 as the flux density
increases.

The Peterson relations

Peterson,* in 1928, expressed the flux density as a double
power series of the instantaneous and maximum field
strengths (H, H). Making certain assumptions about the
loop symmetry and ignoring terms higher than those of
the third degree, he obtained for the magnetization curve
(not loop)

B = pfacH+a, H*+(a;,+az0)H>......] T}

or u,= ajg+a, H+(a;+as)H?......

where a,,, etc., are coefficients in the power series.

In particular a,, = the initial nermeability g,

and a,; = dp/dH and has the units mA~!
From the power series he also deduced that the hys-

teresis energy (volume) density is

8 . N
Wy = uog(a02H3+ao3H4+ ...... )

Jm~3.cycle™! (2.38)
where a,, has the units m.A~ 1. i
Therefore at low field strength, using the same reasoning
as that used to obtain Eqn 2.35 and taking only the first
term of Eqn 2.38,

R, 8a,,B
— =tano, =
oL

S (2.39)

Whereas Rayleigh started with limited experimental
observations and found relations to express them,
Peterson assumed only that the loop is symmetrical about
the origin, that the locus of its tips is the initial magnetiza-
tion curve and that it disappeared when H = 0. Thus
Peterson’s approach was more general; provided the
hysteresis loop is regarded as a continuous function and
enough terms are taken, the hysteresis loop can always
be expressed.

Comparing Eqns 2.30 and 2.37 and ignoring Peterson’s
third degree term

10 = I anda;; = v (2.40)* -
Similarly comparing Eqns. 2.35 and 2.39
v
= 241)*
Qo2 2 241

Thus for a material which satisfies the Rayleigh rela-
tions the following correspondence must exist in the
Peterson coefficients:

ay, = 240y (2.42)

Both Rayleigh and Peterson considered only the loss of
energy that is proportional to the area of the low fre-
quency or static B-H loop. This is hysteresis loss by
definition.

2.2.4. Eddy current phenomena

Resistivity and permittivity

Ferrites are semiconductors and commercial grades have
resistivities ranging from 0-1Q.m to greater than 10°Q.m
(10Q.cm to > 108 Q.cm) at room temperatures. Asso-
ciated with the resistivity there is an effective permittivity
which in the case of the low resistivity ferrites can be as

*The discrepancy between these equations and those of
Peterson’s original paper is due to his use of 2v in place of v
used here.

B=a,H+a, H*+(a,+ao)H*.... Gs
237
e = Gro+ay H4(ay, +as0)H?

where a,, = the initial permeability = g,

a,, = du/dH and has the units Oe™!

103
@11)ces = —4—;(‘111)&

(2.38) wy = 2 (@ H3 +agsH%+..)1077
3n
Jem™3cycle™!
where a,, is a Peterson hysteresis coefficient
having the units Qe ™!

103
(@02)cas = E(“oz)sr

R 8ay, B
(239) = = tan b, = —2_
wL
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Rp -L Cp

Fig. 2.4. Equivalent circuit of a dielectric

high as 100,000. A ferrite rarely forms a part of a physical
electrical circuit, but nevertheless the dielectric properties
are important. Significant eddy currents may flow in the
bulk of a ferrite core and give rise to energy losses or
dispersion of permeability. It is also possible that a ferrite
core may contribute to the stray capacitance of a winding.
In this section the theory of ferrite dielectric properties
will be considered.®

The bulk resistivity may be measured on a block of
ferrite by the four-probe method, ie. a known direct
current is passed through the block by means of probes
at each end of the block and the voltage drop across two
intermediate probes of known separation is measured
with a high resistance voltmeter. The ratio of the voltage
to the current gives the resistance of the section between
the voltage probes. The result is independent of the
contact resistance of the probes. Alternatively metallic
contacts may be deposited on each end of the block. If the
contact resistance can be made negligible the resistivity,
p, and the relative parallel permittivity, ¢, of the block
may be measured in terms of the equivalent two terminal
impedance (or admittance). On an admittance bridge the
equivalent admittance is expressed in the parallel
components of Fig. 2.4.

If A is the cross-sectional area of the block and / is
the length separating the contacts then

A
C, = sos—l F
ol (2.43)

RpA

Q

where ¢, is the electric constant or permittivity of free
space = 8854x 1072 F.m ! It has the dimensions
[L73M™IT412].

An alternative presentation is the parallel complex
permittivity which is analogous to parallel complex
permeability (see Eqn 2.17).

Then &= &,—jgp
. | -
LY = jouCp+— = joe— (e, jep Q (2.44)
R, l
. b1
P we, AR,  we,p
The dielectric loss tangent is given by
1 . 1
tan 5, = o (245)

wC,R, - &p B WELELP

Some writers remove the d.c. resistance contribution

from ¢, thus representing the impedance as a constant

d.c. resistance in parallel with a capacitance having
dielectric loss. This is not the procedure adopted here.

Consideration of the polycrystalline structure of ferrites

and the variation of their resistivity and permittivity with

| - 2
A —| B
p| J/Pz
— -
| T‘z
'3 ap it
A
i1—
€€ cocz/a. F
p N
AA—
—_ |
—it
€€ F

Fig. 2.5. Equivalent circuit of a crystallite and boundary

B 410712
P 36nl

(2.43) = 0-0885¢4/ pF

R,=plld Q

jwA10~12

. 1 . -
244) Y = j0Cyt o= c—ie) Q!
e A M T
., 6uil0'?  36m10'
el = =
wAR, wp
1 ,  36m10'?
(245) tan 6, = i
wC.R, ¢ e,wp
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frequency (see Fig. 3.21) has led to the view that poly-
crystalline ferrite may be regarded as a compound
dielectric consisting of semiconducting regions (crystal-
lites) surrounded by thin boundaries having much higher
resistivity. Fig. 2.5 shows a unit cube of material, of
resistivity p, and real permittivity ¢,, having a boundary
layer, of thickness o, with corresponding dielectric
properties p, and ¢,. This represents a single crystallite.
The admittance between the faces A and B will character-
ize the admittance of a material built up of a chain of
such blocks, or more generally, a polycrystalline material.

Applying Eqn 2.43, the crystallite and boundary may
be represented by the equivalent electrical circuit as
shown. This circuit may at a given frequency be resolved
into a capacitance, ¢,¢ in parallel with a resistance, p;
¢ and p represent the apparent dielectric properties of the
composite dielectric.

It has been found that in polycrystalline ferrites
o < 1,& = ¢ and ap, > p,. Therefore at low frequencies
the impedance of the crystallite is negligible compared to
that of the boundary; so the resistivity approximates to
®p, while the permittivity approachs e,/a. This is ana-
logous to calculating dielectric properties from measure-
ments on a specimen between the plates of a capacitor,
using a dielectric length 1/« times the actual value.

At very high frequencies the boundary capacitance
short circuits the boundary resistance and the bulk
dielectric properties approach those of the crystallite.

Summarizing

when f—-0 p-—oap,
£— g/a
(2.46)
when f— o p—p,
&£ &

It follows that if the boundary layer is relatively thin,
ie. a < 1, then at low frequencies the bulk resistivity will
be low and the permittivity will be high. The properties
will transform from the low frequency values to the high
frequency values in accordance with a relaxation curve.

The relaxation time for both p and ¢ is given by

& +é&/a

T= 6 21 s (2.47)
P1 APy

T = 1/,

where , is 2n x the relaxation frequency.

This is the frequency at which the value of the property is
midway between the values at the two extreme frequencies.
Fig. 3.21 shows some experimental results.

Eddy current loss

An alternating magnetic flux in a conductive medium
will induce eddy currents in that medium and these will
result in an energy loss called eddy current loss.

The magnitude of this loss depends, among other
things, on the size and shape of the conductive medium
and, as is well known, may be reduced by subdivision
of the medium into electrically insulated regions, e.g.
laminations or grains. When a material is thus sub-
divided the magnitude of the eddy current loss per unit
volume depends on the size and shape of the insulated
regions and not on the shape of the bulk material
Ferrites, on the other hand, are usually regarded as
homogeneous materials as far as eddy currents are
concerned. Under certain circumstances significant
micro-eddy currents may circulate within the crystallites
and cause additional loss. Any loss due to this cause is
usually included with the residual loss and not separately
considered; this is the practice adopted in these chapters.

At any given frequency, the effective dielectric properties
discussed in the previous section may be used to calculate
the magnitudes of the eddy currents that may flow
through the material as a whole. Fig. 3.21 shows some
measured dielectric properties.

At low frequencies, where the inductive effect of the
eddy currents may be neglected, the eddy current power
loss (volume) density is given by

RAN2
p, _ @B
pB

where B is the peak value of the flux density assumed
perpendicular to the plane containing dimension d,

W.m? (2.48)

p is then the bulk resistivity,

and f = 6 for laminations of thickness d m,
= 16 for a cylinder of diameter d m,
= 20 for a sphere of diameter d m.

Using a similar reasoning to that which led to Eqn 2.35
the eddy current core loss tangent is:

Ry  muud’f
tan o = Py o8

where Ry is the eddy current series loss resistance.

(2.49)

10712 g, +g/a

247) 1= —— s
@4 =6 *it 1
P1 aps

(xBfd)*

(248) Py = 1071 W.em™?

Ry  4niud?
(249) tan o, = RE AT HS 0s
oL PP
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Fig. 2.6. Dimensional resonance in a manganese zinc ferrite calculated for a sample of thickness

125 mm, using typical complex permeability and permittivity data. The imaginary part of the

permittivity has the contribution from the d.c. resistivity removed—see Eqn 2.44. The results
are normalized with respect to the low frequency values. (Courtesy Brockman et al.”)

These expressions may be used to calculate the eddy
current loss in simple core shapes; the result for a square
cross-section bar may be taken as approximately equal
to that for the cylinder of the same cross-sectional area.
For more complicated shapes expressions must be
derived from first principles. An elementary eddy current
path is assumed and the flux linkage is expressed in terms
of its dimensions. From the corresponding induced e.m.f.
and the resistance of the path, an expression for the
power loss may be obtained. This may then be integrated
over the whole cross-section.

Dimensional resonance

The calculation of eddy current loss in the previous sec-
tion assumed that the flux density is uniformly distributed
across the section of the core. At higher frequencies this
may not be true because in some ferrites the high values
of permeability and permittivity give rise to standing
electromagnetic waves within the ferrite. This is called
dimensional resonance.
In a loss-free medium the velocity of propagation of
electromagnetic waves is given by
v=(uuee) f=fA ms? (2.50)

where 4 = the wavelength in the medium.

In a typical manganese zinc ferrite, 4 = 10° and ¢ =
10°.
Therefore at a frequency of 1 MHz

v=(4nx 1077 x 103 x 8-854 x 10~ 12 x 10°)"*

1

~ 3x10% ms~

and A ~ 0-03m

If the smallest cross-sectional dimension of the core
(perpendicular to the magnetic field) is half a wavelength,
ie. 15mm, then a fundamental mode standing wave will
be set up across the section. Under these conditions the
net reactive flux is zero; the surface flux which is in phase
with the surface magnetic field is cancelled by antiphase
flux at the centre of the core. Thus dimensional resonance
is characterized by the observed permeability dropping
to zero. Since the phenomenon is essentially electro-
magnetic there is a corresponding standing wave in the
electric flux density. This gives rise to a similar dispersion
in the observed permittivity. It occurs when the smallest
dimension of the cross-section perpendicular to the
electric field equals half a wave length. Since the electric
and magnetic fields are perpendicular both standing
waves appear across the same dimension.

If the medium has some loss then p and ¢ in Eqn 2.50
must be replaced by p;—ju; and g,—je,. If tang, =
uo/p; and tandy = ep/e,, and tand,tand, < 1 then

-1

2.50) v = \/CE =fi cms

where ¢, = velocity of electromagnetic waves in vacuo

1

o~ 3x10"° cms”

and A = wavelength in cm
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dimensional resonance will still be observed but the
resonant dimension is now obtained by replacing ue
in Eqn 2.50 by the real part of the complex product. The
resonant dimension is then given by®

A /2me,
2 oJ[|p||e[+ el —tan 6, tan 5,)]

where ¢, is the velocity of electromagnetic waves in
vacuo = (ug)) ¥

m (2.51)

In such a medium there is a quadrature standing wave
which gives rise to a peak in the observed magnetic loss,
¢, and dielectric loss ¢, at resonance.

If tanod,.tandy > 1 the material will not support
standing waves and there is no dimensional resonance.
Instead the flux will be attenuated as it is propagated
through the cross-section and there will be a penetration
depth, A, as in metal magnetic materials.®

Ae V2,
wJ[| 1|| & |- pien(1 —tan &, tan 5,)]

As with the resonant dimension, A is measured perpen-
dicular to the magnetic field or the electric field. In
calculating A/2 and A, the variation of the permeability
and permittivity components with frequency must be
taken into account. Relevant data may be found in Figs.
3.11 and 3.21. Strictly the above expressions apply only
to the thickness of an infinite plate but in practice they
may be applied to practical core cross-sections for the
purpose of estimation. 4/2 and A have been calculated
from these expressions using the properties of a typical
manganese zinc ferrite and the result is given in Fig. 4.5.

An analytical study of dimensional resonance was made
by Brockman et al.” They give expressions for the real
and imaginary parts of the complex permeability and
permittivity as functions of frequency and they calculate
these functions for a typical manganese zinc ferrite.
Their results are reproduced in Fig. 2.6.

m (2.52)

2.2.5. Residual loss

Two forms of magnetic loss have so far been distinguished,
namely, hysteresis loss which gives rise to a loss tangent
which is proportional to B (see Eqn 2.35) and eddy current
loss which gives rise to a loss tangent which is propor-
tional to f (see Eqn 2.49), ie.

tan 8, oc B
tan g o f

If, for a metallic magnetic material, e.g. a laminated or
powder core, the total loss tangent is measured as a
function of B and f at low frequencies where eddy current
screening effects are negligible, a set of curves similar to
that shown in Fig. 2.7 is obtained. It is seen that when

B — 0 and f— 0, the total loss tangent is not zero. The
remainder is called the residual loss.
The total loss tangent may be written

tan d,, = tan d,+tan §g+tan J, (2.53)

where tan &, is the residual loss tangent.

This is the original definition of residual loss. In a
ferrite, which has high resistivity, it is very easy to ensure
that the bulk eddy current loss is negligible by making

A
B=8,
A
8=8,
A
x / B=0
£ /
S tan 6h
8
thmSF
tanéy
FREQUENCY —

Fig. 2.7. Loss tangent as a function of frequency; illustration of
Egn 2.53

measurements on an adequately small sample. On such
a sample it is also possible to measure the loss tangent
at vanishingly small flux densities. By this procedure the
bulk eddy current and hysteresis losses may be eliminated
at any frequency and the remaining loss tangent is due
to residual loss. This is the usual meaning of the term
residual loss in ferrites, and the residual loss tangent
expressed as a function of frequency is an important loss
parameter relating to ferrites.

There are probably several loss processes that con-
tribute to residual loss and different processes may apply
at different parts of the spectrum. A brief discussion of
this aspect of residual loss is given in the introduction to
Fig. 3.11 and Fig. 3.12 where typical residual loss spectra
are illustrated.

2.2.6. General loss expressions
Loss factor

If a loss-free winding having N turns is placed round a
closed magnetic core and an alternating voltage U is
applied, a power loss (volume) density, P,, = U*G/Al,
will be observed, where G is the conductance appearing
across the winding due to the magnetic loss in the core.
The induced e.m.f, the frequency and flux density are
related by Eqn. 2.13. If the loss tangent is small the
applied voltage will approximately equal the induced
emf. so
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U= ?ﬂa—) v (2.54)

V2
Thus for a given core cross-sectional area A and number
of turns, the voltage and frequency determine the flux
density.
The loss tangent due to the magnetic core,

wL
tan é, = —= = wL G
an R, o
It has already been postulated that tan d,, < 1, there-
fore the distinction between series and parallel inductance
may be dropped.
Substituting L, = p,uN2A4/!

tan 5, = wu uN2AG/! (2.55)

Putting G = P,A4l/U? and substituting for U from
Eqn 2.54
tan d,, 4y
- 1rﬂ§2'P'“ (2.56)

The factor (tand,,)/u depends on the power loss
(volume) density and this depends on the frequency and
flux density. If the eddy current core loss is negligible
the loss density is independent of core shape and is a
material property dependent only on f and B. Under
these conditions (tan d,)/u is also a material property
and a function of only fand B.

The analysis of the effect of an air gap must now be
anticipated. If an air gap is introduced into a magnetic
circuit the inductance will be reduced so that the core
appears to have an effective permeability y.. [t is shown in
Chapter 4 that the loss tangent of a gapped core is related
to the material loss tangent by the following expression
(sce Eqn. 448):

(80 On)gyes 130 0 @57

He~—1 p—1

These expressions are referred to as loss factors. Because
#, and p are usually much greater than unity the above
equation is usually approximated to

(tan d)guppea  tand
He It

(2.58)

The subscript m has been dropped because clearly the
loss tangent need not be due to the total loss; it may refer
to any specific form of loss. Within the conditions stated
the loss factor is independent of the gap and therefore

BANw

V2

2Q54) U= x10~8 \%

(2.55) tan d,, = wdnuN?A4G .107%/1

for those ferrites which are normally gapped in use it is an
important material property. Residual loss of a ferrite
material is frequently expressed by the corresponding
loss factor.

An important practical consequence of Eqn 2.58 is that
the loss tangent due to the magnetic loss of a gapped
core is given by

tan d
(tan 5)gapped = (T) He

i.e. loss factor x effective permeability

(2.59)

Considering again the total loss factor, Eqn 2.53 may
be written in terms of loss factors

tand, tan 6h+tan Sp tand,
I H 2 2

(2.60)

Substituting for the loss tangent expressions from
Eqns 2.35 and 2.49 and letting p, — u:

tand, 4B  nud N tan 5,
[z 3nup’ B 2 2.61)
=k B+k,f+k,

where k; and k,; are hysteresis and residual loss coef-
ficients characterizing the material and k, is an eddy
current loss coefficient that depends on the material and
its shape. Eqn 2.61 is the basis of a number of well-
known loss expressions, several of which will now be
considered.

The Jordan expression

Jordan® in 1924, proposed that the series loss resistance
due to a magnetic core could be expressed as follows:
NI f Vi )
Ri=h.—.—— L+F.——.L+t.—— .L (262
ThT g L e Lt gge b (262
where h is the hysteresis loss coefficient in Q/H at a
frequency of 800 Hz for a field strength cor-
responding to NI/l = 1 ampere turn/cm (rms)
F is the eddy current loss coefficient and
¢t is the residual loss coefficient, both in Q/H at a
frequency of 800 Hz.

This method of expression is the basis of the loss
coefficients used in France and Germany. Dividing both
sides of the equation by ufL:

tand, 4P,107

56 il
(2.56) 75
tand, 4vB 4nid¥ x10™° tans,
@61) B0n _ D AmdS 420
7 3np oB u
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R, hNI 1 F [ t 1
= b b —
WL @1 8O0 8007 p 800

The hysteresis component is expressed in terms of field
strength, instead of flux density as in Eqn 2.61. The
alternative version is easily derived:

R, h 0B hB
1L B 12 4n800  p21422

(2.63)

(2.64)

where h is in Q. H '.f"'.cm '.A as before, or more
simply Gs ™',
B is in Gs
R,, is the series hysteresis loss resistance,
and the subscript u indicates that strictly it is
the amplitude permeability in the denominator.

The Jordan hysteresis loss is usually quoted as a
value of h/u.

Often a modified version of this expression is used for
the hysteresis component. The hysteresis loss resistance
is then given by

R,=hLfH Q (2.65)

where h is in cm.A™!
Lisin H
f isin Hz
and H is in ampere turns/cm
Comparing this with Eqn 2.63 it follows that

h = h/800

h o
Ro _ 063 —B. (2.66)

wfL @

Sometimes the Jordan coefficients are expressed in SI
units and the reference frequency of 800 Hz replaced by
1 Hz. These coefficients usually carry the suffix K.

The conversion is as follows:

F = 640 000F ¢
h = 80000 hy
t = 800 ¢4

The Legg expression

Legg, in 1936, introduced the following relation to
express the loss in a magnetic material operating at low
flux densities.

S

wfL

where a is the hysteresis loss coefficient in T!,
e is the eddy current loss coefficient in seconds,
¢ is the residual loss coefficient and is a number.
[In CGS units a has the units Gs™!

(@)cos = 10" *(@)ys ]

=aB+ef+ec (2.67)

This expression has a direct similarity to Eqn 2.61.
Since R,/ufL equals (27 tan d,)/1 it may be written in
terms of loss factor:

tan d,,
u

Although this expression corresponds to that proposed
by Legg it should be remembered that strictly the loss
factor has y—1 in the denominator, see Eqn 2.57.

= i(al§+ef+ ). (2.68)
2n

The Snoek expressions

All the expressions considered hitherto were proposed
before the introduction of ferrites. In 1947 Snoek!°
expressed the losses in ferrites by an equation which is
identical in form with the Legg equation:
R N
— S =¢.B+tce.f+c
u f L h ef r
where ¢, is the hysteresis loss coefficient in T™! or Gs
depending on units of B,
¢, is the eddy current loss coefficient in seconds,
¢, is the residual loss coefficient.

(2.69)

-1

It was also proposed to use a further hysteresis co-
efficient which was related to the performance of loading
coils. The CCITT {formerly CCIF) laid down'' that in
loading coils the hysteresis resistance should not exceed
a value quoted in the form

R,=g,J/L ©Q/mAH at 800 Hz

where g, has a specific value, eg. 12 for low grade
circuits and 6 for high grade circuits.

(2.70)

For an arbitrary inductor

g, BPIf10°

h 200 Q 2.71)

where L is the inductance of the coil.

The coefficient g, thus characterizes the hysteresis loss
of an inductor; it was suggested that if it were related to
a particular inductor design, then it could be used as a
convenient material constant. The particular design
chosen has an effective volume* V, of 24 cm® and
effective permeability, u., of 100; these values being
typical of the loading coils used at that time. The derived
coefficient was therefore designated g, _,,_ ,9o. The steps
in the derivation are rather tedious and are unnecessary
for the present discussion. It is sufficient to state that
using this hysteresis loss coefficient the value of g, for a
general inductor having an effective volume ¥, cm?® and
an effective permeability . is given by

*See Section 4.2.1.
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[ Table 2.1 SUMMARY OF EXPRESSIONS FOR MAGNETIC LOSSES AT LOW FIELD STRENGTH
Method.of Hysteresis Loss Eddy Current Loss Residual Loss
Expression
tan d, tan o _ tand,
Ha 13 u
Coeff. X Factor Coeff. x Factor Coeff. X Factor
Rayleigh 4 B
aylei v —.
yie 3n pousd
B
Peterson I77 9 I E
NI 1
Jordan: h — F S 5 t _—
2nu,l 800 2800 2nu800
based on A.cm™!
Gs and 800 Hz
h B
I’ 2n 1422
NI
h
( 2mp,l
based on A.cm™!
Gsand 1 Hz 1
h 0-5638
| w 2n
NI 1
1 by Fy _f_ I3 _
2rp,l 2ru 2nu
based on MKS
and 1 Hz 1
hy 07078
I 2,
L B f 1
a —_— —_— —
ces 2n ¢ 2n ¢ 2n
B f 1
k — — ¢ —
Snoe [ o Ce T . o
B
d2-24-100 0386 x 107 °—
2n
IEC s B

Any coefficient multiplied by the adjacent factor equals the corresponding
(tan 8)/u. Some of the conversion factors strictly apply only when the value
of the permeability corresponds to the level of flux density considered; in
most applications this level is low enough to allow the use of the initial
permeability without significant error. However in the conversion factors
for the hysteresis loss expressions the permeability has been designated

1, to draw attention to the fact that in general the amplitude permeability
is meant. When the distinction is not essential the symbol u is sofficient.

Apart from the Jordan coefficients the table applies to both MKS and
CGS units provided the system used is consistent e.g. if 4o, is the CGS value
then B is in gauss and p, = 1. The Jordan coefficients are based on a hybrid
system and the versions in curcent use are quoted separately.
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d2 = 92-24-100

p\® 24 }
100) V.

R f ue \3 24
or ‘Eh=‘12—24—1001\/Lﬁ (l ) Xz

These equations are used only in CGS (pra;:tical) units.
The following relation to the Legg hysteresis loss
coefficient applies

d2-24-100 = 259a . 10°

This coefficient is used mainly in the Netherlands.

@.72)

QH!

Gs™? 2.73)

The IEC expression

Technical Committee 51 of the International Electro-
technical Commission, considering their recommenda-
tions for standard forms of loss expression'2 agreed to
the following proposal for hysteresis

5 i
o _ . 8 @2.74)
u

where 7 is a hysteresis loss coefficient in T~ !
B isinT.

Summary of loss expressions

Not all the loss expressions in current use have been
included in the foregoing survey. There are a number of
national variations, but most of them stem from the
expressions described above. Table 2.1 gives a summary
of the above expressions and lists the multiplying factors
required to convert each term to the corresponding
value of (tand)/u (see also ref. 1). There is a growing
tendency to accept (tand)/u as the basic form of ex-
pression.

Discussion of loss expressions

The losses in magnetic materials are fundamentally
energy losses and may be expressed as such, e.g. in terms
of Im~3 cycle ~! but at low amplitudes it is more
convenient to express them in terms of loss angle or loss
resistance. This is because at these low amplitudes the
influence of the core on the associated electrical circuit
is best studied by expressing the core properties in terms
of resistances and inductances. These may then be
readily combined with other circuit elements by the
normal processes of circuit theory. In particular, time
constants and Q-factors may easily be derived.

It has been previously observed that the power Joss

per unit volume is a function of flux density and frequency.
A double power series in f and B may easily be set up to
express the loss per unit volume. Common observation
will lead to the discarding of some of the lower order
terms. If all the higher order terms are also discarded
one obtains an expression identical in form with the Legg
expression (Eqn 2.67). Such an exercise does not intro-
duce such concepts as hysteresis or eddy current loss
and yet for (tan d)u it yields one term proportional to B,
one proportional to f and another that is independent
of either. The point of this digression is that although
it is appropriate to describe these terms as due to
hysteresis, eddy current and residual loss respectively, in
practice the adequate expression of the behaviour of a
material requires higher terms and the distinction between
the phenomena can become obscure.

It is not usual to invoke these higher power terms. It
is more convenient to express the losses in general by
three coefficients and to regard these coefficients as
empirical functions of frequency and flux density. Thus
the hysteresis coefficient is usually specified at a low
frequency and at a low flux density, under which con-
ditions it may be regarded as a material constant. If the
frequency or flux density is raised appreciably the
measured value of the hysteresis coefficient will change
and it is convenient to express this change by means of a
graph which is characteristic of the particular material.

The eddy current loss coefficient depends on the degree
of sub-division in the case of laminated or powdered
cores, or, in the case of homogeneous cores, on the
dimensions of the core cross-section. Ferrite cores,
although not entirely homogeneous, come into the latter
category so the eddy current loss coefficient is not a
material property but depends on the core size and
shape (see Eqn 2.61). For this reason the eddy current
loss coefficient is rarely used in a ferrite material speci-
fication; the value of the bulk resistivity is a more useful
parameter.

So the loss coefficients most commonly used to express
losses in ferrites are the hysteresis and the residual loss
coefficients. In this context residual loss is taken as
referring to the loss angle or loss resistance remaining
when the eddy current loss is negligible and the flux
density is vanishingly small. In practice it depends on
frequency but by definition does not depend on flux
density.

Some experimental data on these losses are given in
Chapter 3.

2.2.7. Waveform distortion and intermodulation
At very low field strengths the low frequency hysteresis

loop approximates to the parabolic form considered by
Rayleigh and Peterson; it is illustrated in Fig. 2.3. If a
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sinusoidal field of constant peak amplitude H is applied
to such a material the flux density will alternate at a
peak amplitude B but due to the non-linear relation
between B and H the waveform will be distorted.
Because the loop has symmetry about the origin this
distortion may be expressed in terms of only the odd
harmonics of the applied field.

Assuming the parabolic loop equation, an expression
may easily be derived for the flux density as a function
of time and by Fourier analysis the amplitude of the
harmonics may be obtained. Peterson’s* expression for
the flux density when the applied field is H cos pt is

. 8ag; ~
B=y, {ﬂ(am+anH)cospt+3—;:2H2 sin pt

3
+a30§—cos3 pt—2902 12 0 3 e ....}(2.75)
4 157

The first term is the fundamental frequency inductance
term, the second is the fundamental frequency hysteresis
loss term, the third term is the third harmonic resulting
from the permeability change and is negligible, and the
fourth is the main third harmonic term. The third
harmonic term depends on the hysteresis loss coefficient
dg,. It usually has much larger amplitude than any of
the higher order harmonics and its amplitude is usually
taken as a measure of the total distortion. Denoting the
fundamental and the third harmonic by subscripts a
and 3a respectively, the amplitude of the third harmonic

flux density is

By, = —pag,H; T (2.76)
157
B 8a,,B
'3a _ Aoz a2 @.77)
B, 15mu.u
Since the induced e.m.f. is proportional to frequency

Ey _ 3B;, _ 8408,

E, B, Smuu?
= (-6tané, 278)
from Eqn 2.39

If the amplitude of the applied field is increased, the
ioop will increase in length and breadth and tan d, will
increase in proportion to H, (see Eqn 2.35). At the same

time the slope of the major axis of the loop, ie. the
permeability, will increase in accordance with Eqn 2.37.
The permeability rise has negligible effect in the pro-
duction of third harmonic distortion. However, in the
intermodulation of two simultaneously applied currents
of different frequency, both hysteresis phenomena play
a part.

If two alternating fields of equal amplitude A and
angular frequencies 2nf, = (p+w) and 2nf, = (p—w)
respectively are simultaneously applied to a magnetic
material the resultant field has the equation:

H = Acos2nft+ H cos 2n fit = 2H cos wt . cos pt
2.79)

The combined r.m.s. amplitude is numerically equal
to A, ie. it is \/2 times the r.m.s. amplitude of the single
frequency field considered in the analysis of third
harmonic. If the difference between f, and f; is small,
ie. w<p, then Eqn 2.79 represents a wave of angular
frequency p, the peak amplitude of which varies relatively
slowly from 2H to —2H. Thus the distortion arising
in the flux wave will be partly due to the parabolic
shape of the loop (characterized by the hysteresis loss
coefficient) and partly due to the rise and fall of the slope
of the loop axis (permeability) as the amplitude varies.
The flux wave will contain components corresponding
to the intermodulation of the two applied fields.

Latimer!? in 1935 and Kalb* and Bennett in the same
year derived analytically the amplitudes of the third
order intermodulation products arising from the appli-
cation of such simultaneous fields to a material having a
B-H loop described by the parabolic loop equation.

In Eqn 2.75 the applied field strength H cospt is
replaced by the RH.S. of Eqn 2.79, i.e. the amplitude #
becomes 2H cos wt. By resolving the resultant expression
into terms containing only first order sines and cosines,
the amplitudes of the intermodulation products were
derived. A similar analysis was made for the case of
two applied fields of very different amplitude; the
amplitude corresponding to f, being H and that corres-
ponding to f, being kA, where k< 1. The r.m.s. amplitude
isH /\/ 2.

The results of these analyses are given in Table 2.2.

In the above discussion it has been assumed that the
B-H loop is symmetrical. If there is a magnetic bias,

] . 8ao; .
(2.75) B = H(ayo+a, H)cos pt+ ‘3"’2112 sin pt
T

B 8
+a30— cos 3pt—ﬂ}92 sin3pt  Gs
4 157

8
(2.76) Bs, = —a,,A? Gs
157

B 8a,,B
@.77) 2o = 2o
B, 15mu
E;, 3B;, 8ay,B,
278) —= = 2T _ 06tans,
E, B, Smu?
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Harmonic or

Peak amplitude of the

B3a BZa:tb
or ———

E3a EZaib
or—="

intermodulation harmonic or intermodulation | B, B, E, E,
product products of the flux density

By, or By, ., assuming f, ~ f,
Applied field = H, cos 2nft
i 2 pag, 2 8 40 p 06 tan &
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The results are based on the Rayleigh or Peterson parabolic hysteresis
loop characterized by a permeability rise coefficient, a,,, and a hysteresis loss
coefficient, ay,. The ratio a,,/a,, is designated F and equals 2 for a Rayleigh

material.

The subscripts @ and b refer to the applied fields of frequency f, and f,
respectively; 3a refers to the third harmonic of f, and 2a+b to one of the

sum products, etc.

In the second case considered in the table, i.e. that for two equal amplitude
fields, the ratios are relative to the amplitude of one of the two fundamentals.
For ratios relative to the combined amplitude of the fundamentals, divide

by 2.

The expressions are in SI units but they are readily converted to CGS
units by putting u, = 1 and expressing B, H and a,, in gauss, oersteds and

oersteds ~! respectively.
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e.g. due to a direct current in the winding, the analysis is
invalidated. Both even and odd harmonics will be gener-
ated and their amplitudes cannot be predicted from any
simple magnetic parameters. Data must be obtained
experimentally for particular values of bias.

It is important to note that the third order summation
products and the third harmonics of single or simul-
taneous fields depend only on the field strength and the
hysteresis loss coefficient a,,. Thus a measure of the
third harmonic amplitude is a good guide to the third
order summation products. However the third order
difference products depend on ag, and «,,. Unless the
true value of F(= a,,/dy,) is known the amplitude of
the third order difference products cannot be obtained
from a knowledge of the third harmonic amplitude.

Although the values of uy, and F may easily be
measured at low frequencies it cannot be assumed that
these values will apply at high frequencies. That part of
the magnetization process which gives rise to hysteresis
is due to irreversible domain wall displacements. These
walls have effective mass, compliance and friction which
affects their motion when a field is applied. It has been
observed in the high permeability manganesc zinc
ferrites that there is a relaxation of the domain wall
motion at frequencies above 100 kHz. At these frequencies
the amplitude permeability approaches the initial
permeability and the third harmonic distortion decreases.

Latimer'® calculated the third order intermodulation
products for the case of an elliptical loop in which the
slope of the major axis, corresponding to the perme-
ability, and the area, corresponding to the loss, obeys
the Peterson relation, Eqn 2.37 and 2.38. The results
show that the difference products are unchanged from
the expressions shown in Table 2.2 except that the
hysteresis coefficient and F are no longer the usual low
frequency values. All the other terms are zero.

Thus the transition of the B-H loop from parabolic to
elliptical would be accompanied by a fading out of the
third harmonic and the third order sum products but
not the difference products. Such a transition is probably
an over-simplification but the results given in Fig. 3.18
tend to support the general hypothesis.

The conclusion must be that while the results quoted in
Table 2.2 are a useful guide to the amplitudes of the
distortion products, their use at higher frequencies is
limited because the values of the material constants
are generally unknown at these frequencies and the
parabolic loop equation is probably not applicable.

2.3. THE EXPRESSION OF HIGH-AMPLITUDE
PROPERTIES

At the beginning of this chapter the B-H loop was
described and the amplitude permeability was defined as

B

T A

(2.80)

As the field strength or flux density increases from
zero the amplitude permeability rises until it reaches a
maximum value at the knee of the magnetization curve
and then it falls progressively as the amplitude is further
increased.

At these high amplitudes the B-H relation becomes
increasingly non-linear so that there is appreciable
waveform distortion. There are two limiting cases,
(1) the field strength waveform may be made sinusoidal
by driving the magnetizing winding from a high im-
pedance source or (2) the flux waveform may be made
sinusoidal by driving from a low impedance source. In
the latter case the winding resistance must not be high
enough to cause appreciable voltage drop. The wave-
forms associated with each case are shown in Plate 2.1.

Due to this appreciable non-linearity it becomes
prohibitively difficult to express the magnetic per-
formance with any accuracy in terms of coefficients and
a.c. theory. It is usual therefore to express the high-
amplitude loss of a magnetic material as power dis-
sipated per unit volume. This may be measured by a
wattmeter ot a calorimeter and may be expressed as a
function of frequency and flux density. For such data to
be truly descriptive of the material, i.e. independent of
size and shape of the core, the eddy current loss must be
excluded either by using cores suitably dimensioned to
make this loss negligible or by calculating its magnitude
{e.g. from Eqn 2.48) and subtracting it from the measured
loss. Thus the high-amplitude loss normally quoted is
the loss due to the area of the B-H loop. It is normally
called hysteresis loss although at high frequencies other
loss processes may contribute. To obtain the total loss
for a given core, the eddy current loss must be calculated
for that core and, if significant, it must be added to the
hysteresis loss.
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types and grades currently available rather than on
comparisons of competitive products. Indeed quan-
titative comparisons based on typical data would be quite
unreliable.

In cases where particular information on a grade of
ferrite is, for some reason, omitted it may often be inferred
from the corresponding data of a similar grade of ferrite,
the similarity being established by a comparison of those
properties that are given for both types.

All types and grades are referred to by the manu-
facturer’s codes. At first they are classified broadly
according to applications and tabulated against the
manufacturer’s name. This table provides a general guide
to types currently available at the time of going to press
and enables any code number to be identified with a
manufacturer.

The application classification is followed by data on
the mechanical and thermal properties. The next section
starts with a table of electrical and magnetic properties
in which typical values are given for the parameters that
are normally quoted in manufacturers’ catalogues. Then
follows the main part of the chapter, ie. the graphical
data. This starts with the B-H loops and ranges through
all the more important properties.

3.2. SURVEY AND CLASSIFICATION

A study has been made of the catalogues and trade
literature of all manufacturers of manganese zinc and
nickel zinc ferrites known to the author. Only mag-
netically soft ferrites suitable for inductors and trans-
formers (in the broadest sense of these terms) were con-
sidered. It appeared that although there are very many
grades and types of ferrite, nearly all of them could be
placed into relatively few categories according to the
principal application for which they are intended. The
application classification is as follows:

Manganese zinc ferrites

I Inductors for frequencies up to about 200 kHz

IT Inductors for the approximate frequency range
100 kHz to 2 MHz. Antenna rods for medium and
long wave broadcast bands

IIT High permeability applications, in particular wide
band transformers (lower cut-off frequency up to
about 10 MHz) and low power pulse trans-
formers.

IV Applications requiring high saturation flux
density and low loss at high flux densities, in
particular television line scanning transformers,
deflection yokes and power transformers for the
approximate frequency range 700 Hz to 100 kHz.

Nickel zinc ferrites

V u > 1000. Wide band transformers for the approxi-
mate frequency range 1 to 300 MHz, pulse trans-
formers for short duration pulses, e.g. t; < 0-1 us.

VI p: 500 to 1000. Wide band transformers for the
approximate frequency range 5 to 300 MHz.
Antenna rods for medium and long wave broad-
cast bands. Power transformers for the approxi-
mate frequency range 100 kHz to 1 MHz.

VII u: 160 to 490. Antenna rods for medium and long
wave broadcast bands. Power transformers for the
approximate frequency range 500 kHz to 5 MHz.

VIII u: 70 to 150. Inductors in the approximate
frequency range 2 to 20 MHz. Antenna rods for
short wave broadcast bands. Power transformers
for the approximate frequency range 2 to 30 MHz.

IX pu: 35 to 65. Inductors for the approximate
frequency range 10 to 40 MHz.

X pu: 12 to 30. Inductors for the approximate
frequency range 20 to 60 MHz.

XI u < 10. Inductors for frequencies above about
30 MHz.

The classification of all the grades and types of material
which were included in the survey is shown in Table 3.1.
Although great care has been taken omissions are inevit-
able and it must be recognized that in due course such a
table becomes out-of-date. Nevertheless it does give a
broad picture of the commercial availability of man-
ganese zinc and nickel zinc ferrites that have been
developed for inductors and transformers.

Notes: Where a manufacturer has several grades of
ferrite in one category this may be due to the introduc-
tion of improved grades or because there are several
versions of a given grade, each having a special
specification, e.g. a particular temperature factor. The
relative merit of different manufacturers’ ferrites should
not be assumed from the relative positions of entries.
Relative performance may only be established by
reference to manufacturers’ specifications ; the vertical
colums of the table simply indicate application
classification.

Sometimes the application of a particular grade is
obscure or the catalogue places a given grade in several
categories; in such cases the grade may appear several
times.

Finally there are a number of special grades of
these ferrites which are intended for applications not
covered by the scope of this book, e.g. magneto-
strictive ferrites and specially dense ferrites used for
recording heads; in general these have not been
included.



Table 3.1. SURVEY OF SOME FERRITE GRADES

API’LICAT;DN CLASSIFICATION

Class g n m w v vi vi vir x X ‘ X1
Initial permeability 800-2500 500-1000 1500-10 000 1000-3000 > 1000 5001000 160-490 70-150 3665 12-30 | <10
Main applications | Inductors Inductors Wide band & | High B,, Wide band & | HiF. Wide | Antenna rods, | Inductors, | Inductors | Inductors T Inductors
Antenna rods | pulse applns., T.V. & | pulse band & power| H.F. power | Antenna rods,
transformers | power H.F. power
transformers Antenna rods transformers
Approx. frequency | <200kHz | 100 kHz-2 MHz | LF-200 MHz | < 100 kHz 1-300 MHz | 100 kHz 500 kHz-5 MHz| 2-30 MHz | 1040 MHz | 20-60 MHz | > 30 MHz
range 300 MHz
Manufacturer and ﬁ ) B
trade name
UNITED KINGDOM
| Alsddin Compancats R1 R4 RS R6 RS R9 RI0
td.
Feradin
2 Mullard Ltd. Al A5 A13 A10 AST A8 A7 A2 A3 A9 B1 B2 B10 B4 BS
Ferroxcube AlS Alé
3 Neosid Ltd. F7F8 F8A | Fll F7 F8A - Fl4A FI6 FI7 F25 F29
4 The Plessey M2 TS5 T11 T21 T31 TS TST NW27 NW29 NWw25 NW6 NWi0
Company Ltd. NW26 H32
5 SELLW. P R s P R K2
Feralex L e ks
6 ST.C L. SAS03 SAS02|  SAdol SAS00T SA601 SB700 SB600 SBS0O SB400 SB300
Stanferite SAS00L
HOLLAND
7 N.V. Philips 3B 3B3 3BS I 3D3 3El1 3E2 3E3 3C2 3C6 3C7 4A1 4A4 4B1 4C1 4C6 4C7| 4D1 4D2 4E1 1Z3
Ferroxcube 3H1 3B7 3cs
FRANCE
8  Cofelec T4 T6 T10 BI10* T31* B50 Té B30 B42 BSO H20 H30 H32 HS50 H60 H52
Ferrinox T4 T22
9 Coprim 3B 3B3 3BS | 3D3 3E1 3E2 3E3 | 3C6 3C7 3C8 4A14A3 | 4B1 4ct 4
Ferroxcube 3HI1 387 clece | 4D 4EL
10 LT.T. 2002 1004 1005 2002 2003 3002 3001 2101 1101 1102 1112 1K
Fermalite 1002 2005 A 110
Fernilite |
GERMANY
11 Krupp Widia-Fabric | D1S4 D1S2 C3 D1 DIS1 C2 C22 C21 El E2 E3 E4 ES E6 E7 [
Hyperox DIs3 |
12 Neosid Pemetzrieder Fl F2 F106 F20 F40 F100
GmbH
13 Siemens A.G. N22N28N29|  M33 T26 N30 T35 | N20 N27 Mit K1 K12 U17 Uso
Siferrit T38
14  Steatite Magnesia 417 615 417 407 417 503 606 612 602 704 814
Keraperm
15 Valvo GmbH 38 383 385 | 3D3 3E1 3E2 3E3 | 3C6 3C7 3C8 4A1 4A3 4A4|4B1 4C1 4C6 4C7| ap1 481
Ferroxcube 3H1 387
USA.
16 Allen-Bradley Co. | W-03 W-5 | W-03 W-04 [ w-o1 R-02
W-5
17 Ceramic Magnetics | MN-30 MN-30 MN-31| MN-30 MN-31 CcM-2002 | ON-20 C-2050 C-2075 | C-2075 N-51 | N-50 N-40
Tnc. MN-60 C-2025
18 Fairrite Products | 71 71273 31323 64 62 61 65 51 2
Corp.
19 Ferroxcube Corp. | 3B9 3B7 3D3 3E 3E2A 3E3 | 3E 3CS 4A6 A 4B 4c 4ca 4D 4E 122
Ferroxcube
20 Indiana General TC6 TC7 | TC3 0.5 06 05 H TC4 Q1 | Q2 Q3
Corp.
Ferramic
21 Magnetics Inc. cpaG A ACDG cp N
22 National Moldite | D* 71+ M M2+
Co. Inc.
23 Stackpole Carbon Co. C24 C26 c27a cu c2A clAcsN |9 cucua |cnz cn85 C285A
Ceramag
24 D.M. Steward F112 Fas-1 F220 F6-21
Manufacturing Co.
JAPAN
25 Nippon Electric c* DI+ D2 D3
Co. Ltd.
Neferrite
2 Nippon Ferrite VL) VL74| AL3 CL81 | VL71VL74 | VL-7L VL4 L-84 L-85 | LK-100 QL-400| QM-101 MH-81 VH-50 VH-300
Industrial Co. Ltd. | FQ-2 GP-5 ¥B3 GP-5 SB'S FB-S T-314 TH-100 L-81 QM-051 | QM-201 VH-40 VH-100
GP-3 GQ-2 FB-3 cLs1 KQ1 L82 | LM81 KM-45 IT-1 | VH-150
SB-5 FB-5 H-90 VH-200
27 Sony Corp. 407*FBM FBI 503+ 403 FBI | 204 FBL FCI | 304 307 4B1* SAS KT23 | KT21 KTl | 6A6 KM21 | 6A7 KHSI KH72| KHTS
FB4 FB4A FC2 FC4
28  Tohoku Metal 1801F 801F 4000H 7000H 1300B 1500B 2000L 250L 400L 80L 100L 40L 201 10L
Industries Ltd. 12000H 30008

(i) See text for the description of this table.
(i) The application classifications are summarized at the
heads of the columns ; they are defined more completely

in the text,

(iii) As far as is known classifications I to 1V are basically
manganese zinc ferrites and V to XI are basically nickel
zinc ferrites. Exceptions are 1Z2 and 1Z3, which are
hexagonal structures, and AL-3 and CL-81 which,
although appearing in column II are nickel zinc ferrites.

*(iv) Often associated companies use the same code number

for equivalent material grades. However,
4

different

ferrites

1.

sometimes quite

have by chance identical code numbers; to avoid
ambiguity in the graphical data only those material
grades printed in bold type are quoted in Figs. 3.1 to 3.24.
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INDEX TO FERRITE CODE NUMBERS LISTED IN TABLE 3.1

F:;;Ze Manufacturer Fce‘r)"rilée Manufacturer FCe;rdz;e Manufacturer
number ref. number ref. number ref.
A 21 D3 25 KM21 27
AL-3 26 KM-45 26
Al 2 El 1 KQ-1 26
A2 2 E2 1 KT21 27
A3 2 E3 i1 KT23 27
AS 2 E4 11 KT41 27
AST 2 ES 11 Kl 13
A7 2 E6 11 K2 5
A8 2 E7 11 K4 5
A9 2 K6 5
Al0 2 FBL 27 K8 5
Al3 2 FBM 27 K12 13
AlS 2 FB1 27
Al6 2 FB-3 26 LK-100 26
FB4 27 LM-81 26
Bl 2 FB4A 27 L-81 26
B2 2 FB-5 26 L-82 26
B4 2 FCl 27 L-84 26
BS 2 FC2 27 L-85 26
B10 2 FC4 27
B10* 8 FQ-2 26 M 22
B30 8 Fl 12 MH-81 26
B42 8 | 20) 12 MH-90 26
B50 8 F4S-1 24 MN-30 17
F6-21 24 MN-31 17
C* 25 F8 3 M2 4
CL-81 26 F3SA 3 M2* 22
CM-2002 17 Fll 3 Mi1 13
CN-20 17 F14A 3 M33 13
C2 11 F16 3
C3 11 F17 3 N 21
CSN 23 F20 12 NW6 4
Cl11 23 F40 12 NW26 4
ClIA 23 F100 12 NW27 4
c2l 11 F-112 24 N20 13
C22 11 F-220 24 N22 13
C24 23 N27 13
C24A 23 G 2] N28 13
26 23 GP-3 2% N29 13
C27A 23 GP-5 26 N30 13
C-2025 17 GQ-2 26 N-40 17
C-2050 17 N-50 17
C-2075 17 H 20 N-51 17
C2285 23 H20 8
C2285A 23 H30 8 0-5 20
H32 4,8 0-6 20
D 21 H50 8
D* n H52 8 P 5
g}* éé He0 8 QL-400 26
DIS1 11 IT-1 2% QM-051 26
DIS2 11 QM-101 26
DIS3 11 KH51 27 QM-201 26
D154 11 KH72 27 Q- 20
D2 25 KH75 27 Q-2 20

continued
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Ferrite 1 Ferrite
code Manufacturer ng:;ée M anufagturer code Manufacturer
number ref. number ref. number ref.
Q-3 20 W-03 16 64 18
W-04 16 65 18
R 5 W-5 16
R1 1 71 18
R-O2 16 172 19 T1* 22
R4 1 173 7,15 72 18
RS 1 73 18
R6 1 3B 7,9, 15
RS 1 3B3 7,9, 15 80L 28
R9 1 3BS 7,9, 15 100L 28
R10 1 3B7 7,9,15,19 204 27
3B9 19 250L 28
S 5 3C2 7 304 27
SA401 6 3Cs 19 307 27
SASOOL 6 3C6 7,9, 15
SAS00T 6 3C7 7,9, 15 400L 28
SAS02 6 3C8 7,9, 15 403 27
SAS503 6 3D3 7,9,15, 19 407 14
SA601 6 3E 19 407* 27
SB-5 26 3El 7,9, 15 417 14
SB-300 6 3E2 7,9, 15
SB-400 6 3E2A 19 503 14
SB-500 6 3E3 7,9, 15,19 503* 27
SB-600 6 3H1 7,9, 15
SB-700 6 602 14
4A 19 606 14
TC-3 20 4Al 7,915 612 14
TC-4 20 4A3 9,15 615 14
TC-6 20 4A4 7,15 704 14
TC-7 20 4A6 19 801F 28
TH-100 26 4B 19 814 14
T4 8 4B1 7,915 1002 10
TS5 4 4B1* 27 1004 10
T5T 4 4C 19 1005 10
T6 8 4C1 7,9, 15 1101 10
T10 8 4C4 19 1102 10
Til 4 4C6 7,15 1103 10
Tl4 8 4C7 7,9, 15 1104 10
T21 4 4D 19 1105 10
T22 8 4D1 7,9, 15 1112 10
T26 13 4D2 7
T31 4 4E 19 1300B 28
T31* 8 4El 7,9, 15 1500B 28
T35 13 1801F 28
T38 13 5AS 27 2000L 28
T-314 26 6A6 27
6A7 27 2002 10
u17 13 2003 10
U60 i3 10L 28 2005 10
20L 28 2101 10
VH-40 26
VH-50 26 31 18 3000B 28
VH-100 26 32 18 3001 10
VH-150 26 33 18 3002 10
VH-200 26
VH-300 26 40L 28 4000H 28
VL-71 26 51 18 7000H 28
VL-74 26 61 18 12000H 28
62 18
w-01 16 63 18
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Table 3.2 MECHANICAL PROPERTIES OF SOME FERRITES

Fe::(;t: Pre(z)srsed Ps Ultimate tensile Ultimate compressive Young’s modulus of Impact strength
gNo Extruded p strength strength elasticity (Charpy)
ft Ib
X N n X N n X S n X S
p 47004800 | 64 019 6|53 07 4|150%10°/028 x 10% | .
Al 84-64 9-1x 103]0-27 x 10® 75%x 10 | 10x 10% | 7 12:13 x 107(0-04 x 107
E 36 077 g | 74 94 5[159x10°[42 x 10° o
51x10%|111 x10%| ° 105 x 10® {13-4 x 10> | °|2:36 x 107 [0-60 x 107 00319 | 00012
P 47004800 | 4-0 105 5, 60 48 5|129x102(021 x 10° | 4
AS 8464 57x 10|15 x10? 86x 103 | 6:8x 10> | “11-84 x 107(0-03 x 107
E 32 091 nE 133 5136 1031049 x 10° 4
46x103(1-3 x10° 60 x 103 |19 x 10° 193 x 107|007 x 107 00320 | 00012
p 47004770 | 46 0-70 6| 22 25 5[12:5% 10056 x 10° |
A9 7-5-6:1 65x103(10 x 103 31x10° | 36 x 103 | ©|1-78 x 1070-08 x 107
E 48 014 5| 60 59 5|125%10%(0-35 x 10° |
68x 10302 x10° 85x 10% | 84 x 10| | 2:08 x 107|0:05 x 107 00334 | 00009
P 4500-4600 | 37 1-12 5 592 x10%/084x10° | ¢
ALO 10696 | 53x 10316 x10° 131 x 107]0-12 x 107
E 39 051 5| 44 88 5| 11:0x10°10-56 x 10° | ¢
5-5x 103|072 x 103 62x 103 12:5x 103 | °|1-56 x 107|0-08 x 107 00310 | 00011
p 48104970 | 51 032 6 69 133 5| 14:6x10°/0-49 x 10% |
- 9-1-61 73 x 103(0-46 x 10° 98 x 103 |19 x 10® 2:07 x 107|0-07 x 107
£ 39 037 5| 42 36 5[127x10%1-4 x 10° |
56 x 10°(0-53 x 10° 60x10°| 51 x10%| °|1-80x 107]0-20 x 107 00344 | 00005
4660-4840 | 5-1 053 41 77 140 x 10%]0-56 x 10°
" P 4087 | 73x10°[075%10%| O] 58x10° [11x10° | 3199 x 107|008 x 107 |©
. 64 053 5| 51 51 5| 144x10°/028 x 10° |
9-1 x 10%{0-75 x 10° 73%x10%| 73x103| °|2:04 x 107/0-04 x 107 00311 | 00011
p 46004880 | 51 063 6l 44 133 5| 11:5% 10°]0-35 10° 1
B3 13-4-81 | 72x10%|0-89 x 10° 63% 10719 x 10? 164 x 107{0-06 x 107
E 53 134 6 11-4x 10%/0:28 x 10° |
76x 103|119 x 103 1:62 x 107|004 x 107 00331 | 00020
p 4360-4620 | 6:0 0-50 6 12:5 x 103[0-56 x 103 6
B4 180-132 | 85x103|0-71 x 10° 178 x 107|0-08 x 107
E 40 084 5 42 56 598 x10%183x10°
58 x 10312 x 103 60x10°| 8x103 140 x 107|026 x 107 00328 | 00011
40704290 | 32 034 18 0-84 82 x 103063 x10°
B Pl e 46x10%/048x 10°| 0| 26x10°| 12x10°| 4 116 x 107|009 x 107 |
E 61 155 5| 27 69 5|87 x10°035x 10° |
87x 10322 x 103 39% 10| 9-8x 103 | °|1-23 x 107|0-05 x 107 00303 | 00011
P 49 44 113 x 103
Average 70x 103 1-61 x 107
values E 46 48 122 x 103
65 % 103 68 x 103 1:74 x 107 00322

p, = sintered density in kg.m~3 (1000kgm~? = 1 gcm™3)
p = porosity, per cent

kgf.mm™2

Ib.in™2

_ . . [kgfmm™
s = standard deviation, in Ibin-2

x = mean value in
2 in experimental determination

n = number of specimens
Note. kgf = weight of 1 kg ~ 9-81 newtons
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Apart from being a broad survey of ferrite grades
Table 3.1 provides a means of identifying the grade
numbers in the graphical data which forms the major
part of this chapter. In some instances different manu-
facturers use the same code numbers to designate quite
different materials; to avoid ambiguity all grades
quoted in the graphical data are printed in heavy type.

3.3 MECHANICAL AND THERMAL
PROPERTIES

Ferrites, being ceramic materials formed by sintering,
have mechanical properties similar to those of pottery.
In particular the properties depend on the sintered
density. As described in Chapter 1, the pressed core before
firing consists of a relatively porous compact of oxides.
During sintering the oxides react to form crystallites of
the required composition, these crystallites nucleating at
discrete centres and growing outwards until the boun-
daries meet those of neighbouring crystallites. During
this process the density of the mass rises; if this process
were to yield perfect crystals meeting at perfect boundaries
the density would rise to the theoretical maximum, ie.
the X-ray density, p,, which is the mass of material in a
perfect unit crystal cell divided by the cell volume. In
practice imperfections occur and the sintered mass has
microscopic voids both within the crystallites and at the
crystallite boundaries. The resulting density is referred to
as the sintered density, p..
If the porosity is denoted by p then

p = 100(1-p/p,)

In normal production the porosity might range from 39,
to 209 depending on the grade of ferrite.

per cent 3.1

In Table 3.2 typical values of the sintered density and
porosity are given for a number of representative poly-
crystalline ferrites. The porosity has an effect on the
mechanical and magnetic properties and low porosities
are usually preferable. Since the majority of the pores do
not open to the surface there is relatively little absorption
from the environment and normally no protecting finish
is required.

Recently ferrites have been developed having porosities
less than 19 ; indeed values of 0-1 %, have been reported.!
These are particularly valuable in the manufacture of
devices such as recording heads which require intricately
formed, highly polished surfaces having the greatest
possible wear resistance. High density ferrites having high
permeability are used for transformer cores; for this
application accurately lapped pole faces are essential.

Some of the principal mechanical properties of a
representative selection of ferrite specimens have been
determined by Sellwood.?> The results, which have not
been previously published, are given in Table 3.2. For
each grade of ferrite there were two sets of measurements,
one for pressed specimens and other for extrusions. The
table gives the mean value, X, the standard deviation, s,
and the number of specimens used for each determina-
tion. It should be made clear that the specimens used for
any set of measurements, e.g. A1 pressed specimens, were
generally all obtained from one production batch because
they had to be specially made to the required shape. Thus
the standard deviations should not be applied to estimate
normal spreads in production. Such production spreads
may however be inferred from an inspection of the
results for several closely related grades. Care should be
exercised in using these figures, particularly the tensile
strength values, since the presence of porosity, voids or
hair-line cracks will in practice make the breaking load

Table 3.3. TYPICAL THERMAL PROPERTIES OF FERRITES

Property Conditions Value Units
Coeff. of linear expansion
MnZn ferrites 0-50°C 10x10°° °C™1
0-200°C 11x10°¢ °C!
NiZn ferrites 0-50°C 7x10°° °Cc!?
0-200°C 8§x10°¢ °ct
Specific heat®
. o 100 J.kg™t°C?
MnZn ferrites 25°C 026 cal.g-1°C!
. . o 750 J.kg=teC™?
NiZn ferrites 25°C 018 cal.g-1°C!1
Thermal conductivity
. 500 to 4300 uW.mm-1°C!
x‘g"f:f;’t‘efs} 25.85°C {35 to 43 mW .cm™%°C
0-0083 to 0-010 cal.s"tem™t°C™!
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Table 3.5 TYPICAL VALUES OF SPECIFICATION PARAMETERS FOR NICKEL ZINC FERRITES

Measuring conditions*

Principle application categories (see Table 3.1)

v VI vl VI IX X X1
P . Symbol or W.B. | HF. W.B.| Antenna | Inductors, Unit
roperty expression ) and and power rods, antenna, s
f B Mi pulse transformers,| H.F. rods, H.F. | Inductors | Inductors | Inductors
mT Gs 18c. trans- antenna power power
Sformers rods transformers|transformers
Initial s <10kHz (<01 | <1 2000 500-1000 | 160490 70-150 35-65 12-30 10
permeability
Saturation flux B, 0-26 028034 03-036 | 025042 | 024028 | 0-15-0-26 0-1-02 T
density atH=1|atH=1 |atH=2 | atH=4 |atH=4 |atH=8 |[atH=238 Amm™1!
2600 2800-3400 | 3000-3600 | 2500-4200 |2400-2800 | 15002600 | 10002000 | Gs
at H=12-Jat H=12-5|{at H=25| at H=50 {at H = 50 [at H = 100 |at H = 100 Oe
Remanence B, from sat 085 0-15-0-19 | 012-016 | 0-24-0:34 | 0-15-020 | 0-08-0-15 | 00501 T
850 1500-1900 | 12001600 | 24003400 { 1500-2000 | 800-1500 | 500-1000 | Gs
Coercivity H, from sat 20 16-50 80-160 160-500 300-500 500-1600 | 800-1600 | Am™!
025 02-06 1-0-20 20-60 4-0-60 6-0-20 10-20 Oe
Residual loss (tan é,)/p 107°
factor 100kHz | <01 <1 20 10-¢
300 kHz 50 10-¢
1 MHz 150-300 25-70 20-50 10°¢
3 MHz 50-200 25-60 10-¢
10 MHz 60-120 50-130 150-200 10-¢
30 MHz 200-1000 | 200-500 130-1300 | 10°¢
100 MHz 400-2000 | 10°¢
Hysteresis coeff. g 10kHz from 1 |from 10 64 4-8-14 11-16 1-6-48 64-95 64-130 8,400 |mT 'x10"¢
a 10 kHz to 3 to 30 4 39 7-10 1-30 40-60 40-80 5t,250 |Gs~!'x107¢
Curie point 0, < 10kHz | <01 <1 100 90-200 200-370 350490 300-500 250-510 250-510 °C
Temperature (up—py) | <10kHz { <025 | <25 8, 6,
factor (6,—6,) o1 .
Hiia\b2 =0y +25+55 4 2to 16 0to 14 0to 10 12to 40 |-10to +20 C 1x10
Resistivity P 10 10-107 > 103 > 10° > 103 > 103 > 103 Qm
10° 103-10° > 10° > 10° > 10° > 10° > 10° Qcm

These tables list the parameters that may be found in a ferrite
material specification. In each of the application categories
typical values of these parameters are given. They normally
refer to toroidal specimens of the material; no limits are
implied.

*The measuring temperature is 25°C unless otherwise stated.
+This low figure of hysteresis loss is obtained on specially heat
treated nickel zinc ferrites (see Fig. 3.1. 24(b)).

St



46 Soft Ferrites

uncertain. Some additional data are given in the
literature.> #

The average hardness of ferrite was measured on a
limited number of samples. The results in terms of the
Vickers Pyramid Number were 600 to 700 for manganese
zinc ferrite and 800 to 900 for nickel zinc ferrite.

Table 3.3. gives typical values of the thermal properties
of ferrites.

3.4. MAGNETIC AND ELECTRICAL
PROPERTIES

Before presenting the graphical data it will be useful to
give in tabular form, for each application category,
typical values for those parameters which may be quoted
in manufacturers’ catalogues. These Tables, 3.4 and 3.5,
enable comparisons between the categories of ferrite to
be readily made. However it must be emphasized that
the figures are merely representative of the category and
should not be interpreted as being typical of any
particular grade.

The rest of this chapter consists of graphical data
presented as a series of figures, each dealing with a
specific property as a function of an independent variable.

Each figure is accompanied by a brief commentary
intended to draw attention to the salient features, to
indicate in a qualitative way any underlying physical
processes that may be relevant, and to provide cross-
references and relevant formulae. Each commentary
serves as an extended caption for all graphs in one figure.
It indicates, after the heading, the values of those quan-
tities, e.g. f, B, 0, etc., that were constant during the
variation of the independent variable(s).

In general each figure consists of a number of graphs
each displaying typical data for the grade or grades of
ferrite indicated in the panel at the top right-hand corner.
The order of the graphs appearing under one figure
number is approximately in accordance with the applica-
tion classifications listed in Section 3.1, e.g any data
relating to LF inductor grades would appear first while
the data on higher frequency nickel zinc ferrites would
appear in the later graphs. The grade references are those
used by manufacturers and appear in the survey in
Table 3.1.

It is emphasized once again that the data are typical
and should not be used to compare the performance of
similar grades manufactured by different Companies.
Where comparison is required reference should be made
to the manufacturer’s specification.
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B-H Loops Fig. 3.1
f— 0 (ballistic measurement)

A basic property of any magnetic material is the relation
between flux density and field strength, the B-H loop.
This figure shows the B-H loops for a wide and repre-
sentative range of ferrites.

The B-H loops for the manganese zinc ferrites are given
first and the later loops are for the nickel zinc ferrites.
The saturation flux density depends on the composition
and decreases as the temperature rises {see also Fig. 3.3);
its effective value is also decreased by the porosity of the
specimen.

At room temperature the saturation flux densities
range from 030 to 0:45T (3000 to 4500 Gs) for the
manganese zinc ferrites quoted and from 012 to 0:41T
(1200 to 4100 Gs) for the nickel zinc ferrites.

The coercivities range from 16 to 80A.m™' (02 to
1-0 Oe) for the manganese zinc ferrites and from 16 Am™!
(02 Oe) for the nickel zinc ferrite having the highest zinc
content to about 1400 A.m~! (18 Oe) for nickel ferrite
having no zinc.

The area of the B—H loop is a measure of the energy
loss due to hysteresis in a unit volume during one cycle
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Fig. 3.1.1

of magnetization. At high frequencies residual loss and
eddy current loss will generally modify the loop shape.
Thus the loop area is only an indication of the high
amplitude low frequency loss; the losses at small ampli-
tudes, e.g. the loss represented by the hysteresis coefficient,
cannot be inferred.

Fig. 3.124 illustrates B-H loops obtained by special
heat treatment of nickel zinc ferrites having small cobalt
additions.

(See also Section 2.1)

Field strength H = NI/l Am™! (See Eqn 2.1)

Flux density B = puH T (See Eqn 2.8)

Magnetic
polarization J = B—u H T (See Eqn 2.5)
Hysteresis energy
loss density wy,=$BdH  Jm 3cycle™!
(See Eqn 2.33)
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Fig. 3.1.24. B-H loops obtained by special heat treatment of
nickel zinc ferrite having a small addition of cobalt. These
materials have been described by Kornetzki® and

others.”" 8
Loops (a) and (c):

Loops (b) and (d):

Loops (e) and (f):

Low and high amplitude loops for the
Serrite without special treatment.
Corresponding loops obtained by
slow cooling after sintering. The loop
shows virtually no hysteresis until, at
an ‘opening field’, a butterfly loop is
obtained. This opening of the loop is
irreversible.

Loops obtained by cooling in a
magnetic field (e) parallel to
measuring field and (f) perpendicular
to measuring field.
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Minor B-H loops Fig. 3.2

f— 0 (ballistic measurement)
6 ~ 20°C

The graphs in these figures show the initial magnetization
curves for several ferrites. Branching from these curves
at various field strengths are the return B-H curves
obtained when the field is reduced from those field
strengths. Thus if a number of uni-directional pulses of
equal field strength are applied to a core these graphs will
show the corresponding value of flux density, and give
an indication of the remanent flux density. The first pulse
will leave the material at the appropriate remanent flux
density. The second will take it, by the lower arm of the
minor loop (such as the curve shown by a broken line
in Fig. 3.2.1), approximately to the previous value of peak
flux density. Subsequent pulses will traverse substantially
the same minor loop. Thus the graphs will indicate the

total swing of flux density and the incremental perme-
ability.

If a number of uni-directional pulses, each corres-
ponding to a given peak value of flux density are applied
to a core the minor loop that will be traversed may be
estimated by finding or interpolating a minor loop having
a total flux density swing equal to the applied flux density
swing. This use of these graphs is explained in more detail
in Chapter 8.

In Fig. 3.2.6 the permeability up corresponding to the
slope of the minor loop is given as a function of the total
uni-directional flux density excursion.

(See also Sections 2.1 and 8.5 and Fig. 8.18)

Permeability, yp =

see Eqn 8.30
AR ( q )

Uy

AB =
NA

(see Eqn 8.31)
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Saturation flux density as a function of temperature
Fig. 3.3

f— 0 (ballistic measurement)

As the temperature rises from 0°K the magnetic align-
ment within the domains is increasingly disturbed by
thermal agitation and as a result the saturation flux
density falls until, at the Curie point magnetic alignment

is completely destroyed and the material becomes para-
magnetic. In manganese zinc and nickel zinc ferrites the
larger the proportion of zinc the lower the Curie point.
At room temperature the saturation flux density reaches a
maximum at a particular proportion of zinc. This is
illustrated in the first two graphs which show the B,
temperature relations for an experimental series of ferrite
compositions (after Smit and Wijn®).

(See also Fig. 3.1.)
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Permeability as a function of high amplitude flux density
Fig. 34

f=50Hz
0 ~ 20°C

As described in Section 2.1 the permeability rises with flux
density from the initial value when the flux density is
nearly zero to a maximum value corresponding to the
slope of a line from the origin, tangential to the knee of
the initial magnetization curve. Any further increase in
B reduces the permeability.

The graphs illustrate a wide variety of behaviour.

At higher frequencies, e.g. >50kHz, the rise in
permeability may be expected to be less.

From the practical point of view these amplitude
permeabilities are rarely of benefit in design work because
a device that must have a given performance at high
flux densities must usually operate equally well at low
flux densities. The main use of these data is in checking
that a given design stays within requirements over the
specified range of flux densities.

(See also Section 2.1.)

B

In some grades the increase of permeability is not great Amplitude permeability g, = — (see Eqn 2.8)
but on the other hand pu.,,/i; ratios exceeding 2 may p#H
often be found, and values of u,,, between 6000 and
10000 are observed. Initial permeability  p; = limg_, ou,
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Permeability as a function of low amplitude flux density
Fig. 3.5

f=10kHz
0 ~ 20°C

The graphs show the rise in permeability as a function
of the alternating flux density at low amplitudes. Such
data are useful in estimating the stability of inductors
subject to changes of low flux density.

They also give an indication of the permeability rise
factor used in wave-form distortion calculations, e.g. the
Raleigh coefficient v and the Peterson coefficient a,;.
For this purpose it is usual to work in terms of field
strength rather than flux density. However, as the
equations below indicate, the conversion may be readily
obtained. Using the slopes of these graphs at zero flux
density the values of the above coefficients are as follows:

du/dH or v or ay,

Specimen
SI units CGS
A5 18 1440
Al3 12:5 1000
Al10 21 168
AST 54 4310
A7 540 43400

¢f. values obtained in Fig. 3.15
(See also Sections 2.2.3, 2.2.7 and Figs. 3.15, 3.18.)

omy (o —vea _ HottOp (see
6H).. \6H/. 1 5B Eqn 230)

where p, is the amplitude permeability at flux density B
i,—; when B—0
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74 Soft Ferrites

Incremental permeability as a function of steady field
strength Fig. 3.6

f=5kHz

The permeability of a material measured with an
alternating field in the presence of a superimposed
steady field is referred to as the incremental permeability,
1, Apart from a possible small initial increase it becomes
progressively less as the steady field is increased. If an
air gap is introduced into the magnetic circuit there
are two effects: in the absence of a steady field the
effective permeability is reduced (see Eqn 4.25), and the
reluctance of the magnetic path to the steady field is
increased and this reduces the superimposed flux density.
The overall result of the introduction of an air gap is
that the value of u, is reduced at the lower values of
the steady field but it is increased when the applied
steady field exceeds a certain value depending on the
ratio of gap length to magnetic path length, [,/l.. If the
incremental permeability is measured as a function of
steady field strength with a number of different gap
lengths a family of curves is obtained. Each curve
emerges above the others over a limited range of applied
field strength indicating that for a given field strength
there is a particular air gap ratio that will give the
maximum effective incremental permeability.

These curves are useful in predicting the effect of

superimposed d.c. on a given design but they cannot
easily be used for designing inductors or transformers
carrying d.c. This is because until the effective u, is
known it is not possible to estimate the number of turns
for a required inductance; until the number of turns is
known the applied d.c. ampere turns cannot be cal-
culated and so the optimum effective u, is not known.
This problem is solved by deriving from these graphs
others called Hanna curves. These are presented in
Fig. 3.7.

The present graphs have been obtained at both very
low alternating flux density and also at a relatively high
value; some indication of the temperature dependence
is also given. Before the measurement of u, for a given
air gap ratio the core was demagnetized and measure-
ments were then made at successively increasing values
of field strength. If in practice a core is brought to a
particular value of steady field strength from a higher
value, hysteresis effects may cause the results to depart
a little from those given. However at the higher gap
ratios hysteresis effects will normally be negligible.

(See also Sections 4.2.2, 6.2.1.)

!
He=T7"7"T"—""7"— see Eqn 4.25
lz/ Ag+ Ci/u ( 4 )
iy = AB/u AH (see Eqn 2.8)
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Hanna curves Fig. 3.7
f=5kHz

In the introduction to the preceding figure (u, v. steady
field strength) it was observed that the usefulness of such
graphs was confined to predicting the behaviour of a
given design rather than preparing an original design.
For convenience in the design of inductors and trans-
formers carrying direct current the data are best pre-
sented in the form of Hanna curves.'® From the experi-
mental data the parameter LI?/V, is calculated as a
function of NI/I, for each gap ratio. L is the inductance
of N turns on the particular core used in the measure-
ment, [, and ¥, are its magnetic length and volume and
1 is the direct current. It was shown by Hanna that the
relation between these quantities is independent of the
core geometry provided the cross section is constant
and it may in practice be used quite generally. The
curve for each given air gap ratio has a region in which
it is above all the other curves; it is usual to draw a
single envelope curve and mark along its length a scale
of optimum air gap ratios.

To use the composite curve, the parameter LI%/V, is
calculated from the value of the inductance required at
a given direct current through a winding on a given core.
From the curve the corresponding value of NI/l is
found. Since I and I, are known the value of N may be
obtained. The point at which the calculated value of
LI*/V, intersects the curve will give the air gap ratio
that must be used to meet the requirements. This will

be the optimum design. It should be remembered that
in most cases, e.g. E cores or U cores, the air gap so
calculated is normally provided by means of spacers.
Since there will be two spacers in the magnetic path
each spacer thickness is half the required air gap.

The graphs of Fig. 3.7 show Hanna curves for a repre-
sentative selection of ferrites, the majority measured at
room temperature and at an elevated temperature. In a
number of cases curves are shown for both low ampti-
tudes and high amplitudes of alternating flux density.
The curves for the nickel zinc ferrites are not true Hanna
curves because data were available only for the un-
gapped core, however they have been included because
in a limited way they are useful. Some indication of
gapped performance may be obtained by analogy with
the curves for the manganese zinc ferrites by extrapolating
the lower part of the curve upwards, ignoring the falling
off at the knee.

In the derivation, /., and V, are used as though they
referred to an ideal core shape, i.e. a radially thin toroid.
In the case of a practical core the effective length and
volume may be used without much error. Where a core
has a particularly non-uniform cross-section it may be
preferable to determine experimentally a special curve
for it, expressing LI> as a function of NI with spacer
thickness as a parameter so that the core geometry does
not figure in either the preparation or the practical use
of the curve (see Fig. 7.11).

(See also Section 7.3.1, p. 253)
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Properties of some Manganese Zinc and Nickel Zinc Ferrites 9l

Initial permeability as a function of temperature Fig. 3.8

f =low
B =1low

As the temperature is raised from a low value, the
initial permeability of a ferrite normally rises until it
peaks just below the Curie point and then drops rather
abruptly towards unity at the Curie point. There is often
evidence of a secondary peak near or below room
temperature. It is believed that this is normally due to a
small excess of ferrous ions which, having a large positive
crystalline anisotropy, cause the overall crystalline
anisotropy to go through zero at a particular temperature,
the anisotropy due to the remaining cations being small,
negative and diminishing with increasing temperature.
This effect is sometimes utilized to control the tempera-
ture coefficient of permeability over a limited range,
e.g. see A13 and 3B7 in Fig. 3.8.4. Other ions, e.g. cobalt,
can have a similar effect and are sometimes introduced
in small quantities for this purpose.

In measuring the temperature coefficient care must be
taken to avoid time effects. Obviously sufficient time must
be allowed for the specimen to achieve a stable and uni-
form temperature. When this has been done there will
in general remain a time change of permeability resulting
from the thermal disturbance as described in the intro-
duction to Fig. 3.10. If this is ignored the temperature
change will appear to have an irreversible component

and the measurements will be unreliable. The difficulty
may be avoided by allowing sufficient time, e.g. 1 h, after
the specimen has reached the required uniform tempera-
ture; the time-change will usually have become negligible
by that time. Another method that has been proposed
is to subject the specimen to an alternating field diminish-
ing rapidly from saturation to zero at a fixed time, e.g.
10 min before any measurement. Such a process is des-
cribed in more detail in the introduction to Fig. 3.10.
This treatment removes the effect of the thermal dis-
turbance and replaces it with a controlled disturbance.
However, if the time-dependence of the permeability due
to this disturbance is itself temperature dependent errors
will again be introduced. The most reliable method is to
change the temperature and let the specimen remain at
the new temperature until the permeability is constant.

The first two graphs show the effect of zinc content on
the permeability/temperature relation (after Smit and
Wijn!!). As the zinc content becomes larger the Curie
temperature falls and the room-temperature permeability
increases. The manganese zinc ferrites, which are the
subject of the first graph, contain a small amount of
ferrous ions and show the characteristic secondary peak.
(See also Sections 2.2.2, 4.2.2 and 5.5.2))

Temperature coefficient = Ayu,/u,A8 (see Eqn 2.20)

Temperature factor = Au/u?A8 (see Eqn 2.23)
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INCREMENTAL PERMEABILITY, u,

Properties of some Manganese Zinc and Nickel Zinc Ferrites

Incremental permeability as a function of temperature with
steady field strength as a parameter Fig. 3.9

f=5kHz
B = 01 mT (1 Gs)

It has been seen in the previous figure that the tempera-
ture coefficient of initial permeability is normally positive
unless there is a pronounced secondary peak in the curve.
However the incremental permeability is governed to
some extent by the saturation flux density, e.g. referring
to Fig. 3.1.1 it may be deduced that the incremental
permeability at a field strength of 80 A.m~! would fall as
the temperature rises from 20°C to 100°C simply due to
the diminishing B-H loop (see also Fig. 6.3). So it is
to be expected that as the steady field strength is increased

101

the temperature coefficient of the incremental permeability
will decrease and become negative. The graphs that fo'low
illustrate the behaviour of some ferrites that might find
application in transductors.

The effect of a steady field is to reduce the primary
peak of the permeability/temperature curve that occurs
just below the Curie point. As the steady field is increased
this peak moves towards the lower temperatures and the
whole curve is lowered. Over a small range of tempera-
ture, which depends on the value of the steady field
strength, the temperature coefficient is approximately
zero. The first and last graphs show secondary peaks in
the region of room temperature. The steady field appears
to suppress these peaks less than the primary peaks.

(See also Section 6.2.2))
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Disaccommodation Fig. 3.10

f=5kHz
B =01mT(<1Gs)

If a magnetic material is given a disturbance, which may
be magnetic, thermal or mechanical, the permeability
observed immediately after the cessation of the dis-
turbance is normally found to be raised to an unstable
value from which it returns, as a function of time, to its
undisturbed or stable value. This phenomenon has been
called time-change of permeability but is usually referred
to as disaccommodation. The process is repeatable
indefinitely and in this sense it is different from ageing,
which is a permanent change with time and which is not
generally observed in ferrites at normal operating
temperatures.

There are a number of possible mechanisms of dis-
accommodation in ferrites and they all depend on
migratory processes within the lattice. These processes
often involve the anisotropic or preferred distribution of
ferrous ions and/or cation vacancies over the four
octahedral sublattices of the spinel structure. The
preference for a particular sublattice depends on the
direction of the domain magnetization and, therefore, on
the position of the domain walls. The distribution tends
to fix, and be fixed by, the location of the domain walls,
giving rise to a more stable or lower permeability state.
After the disturbance the vacancies and domain walls are
no longer in a mutually low energy state (therefore the
initial permeability is higher) but the lower energy state
is progressively approached as the ferrous ions and/or
vacancies migrate to the new preferred sites conditioned
by the new domain wall positions. In other words the
disturbed domain wall, having taken up a new position,
sinks slowly into an energy trough at that position,
losing mobility and reducing domain wall contribution
to the permeability as it does so. The rate at which the
vacancies are redistributed or diffuse depends very much
on the temperature, shorter time constants being
observed at the higher temperatures. If the permeability
is measured with a large amplitude signal it is clear that
domains will be constantly jumping to new positions and
disaccommodation will not be observed; the maximum
disaccommodation is observed at vanishingly small
measuring amplitudes.

Perhaps the most fundamental disturbance is an
excursion of the temperature of the material above the
Curie point and back again. As this is rather a lengthy
process it is not a very convenient basis for a quantitative
method of measuring disaccommodation. Instead, a
disturbance procedure similar to an a.c. demagnetization
is usually preferred; it is particularly suitable for measure-
ments on managanese zing ferrites. On the other hand it is
not suitable for field sensitive materials, such as those

described in Fig 3.1.24; these suffer permanent change
of properties due to high fields and so the Curie point
method is perhaps the only means by which their dis-
accommodation may be assessed.

The a.c. field method consists of subjecting the material
to a saturating alternating field for a few periods and then
the amplitude is reduced progressively from just above
the knee of the B-H loop to zero. Excessive saturation
should be avoided because this may cause heating of the
core by the winding. An exponential decay of field is
convenient and effective; a frequency of about 100 Hz
and a time constant of about 0-08 s has been found to give
reproducible results. Using such a standard disturbance
the time-change of permeability may be measured (at
constant temperature) and materials compared. It should
be remembered when using disaccommodation data that
the test disturbance is artificial and as such is unlikely to
occur, for instance, during the manufacture and life of a
filter inductor. However, investigations have shown!?
that the time-change following the test disturbance is
similar in form and magnitude to that following a
temperature change to which a ferrite-cored component
may be subjected, e.g. a 50°C step.

The graphs show, for various grades of ferrite and at
various temperatures, the time-change of initial perme-
ability following the test disturbance. It may be seen that,
measured over the interval from 1 min to 24 h after the
test disturbance, the initial permeability of inductor
ferrites at room temperature may typically decrease
between 0-5 and 2-5%,.

For convenience the relation is usually taken to be
proportional to the logarithm of time, and based on this
assumption there are several standard methods of
expressing the disaccommodation numerically. The
original method, which is still sometimes used, is to
express the disaccommodation, D, simply as the per-
centage decrease of permeability between 1 min and 24 h
after the test disturbance (demagnetizing procedure).
This is often called the 24 h disaccommodation. More
recently time intervals of 10 min and 100 min have come
into use.

As shown in Section 4.2.2, any change in initial perme-
ability is diluted in its effect on a gapped core by the
ratio u./u;. Thus, for a given ., a higher value of y; will
result in a lower value of effective disaccommodation in a
gapped core. This consideration gives rise to the concept
of normalized disaccommodation or disaccommodation
factor, D.F., which is defined as D/u; This is the para-
meter which characterizes the time variability of a
material, since a higher value of disaccommodation is
permissible provided the y; is proportionately higher, so
that the effective value in a gapped core is unchanged:

s . D
effective disaccommodation = — x pu, = (D.F.) x g,
I

i
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It may be noted that the ratio 24 h/1 min equals 1440
and that if the graph were a straight line the 1 min-24 h
change would be repeated in a further 1440d, ie. about

1

The IEC (TC51) has recently recommended that the

D.F. be expressed as:

(1~ pg)
t
i logyo 2
ty

where the suffices refer to the first and second measure-
ment and ¢ is the appropriate time interval after the test
disturbance. If the graph is a straight line then the same
value of D.F. will be obtained whatever values of t, and
t, are chosen. If t,/t; = 10 then the logarithm is unity
while if ¢, = 1 min and ¢, = 24 h the logarithm is 3-16,
so to convert 24 h D.F. values as previously expressed to
values corresponding to the proposed IEC expression, the
previous values must be divided by 3-16.

Returning to the experimental results it is clear that the
graphs are not quite straight lines but, at least over the
early period, tend to droop below the tangent drawn at
t = 1 min. The true form of the variation and its nature has
been described in the literature. The error in taking the
long-term disaccommodation as proportional to the 24 h
value on a log time basis is not large. For the ferrites
referred to in this figure it is seen that with increasing
temperature the variation with time increases.

It has been observed previously that a thermal dis-
turbance such as a rise in temperature (well below the
Curie temperature) will cause a variation with time
similar in form to that just described. The implications of
this in relation to the measurement of temperature
coefficient have been mentioned in the introduction to
Fig. 3.8. Either sufficient time must be allowed at each
temperature so that the rate of time-change of perme-
ability becomes negligible, or a test disturbance (demag-
netization procedure) must be applied to remove the past
history of time-change and replace it with a prescribed
time-change, the measurement being performed at a fixed

interval, say 10 min, after the test disturbance. This works
quite well over small temperature ranges but it follows
from the temperature dependence of disaccommodation
that it cannot hold over a wide range. The first method,
i.e. allowing sufficient time for thermal disaccommodation
to become negligible, is probably the more reliable.

In any accurate measurement of permeability or
inductance the possibility of time change due to previous
disturbance should be taken into account and sufficient
recovery time allowed. Apart from its effect on the
accuracy of measurements, the principal importance of
disaccommodation is in the design of high stability
inductors used in wave filters as described in Chapter 5.
(See also Sections 2.2.2, 42.2, 5.5.2.)

Using the 1 min—24 h method :

D= ot} usually expressed in per cent
131
Disaccom. D pi—p, (see Eqn 2.27)
= —_— = ——2—
factor e L) (see Eqn 2.28)

where p, is the permeability 1 min after test disturbance
U, is the permeability 24 h after test disturbance

Following the IEC recommendation:

D= _F17#
)
Uy logyo =
4
. D —
Disaccom.  _ D _ M=H2 (e Fgn 229)
factor My 2 2
uilogyo—-
4
where u, is the permeability at time ¢, after the test
disturbance
ity is the permeability at time ¢, after the test
disturbance
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Complex initial permeability spectrum Fig. 3.11
B < 01 mT (1 Gs)
0 =~ 20°C

In Section 2.2.1 the well-known concept of complex
permeability is introduced. The real and imaginary
components represent reactive and loss terms respectively
and may be expressed as series components (u;, p;') or
parallel components (uy, up).

The graphs in this figure show the components of the
complex initial permeability (i.e. permeability measured
with B — 0) as functions of frequency. For each group
of materials the series components are given first and the
succeeding graph shows the corresponding parallel com-
ponents. It often happens that the designer requires the
product of the angular frequency and the permeability
components. This may be readily obtained by placing a
45° graticule in the appropriate position on the perme-
ability curves; the new graticule may then be scaled in
terms of wy, and wy or wy, and wyy. This has been
done for each of the graphs in this figure; it should be
-used in conjunction with the normal frequency scale.

The general form of these relations may be seen by
referring to the first pair of graphs as an example, These
illustrate the complex permeability of a group of man-
ganese zinc ferrites. The measurements have been made
in such a way that the loss due to macroscopic eddy
currents and phenomena associated with dimensional
resonance (see Section 2.2.4) have been eliminated. It
is seen that at low frequencies the real part of the initial
permeability, u, is about 2000 for Al3 and about 500
for A10. As the frequency rises, each curve remains level
at first and then rises to a shallow peak before falling
rapidly to relatively low values. The loss component,
., rises to a pronounced peak as g falls. In high perme-
ability ferrites this dispersion is principally due to the
ferrimagnetic resonance!® (spin precession resonance).
In a magnetically saturated ferrite this occurs as a sharp
resonance at microwave frequencies; in the absence of an
externally applied static field there is a distribution of
domain magnetizations and the precession resonance is
rather broad. Domain wall motion may, in general, also
contribute to the magnetization process, so wall resonance
or relaxation may contribute to g, and 4 in this region.'*

Snoek!® observed that the frequency of ferrimagnetic
resonance varies inversely as the initial permeability. He
gave the following relation:

. yMsat
Jres = Ime-1) Hz (32)

where f.., = frequency at which g is maximum, Hz

y = gyromagnetic ratio ~ 022 x 10°
(rads™ DA 'm

M., = saturation magnetization in Am™*

u; = initial permeability, ie. lim,_, ¢ g
Mg,
s fee =234x100—2  Hz (3.3)
Wy

The saturation magnetization in most cubic ferrites lies
between 250 x 10° and 350 x 10°> A.m~ "' (250 and 350 Gs).
Therefore if M,,, is given a mean value of 300 x 10® the
ferrimagnetic resonance frequency may be estimated with
reasonable accuracy for any value of initial permeability.
This treatment is rather over-simplified; for a fuller
discussion the references should be consulted.

The useful frequency range of a ferrite is limited by
the onset of ferrimagnetic resonance, either because the
permeability begins to fall or, at a somewhat lower
frequency, the losses rise steeply. The maximum frequency
for which the ferrite has usefully low loss may be taken
as a fraction, e.g. 1/6, of f,., depending on the limit of
tan &, that is chosen. In illustration, ferrite grade B10 in
Fig 3.11.4 has g = 120 and therefore the calculated
value of £, is about 60 MHz compared with a measured
value of about 50 MHz. For this ferrite tan 6, = 0-01 at
about 7-5 MHz, i.e. at about 0-15f,.,.

The applications of high permeability manganese zinc
ferrites are usually confined to the lower frequency
region, e.g. less than about 2 MHz, although it will be
seen below that this is not necessarily the case in trans-
former applications.

Reading the curves against the 45° graticule, the wp;
product rises at first in proportion to the frequency and
then it either peaks or becomes almost independent of
frequency.

The corresponding parallel components are shown in
the second of each pair of graphs. The resonance dis-
persion is of course still apparent but y, does not fall
so rapidly with frequency. The products with w are
moi~ revealing because, for a winding on a core, wy,
is proporticnal to the parallel reactance, and wpp is
proportional to the parallel resistance, arising from the
core properties. These values are of importance in
transformer design. It is seen that wyy (oc R;) peaks at
relatively low frequency and then becomes almost
constant with frequency. The product wp;, (oc wL,) rises
with frequency and, except for the highest permeability
material, the rising characteristic extends to frequencies
beyond 100 MHz. It is for this reason that a ferrite-cored

4yMsnt
3(u-1)

(-2 fres =

M
(3.3) free ® 234 % 10 ——;- Hz
h—
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transformer, having sufficient shunt impedance at the
lower end of the pass band, will not usually suffer extra
attenuation due to the core at higher frequencies unless
1t is particularly sensitive to changes of R,,.

The nickel zinc ferrites behave in a similar way. It is
interesting to note that in general their values of wu,
(oc wL,) remain lower than corresponding values of the
manganese zinc ferrites even up to 100 MHz; the advan-
tage of the higher frequency of the resonance being offset
by the lower initial permeability.

(See also Sections 2.2.1, 7.3.1, 7.4.1.)

Series impedance in terms of complex permeability:

Z= ijs+Rs = ijo(ﬂ;_'jH;/)

oL, = oLy
. (see Eqns
R, = wLopg 2.15, 2.16)
R, 4
and tand, = = ﬂ—,
oL,y

Parallel impedance and admittance in terms of complex
permeability :

11 1 /1 1\
Y="t—=— |-
joL, R, joL, \pp Juy
oLy = oL, | (see Eqns.
R, = oL 2.17, 2.18)
and tan5m=—p—,-‘—,‘f J
4 Hp
Conversion :

pp = pyl+tan® 8;,)

ﬂ; — ”;/(1+1/tan2 5m) (See Eqn 2.19)
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Residual loss factor spectrum Fig. 3.12

B <01 mT (1Gs)
0 =~ 20°C
The residual loss factor (tan J,)/y; is usually the principal
loss parameter at low flux densities. For a given value of
effective permeability u., the inductor using a core
material having the lowest tan §,/y; will have the lowest
core loss (neglecting the core conductivity). The low
frequency residual loss tangent, tand,, does not vary
much between the various grades of soft ferrites; the
values for the nickel zinc ferrites usually lie between
0-002 and 0-02 while for manganese zinc ferrites a smaller
range, (002 to 0-004, includes most low loss grades. This
being so, tan J,/u; may in principle be lowered by
increasing the initial permeability. However, as mentioned
in the introduction to Fig. 3.11, the higher the perme-
ability the lower is the frequency of the ferrimagnetic
resonance dispersion. This may be seen clearly in the
graphs of the present figure where the ferrites having the
lower loss factors tend to cut off at the lower frequencies.
Using residual loss factor as a criterion, the first graph
shows that, of the grades referred to, A13 (y; =~ 2000) is
best up to about 300 kHz, where grade A10, due to its
lower permeability (u; &~ 500) and the attendant higher
cut-off frequency, emerges as a better material.

Fig. 3.12.9 shows that grade A10 is overtaken by the
nickel zinc ferrite grade B2 (y; ~ 250) at about 2 MHz,
and so on. In this way each ferrite may have a frequency

range in which it has the lowest loss factor and would
therefore be the best choice for the core of a low loss
inductor. Of course, some materials, e.g. grade Al, are
superseded at all frequencies by other grades. Such
materials may be of early development, or they may have
special characteristics such as higher B, or lower cost
which gives them a particular field of application.

At frequencies well below the ferrimagnetic resonance
the residual loss is believed to arise at least in part from
thermally activated domain wall movements.

(See also Sections 2.2.1, 2.2.5,4.2.3, 5.7.5.)

tan o,

= wL,G (see Eqn 4.45)

where L, = u,N?%/C,

G = residual loss conductance

(thus loss factor is proportional to the residual loss con-
ductance measured across a winding of N turns on a core
of given core factor C,)

(tan 5r)gapped ~ tan 6r
He Hi

tan &
an > (See Eqns 2.58, 4.49)
Hi

and (tan 6r)gapped ~ “e(
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Residual loss factor as a function of temperature
Fig. 3.13

B < 01 mT (1 Gs)

The dependence of (tan ,)/y; on temperature at various
frequencies is shown in these graphs for a number of
ferrites.

The graphs for the manganese zinc ferrites show
minima in the vicinity of room temperature. The general
shape may be partly explained in terms of the increase of
u; with temperature. Referring to Fig. 3.12.1 it is seen that
the (tan §,)/u;—frequency curve for high permeability A13
crosses that for lower permeability A10; the reason for
this cross-over is explained in the introduction to that
figure. In the region of the graph remote from the upward
dispersion of the curves, an increase in y; reduces (tan 6,)/
u; whereas in the vicinity of the dispersion the reverse is
true because an increase in y; lowers the dispersion
frequency. Returning to the present figure, the initial

Soft Ferrites

permeability is relatively low at low temperatures so,
assuming that it rises with temperature, the loss factor
will correspondingly fall as the temperature rises from
low values. As the temperature, and permeability, continue
to rise the loss factor eventually starts to rise due to the
lowering of the dispersion frequency.

In the measurements made to obtain the first three
graphs, and probably the others also, care was taken to
eliminate error due to eddy current loss in the core. In a
practical core at the higher frequencies some loss might
be present due to eddy currents circulating in the core
and this would be inversely proportional to the resistivity.
Since the resistivity falls rapidly with temperature it is to
be expected that the total loss factor due to both residual
and eddy current losses would tend to be tilted upwards,
relative to the present curves, at the higher temperature
and the minimum would tend to be at a somewhat lower
temperature.

(See also Figs. 3.8 and 3.12)
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Properties of some Mangdnese Zinc and Nickel Zinc Ferrites 138

Residual loss tangent as a function of frequency with
superimposed steady field as a parameter Fig. 3.14

B < 01 mT (1 Gs)

0 =~ 20°C
These graphs show the influence of a steady magnetic
field on the residual loss tangent, the steady field and the
measuring field being parallel. At high frequencies the
loss is associated, at least in part, with the ferrimagnetic
resonance. The frequency of this resonance, ie. the
frequency at which yu reaches a maximum value, is
increased when a polarizing field is applied. This reduces
the loss at any given frequency immediately below the
cut-off region. The basic residual loss, extending over the

lower part of the spectrum, is believed to arise largely
from thermally activated domain wall movements. Since
a polarizing field reduces the number of domain walls the
residual loss is decreased. Therefore the overall effect of a
steady field is to move the curves towards the R.H.
bottom corner of the graph.

Since the permeability also decreases when a steady
field is applied the variation of residual loss factor
(tan ¢,)/u depends on whether tan 8, or u decreases at the
greater rate. In fact tan §; usually decreases at the greater
rate at low values of the steady field so that tan d,/u
initially falls; at higher fields the situation is reversed.

(See also Figs. 3.6, 3.12 and Section 6.2.3.)
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138 Soft Ferrites

Hysteresis loss factor as a function of flux density
Fig. 3.15

f =10kHz
6 ~ 20°C

In the discussion of loss expressions in Section 2.2.6 it
was pointed out that in practice the higher powers of f
and B are usually ignored in considering the low-
amplitude loss terms and as a result simple relations
such as the Legg expression (Eqn 2.67) are obtained. At
fow frequencies and low flux densities the coefficients
may be regarded as material constants, but at higher
frequencies or flux densities the higher power terms
become significant and are usually allowed for by
making the coefficients themselves functions of frequency
and flux density. In this figure the relation between the
hysteresis loss factor and the flux density is shown for
the same manganese zinc ferrite specimens as used for
the data in Fig. 3.5. From Eqn 2.68 or Table 2.1:
tan oy _ i of

u 2n

Thus if the hysteresis coefficient @ were constant the
hysteresis loss factor would be proportional to B. In
practice the relation is not linear so, if the above equation
is used in an experimental determination of a, the range
of flux densities over which the slope of the curve is
measured must be specified. Typical flux density ranges
that may be found in test specifications are 0-5 to 1, or
1 to 2mT, ie. 5 to 10, or 10 to 20 Gs. In laboratory
measurements the tangent at the origin may be used.

The Rayleigh and Peterson coefficients may also be
obtained from these graphs. Strictly both of these co-
efficients relate to the hysteresis loss with field strength
as the independent variable. However at very low flux
densities the permeability closely approaches the initial
permeability and Eqns 2.35 and 2.39 may be used to
obtain these coefficients. Using the tangent of the curves
at the origin, the values of the various coefficients have
been obtained for each of the specimens referred to in
this figure. (Table 3.6)

These results may be compared with those derived

from the variation in permeability with amplitude in
Fig. 3.5. It is seen that there is a rough correspondence
between the respective values of v. In the Rayleigh relation
the permeability rise and the hysteresis loss are both
dependent on the value of a single constant v.

The significance of the hysteresis coefficients in the
calculation of hysteresis loss, third harmonic distortion
and third order intermodulation products is discussed
in detail in Chapter 2.

From the loss point of view the hysteresis loss tangent
is a particularly useful parameter when determining the
extra dissipation, or the degradation of Q-factor, occurring
in an inductor when it is being operated at a flux density
that is not vanishingly small. It is shown in Section 4.2.3
that if a core has a material loss factor (tan 8)/u at a given
frequency and flux density, arising from any origin then,
when it is gapped to an effective permeability u, and
operated at the same frequency and flux density, the
effective loss tangent will be u,x(tan &)/u. Thus the
curves of this figure may be used directly for any gapped
core provided the effective peak flux density B, is known
and the frequency is not too high. The dependence of
(tan &,)/u on frequency is shown in the next figure.

(See also Sections 2.2.3, 2.2.6, 4.2.3, Table 2.1, Figs. 3.5,
3.16, 3.17 and 3.18)

tan §, 4vB
_lt— = g (see Eqn 2.35)
8a,,B
= %;2? (see Eqn 2.39)

as B—0, p, - i
tand, aB
p 2n
tan 6
(tan 5ngapped = #e( u h>

E
37 — 06 tan 5,
E

(see Eqns 2.68 and 4.51)

(see Eqn 4.49)

(see Eqn 2.78)

for a material operating in the Rayleigh region.

Table 3.6
Rayleigh Peterson Legg
Specimen " coefficient coefficient coefficient
v Ao, a

(ST units) (SI units) | (CGS) (SI units) (CGS)
AS 1720 19 9-5 760 08x1072 0-8x107¢
Al13 2090 15-4 77 616 0-35x 1072 035x10°°
Al10 690 16 08 64 | 10x1072 10x 1078
AST 1960 52 26 2080 1:5x1072 1:5x107¢
A7 5160 530 265 21200 0-8x 1072 0-8x107¢
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Hysteresis loss factor as a function of frequency Fig. 3.16
B = 1mT (10 Gs)
0 ~ 20°C

In considering the shape of the curves in this figure it is
necessary to have a clear definition of the dependent
variable. At low frequencies and at low flux densities it
may be seen from Section 2.2.6 that:

tand, aB
u 2n
where a is the Legg hysteresis coefficient
Eqns 4.52 and 4.53 are expressions that are relevant

to measuring a on an admittance bridge.
It follows that:

tand, Bo®N3y, y AG
g J2C, AU

Thus at a given frequency and flux density the hystere-
sis loss factor is proportional to the quotient of the increase
in conductance and the increase of voltage producing it.
At low frequencies this increase of conductance is
undoubtedly the result of simple hysteresis loss, i.e. due
to irreversible domain wall movements, but at higher
frequencies it may be caused by other magnetic loss
processes. In particular, as the ferrimagnetic resonance is
approached a part of the total loss is due to the damping

of this resonance and it is possible that level dependent
components of this damping contribute to the change in
conductance. It is interesting to speculate at this stage
whether such contributions increase the magnetic inter-
modulation. Some light is thrown on this question by the
data on intermodulation magnetic distortion given in
Fig. 3.18.

Summing up, although it is convenient to refer to this
variable as the hysteresis loss factor it must be recognized
that this may be a misnomer at the higher frequencies.

Some evidence of a contribution from a ferrimagnetic
resonance process is apparent in the figure. It is seen that
the loss factor of the highest permeability material, A7,
rises at a relatively low frequency while that of the lowest
permeability material shown, A5, rises at a higher
frequency. The specimens used for these measurements
were identical with those for which data are given in Figs.
3.5, 3.15 and 3.18.

(See also Sections 2.2.3, 2.2.6, 4.2.3, Figs. 3.5, 3.12, 3.15
and 3.18)

tand, aB 4B

u o 2n 3uugd (see Eqns 2.68, 2.35)

ua®N3  AG

a=/2n. C. AU

(see Eqn 4.52)
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Hysteresis loss factor as a function of temperature minimum coinciding approximately with the temperature
Fig. 3.17 at which the secondary peak occurs in the permeability/
temperature relation. It is at this temperature that the

f=10kHz crystalline anisotropy goes through zero, so some con-

nection between the hysteresis process and the crystalline

B = 1mT(10Gs) anisotropy is apparent.

This figure shows results obtained on three manganese
zinc ferrites. It is interesting to note that each curve has a (See also Fig. 3.8)
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Magnetic distortion Fig. 3.18
B = 05mT (5Gs)

0 ~ 20°C

The graphs in this figure show the variation of the mag-
netic distortion with frequency for a number of typical
ferrites. With the exception of those for B10, the measured
results, shown by the full lines, were obtained on the
actual toroidal specimens used to obtain the data for
Figs. 3.5, 3.15 and 3.16. The results refer to the distortion
e.m.f. (open-circuit voltage) due to a sinusoidal current,
and are expressed in decibels relative to the voltage of the
applied signals. The abscissa represents the fundamental
frequency or the mean of the applied frequencies.

The third harmonic was measured by passing the
signal through a low pass filter and applying it to a
winding on the specimen through a relatively high
inductance coil. The emf across the winding on the
specimen was applied through another high inductance
coil to a high pass filter and thence to a wave-analyser.
The filters and inductances were composed of air-cored
coils to prevent spurious distortion. The low pass filter
was designed to suppress the distortion from the source
and the high pass filter prevented the fundamental from
reaching the detector. A number of pairs of filters and
inductors were needed.

For the intermodulation measurements,!® two inde-
pendent signals were applied to the winding on the
specimen via a bridge network which was adjusted to
prevent coupling between the sources. Each amplitude
was equivalent to 0-5 mT (5 Gs). The frequencies, f, and £,
were chosen to be on either side of a nominal frequency
and removed from it by about 209,. The nominal fre-
quency is represented along the abscissa. Again the
specimen was separated from the source and detector
impedances by high inductance air-cored coils and a
simple filter was used to prevent the applied signals
reaching the wave-analyser.

It has been seen in Chapter 2 that the distortion
products depend on one or both of the Peterson (or
similar) coefficients, e.g. a,; and ag,. Fig. 3.5 shows y as a
function of B from which a,,, at a particular frequency,
may be calculated using Eqn 2.37. The value of a,
calculated from this and similar graphs falls with
frequency, reaching about half of its low-frequency value
by about 300 kHz. Fig. 3.16 shows the variation of
hysteresis loss factor with frequency; from these data the

coefficient ay, may be calculated using Eqn 2.39. Since
ay, is proportional to (tan 6,)/u it follows that ay, is a
rising function of frequency for these specimens.

From Egqn 2.78 the relative amplitude of the third
harmonic may be calculated and from the appropriate
equations in Table 2.2 the relative amplitudes of the sum
and difference products may be obtained. The starting
data are the Peterson coefficients obtained from Figs.
3.5 and 3.15 and similar graphs obtained at other fre-
quencies. The results are shown as broken curves in the
following graphs. Whereas the measured difference
products show reasonable agreement with theory the sum
products show a discrepancy of about 5 to 10dB at the
lower frequencies. However the separation of the
measured third order summation product curve from the
third harmonic curve is in reasonable agreement with
theoretical prediction; from the equations quoted below
the third harmonic amplitude should be 4-6dB below
that of the summation product.

As the frequency rises the calculated third harmonic
and sum products rise following the rise of (tan é,)/u with
frequency (Fig. 3.16) but the corresponding measured
curves fall. This tends to confirm the suggestion made
in the introduction to Fig. 3.16, that at the higher
frequencies the measured hysteresis loss factor contains
components not having their origins in the simple
hysteresis phenomenon. The falling characteristics
measured for the third harmonic and third order sum-
mation products tend to confirm the theory that in high
permeability ferrites the domain wall movement relaxes
at frequencies in the order of 100 kHz. Magnetic dis-
tortion and other hysteresis phenomena arise from the
irreversible components of domain wall movement. In
the case of the lower permeability ferrites, e.g. A10 and
B10, the droop is not established at frequencies much
below 1 MHz. No clear dispersion of the third order
difference products is apparent within the range of
measurements.

In view of the above observations, it would appear
more reliable, when comparing materials for magnetic
distortion, to use directly measured distortion data
rather than measured hysteresis factors or coefficients;
the theoretical relations between these parameters
appear to be unrehable, particularly at the higher
frequencies.

(See also Sections 2.2.3, 2.2.6, 2.2.7, 4.2.3, Table 2.2
and Figs. 3.5, 3.15, 3.16 and 3.17.)
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Peterson coefficients: Epasp 128 ag2:B, — 1019tan, (see Table 2.2)
- 2 2 )
ay, = du/dH = pp.dp,/dB (see Eqn 2.37) E, 151" pou
3 2 "
Ay, = 7 Holls o S (see Eqn 2.39) Eza-p _ 16 ao,B, [fay, 2 8 2
8 B E, 15n pu? aga 3n
asB—0,u > p (see Table 2.2)
Product amplitudes = 0869 tan 5, if 2L — 2
Go2
Es, 8 ay,B,
E, 5mn pp® 06 tan 3, (see Eqn‘2.78) B, is the flux density of the applied signal of frequency f,.
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Power loss as a function of frequency at high flux densities
Fig. 3.19.

The graphs in this figure show the variation of the power
loss (volume) density, P,,, with frequency at a number of
high flux densities within the working range. As far as
possible, loss due to eddy currents in the bulk of the core
has been eliminated from these results so they are
applicable to a general core. If a given core has large
cross sections then the possibility of extra loss due to
these eddy currents must be considered, and an additional
calculation must be made as indicated in Section 2.2.4.

For the manganese zinc ferrites the power loss is
approximately proportional to frequency except at the
lower flux densities where the residual loss, i.e. the loss
expressed by (tan 4,)/u in Fig. 3.12, plays a significant
part in the total and causes an increase in slope. Thus
whatever the behaviour of the low amplitude hysteresis
loss factor with frequency (see Fig. 3.16), it is clear that
at high flux densities the energy loss per cycle remains
fairly constant up to at least 100 kHz.

The graphs for the nickel zinc ferrites do not show the
same characteristic. At the higher frequencies at which
these materials have an advantage, the total loss density
becomes large at quite low flux densities and it increases
much more than in proportion to the frequency. It may
be concluded that the major loss process is connected
with ferrimagnetic resonance which is being approached
at these frequencies. Domain wall resonance may also
play an important part.

The loss density in manganese zinc ferrites at 10kHz
varies in proportion to B® where n varies from 1-9 to 29

in the materials considered. The value is given on each
graph. By Eqn 2.33, the hysteresis loss density, P, oc B3/u2
for a magnetic material operating in the Rayleigh
region. Since, in this region, u, does not differ by much
from y; the specific loss varies approximately as the
cube of the flux density. It is interesting that for some
ferrites this cubic relation seems to hold up to quite
high flux densities irrespective of the variations of yu,. In
other ferrites a square law is a better approximation.
(See also Sections 2.2.3, 2.3, 9.44.)

Power loss density :

P, fB* Wm™® (approximately) (34)

where n is the Steinmetz exponent; the value of n at
10 kHz for each manganese zinc ferrite is given on the
graphs.

Eddy current loss (extra to the losses shown in this

figure):

_ (nBfdy
pp

where f = 6 for laminations of thickness d m

16 for a cylinder of diameter d m
= 20 for a sphere of diameter d m

Py W.m™ 3

(see Eqn 2.48)

For a square cross-section a reasonable approxi-
mation is to put d equal to the diameter of the circle of
equal area and use § = 16.
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Resistivity as a function of temperature Fig. 3.20

f=0

At room temperature most manganese zinc ferrites have
resistivities between about 001 and 10Qm (1 and
1000 Q.cm); nickel zinc ferrites normally have much
higher values, e.g. > 10°Qm (10° Q.cm). As ferrites are
semiconductors the resistivity falls with rising tempera-
ture.

The graphs in this figure show the d.c. resistivity as a
function of temperature for a number of grades of ferrite.
It is seen that over the temperature range — 70 to + 100°C
the resistivity of manganese zinc ferrites falls by a ratio
that is between 30 and 100; the corresponding figures
for nickel zinc ferrites are 10%—10%.

Only polycrystalline ferrites are considered, so the
bulk resistivity arises from a combination of the crystallite
resistivity and the resistivity of the crystallite boundaries.

157

The boundary resistivity is much greater than that of the
crystallite so the boundaries have the greatest influence
on the d.c. resistivity.

The resistivity p at an absolute temperature T is given
by:

P = P exp (E,/kT) (3.3)

where p,, is the resistivity extrapolated to T = oo

E, is the activation energy

k is Boltzmann’s constant

If E, is to be expressed in electron-volts
k=862x10"5eV°K™1

From this equation, E, has been derived for each
curve, or in some cases a region of a curve, and the value
has been placed against the curve to which it applies.

(See also Section 2.2.4 and Figs. 3.21 and 3.22)
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Resistivity and permittivity as functions of frequency
Fig. 3.21

0 = 25°C

As the frequency rises from a low value the bulk resis-
tivity, p, and permittivity, ¢, of a polycrystalline ferrite
stay constant at first and then fall to become asymptotic
to lower values at high frequencies. This variation has the
characteristic of a relaxation and is attributable to the
granular structure of, ferrites, in which crystallites are
separated by boundaries having much higher resistivity
than the crystallites. Thus the structure behaves as a
compound dielectric and in Section 2.2.4 the theoretical
characteristics of such a structure have been considered.

For manganese zinc ferrites typical values are:

The relative boundary thickness, «, 1074
crystallite resistivity, p;, 1073Qm
(0-1 Q.cm)
boundary resistivity, p,, 10*Qm
(10° Q.cm)

crystallite permittivity, &,, 10
boundary permittivity, é,,

Thus the bulk properties at low frequency are
p— 1:0Qm (100 Q.cm)
e —10°
at high frequency p — 107° Q.m (0-1 Q.cm)
e > 10

The relaxation time, caiculated from Eqn 247 is
8:85x 10~ 1% giving a relaxation frequency of 180 MHz.

For nickel zinc ferrites typical values are:
The relative boundary thickness o, 03x1072
crystallite resistivity, p;, 30Q.m
(3 x 10® Q.cm)

33x10° to
3x10" Qm
(3x 108 to
3x10° Q.cm)
crystallite permittivity, ,, }10
boundary permittivity, ¢,,

boundary resistivity, p,

Thus at low frequency p — 10* to 10° Q.m (10° to 107
Q.cm)
e - 3x10°
at high frequency p — 30 Q.m (3 x 10*> Q.cm)
£ 10
The corresponding relaxation time is 8-8 x 10™7s and the
relaxation frequency is 180 kHz.

The experimental results do not support the simple
theory very well. Perhaps the dielectric cannot be
adequately represented by the diagram in Fig. 2.5.

(See also Section 2.2.4 and Figs. 2.5 and 3.20)

The shunt capacitance, C,, and resistance, R, of a block
of material having resistivity p and permittivity ¢ are
given by:

C, = g4/l F

R, = pl/A Q
where ¢, = 8854x 10" 1?F.m™!

(see Eqn 2.43)

For two-layer dielectric, or crystallite and boundary :

whenf—-0 p—ooap,

£ — &yfa (see Eqn 2.46)
whenf— o p—p,

£ g

£ +&,y/a

=g —— — (see Eqn 2.47)
1/py+1/ap,

where the suffix 1 refers to the crystallite and 2
refers to the boundary.
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High frequency resistivity and permittivity as functions of measured against temperature. As at low frequencies
temperature Fig. 3.22 (see Fig 3.20) the resistivity falls with temperature.
The permittivity generally increases slowly with tempera-
f=1MHz :
ture over the range considered.
This figure shows the resistivity and permittivity of a
number of typical manganese zinc and nickel zinc ferrites (See also Section 2.2.4 and Figs. 2.5, 3.20 and 3.21.)
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Static magnetostriction Fig. 3.23
0 ~ 20°C

This figure shows the magnetostriction, i.e. the fractional
change of length, as a function of steady field strength.
Toroidal specimens were used and they were demag-
netized before each measurement was made.

The manganese zinc ferrites, A7, A9 and A13 have
very low magnetostriction; the saturation values are less
than 107% and may be positive or negative. The curves
show that the saturation value may be much smaller
than the value at lower field strengths and indeed sign
reversal has been observed on some specimens.

The range of nickel zinc ferrites is represented by the

X I0-7

high permeability grade Bl and, at the other extreme,
the low permeability grade BS5 (nickel ferrite). For these
ferrites the saturation magnetostriction is relatively
large and negative; the saturation magnetostrictions
for the other nickel zinc grades may be expected to lie
in intermediate positions depending on the nickel/zinc
ratio (e.g. the curve for B10).

These static magnetostriction curves are somewhat
analogous to the initial B-H curve; they may be useful
for predicting the steady-state situation but, for alter-
nating (vibratory) conditions, data on the dynamic
magnetostriction are required.!’” Pursuing the analogy,
the dynamic magnetostriction corresponds to the incre-
mental permeability and cannot be deduced very well
from the static curves.
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Initial permeability as a function of stress Fig. 3.24

f = 1kHz
0 = 20°C

Components using ferrite cores are often assembled
with clips or clamps that set up a stress in the ferrite. It is
therefore useful to have data showing the influence of
mechanical stress on the initial permeability. This figure
shows such data for a number of typical ferrites.

It is notable that a large change of permeability may
be produced by quite a moderate stress. In the case of the
manganese zinc ferrites this may at first sight seem in-
consistent with the very low magnetostriction observed

in the previous figure. High permeability depends on the
total anisotropy being small and one of the components
of this total is the stress anisotropy which equals the
product of the stress and the magnetostriction. If the
other components, e.g. magnetocrystalline anisotropy,
are very small, the stress anisotropy will predominate and
it will have a controlling influence on the permeability.
Changes in externally applied stress will then produce
large changes of permeability. It has been shown'® that
if the magnetostriction is negative a small externally
applied compressive stress will usually raise the perme-
ability and vice versa. Large stresses, compressive or
tensile invariably lower the permeability.
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Chapter 4

Magnetic Circuit Theory

4.1. INTRODUCTION

The foregoing chapters have been concerned principally
with the intrinsic properties of ferrite materials. These
properties have been expressed mainly in terms of the
electrical impedance of an ideal winding on an ideal
core shape, ie. a uniform toroid having small radial
thickness. For such a core it may be assumed that the
field strength is uniform, and the magnetic path length
and cross-sectional area equal the mean circumference
and physical cross-sectional area respectively. It is now
necessary to consider the magnetic properties of more
practical core shapes and, as far as possible, to relate these
to the properties of the material.

Before these relations are considered the underlying
assumptions must be emphasized. In all the expressions
relating core properties to material properties it is
assumed that the ferrite, on a macroscopic scale, is
homogeneous and isotropic. It is also assumed that any
arbitrary core made of a particular grade of ferrite will
have the same intrinsic properties as an ideal toroid
made of the same material. These assumptions are
seldom completely valid ; the more complicated the form
of the practical core the greater is the discrepancy likely
to be. The reason is that in the manufacture of a simple
toroid it is possible to make the pressed density fairly
uniform throughout the core volume and to control
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accurately the sintering conditions in the immediate
vicinity of the core. The properties of the ferrite are
sensitive to both pressed density and firing conditions.
When the same powder is pressed into a more compli-
cated shape, e.g. a half pot core, it is more difficult to
ensure uniformity either in density or exposure to kiln
conditions. Differences will also result if the cores have
very different cross-sectional areas. For these reasons
the performance of a particular core shape many differ
from that predicted from the relations that are derived
in this chapter. In addition some of these relations
involve approximations which may add to the dis-
crepancy.

To avoid these difficulties the present tendency is for
manufacturers to state the performance of a given core
in terms of the core properties; data on materials are
given mainly as a guide. For example, the performance
of a transformer core is better specified in terms of the
minimum inductance that will be obtained for a given
number of turns (i.e. a property of the particular core)
than in terms of minimum initial permeability (a material
property). On the other hand a designer mainly interested
in predicting the performance of a new or proposed
ferrite core must have access to the intrinsic properties
of the ferrite, such as those given in Chapter 3. He is not,
however, concerned at this stage with the performance
limits of the core and therefore some discrepancies
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between predicted and realized performance are usually
not too serious.

Provided the limitations are recognized, the relations
that follow provide a useful and reasonably accurate
approach to the design of magnetic devices.

4.2. CLOSED MAGNETIC CORES
4.2.1. The effective dimensions of a core

When considering a uniform toroid having a very small
radial thickness it is possible to speak of its magnetic
length, I, cross-sectional area, 4, and volume, V, without
ambiguity. If however the cross-section is not small or
uniform, the effect of the core geometry on the core
properties is more complicated. The problem is to find
the effective dimensions, I, A, and V,, which would
define a hypothetical toroid having the same properties
as the non-uniform core. Once this has been done, these
effective dimensions may be used to calculate the per-
formance of the non-uniform core just as though it
were an ideal toroid. It is however necessary to limit
this concept to low flux densities where the material
may be assumed to obey approximately the Rayleigh or
Peterson relations.

The first approach is rigorous but is limited in its
practical application. The line integral of the field strength
along an elementary path enclosing a winding of N
turns carrying a current I is

Hds=NI A 4.1)

For an elementary path of length [ the line integral
equals HI where H is the total field strength. A practical
closed magnetic path may be regarded as a bundle of
elementary paths in parallel, each elementary path being
a tube of magnetic flux, ie. containing a uniform flux
d® but varying in cross-sectional area d4 in accordance
with the contour of the main body of the core.

Then d® = p uHdA = (uuNIdA)/I

and @ = y,NI f # Wb 4.2)
the integral being the sum of all the elementary areas
across any section, each element being multiplied by the
permeability of the elementary circuit and divided by its
length. Thus it is in the nature of a parallel integration.

From the Peterson relation (Eqn 2.37) the perme-
ability depends on the field strength. Ignoring the higher
powers of H this expression for u may be substituted in

dA d4
d = [JONI {alofT+a11NIfl_2 } Wh.

The flux in an equivalent ideal toroid having dimen-
sions [, and A, is

Ae
® = luoNI/"l_

A, A,
= ﬂONI{aIOT—i—aIINI?} Wb.
For equivalence these two fluxes will be equal so, by
equating coefficients, the following identities are obtained

A, [d4
T
A

. [da
ET)

These results may be corroborated by use of Peterson’s
loss expression (Eqn 2.38). The hysteresis loss per cycle
in an elementary magnetic path is given by

@3)

8 N
W, = §p0a02H3ldA

dA4

8 "
= 5 lloaoz(NI)3 *lz—

1

.| dA4
.. Total loss = %poam(NI)3 —  J.cycle”

12

8 aq A
= 3 .uoaoz(NI)3 P

for the equivalent toroid.
The integrations expressed in Eqns 4.3 are practicable
only when a simple expression for I may be obtained in
terms of the position of the element of area, dA4. Such a

|
b

Fig. 4.1. Dimensions of a toroid

L | !

2

case is a radially thick toroid of rectangular cross-section
having inner and outer radii r, and r, respectively and an
axial thickness h, see Fig. 4.1.

Eqn 4.2. Then dA = hdr and Il =2nr
4nNI 4nNI | ndA

4.1 Hds = 42) @ = —_—

@1 f =" A (42) 0 |1 *
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r
r, 2
A, [ Mog
I 2r 2
ry
ra
A. hdr h
and le_z = f4nTr2 = Z?(l/h—l/rz)
ry
h logez(rz/ )
H Ae= —— 2 44
ence R Ur,~1/r, m 4.4)
2mlog,(r,/ry)
= 4.5
= V-1, @)
and the effective volume
2nhlog.3(r,/r,)
V,= = m? (4.6)

T (1fry—=1/ry)?

In practice an alternative approach! depending on
integration along the magnetic path is often more useful,
if less exact. It is necessary to assume that, within the
region of low flux densities being considered, the variation
of permeability with field strength may be ignored.

As before NI = § Hds
o ds
CpfpA
uNI
" [ds
HA

Wb. @7

The line integral is, of course, the reluctance of the
magnetic path. If u is uniform the reluctance is usually
written

1
- Zl/A
u /
The reluctance of the equivalent ideal toroid is i’l
pA.
!
Therefore A_e = Sl/A 4.8)

e

i.e. a series summation of elements
of path length measured along the mean magnetic path,
divided by the corresponding areas. This summation is
sometimes called the core factor C,.

To obtain separate expressions for I, and A, use may
be made of another factor, namely /4% This arises
naturally when the hysteresis loss is integrated along the

mean magnetic path. The hysteresis loss per cycle is
given by

8 .
W, = 3 uoa02§H3Ads
_8

Aoz |~
= 3[;02—"‘13§33Ad5
8 ag,® [ d
= 5102”3 ASZ J.cycle™!

3 §a02(f>3 e 4.9)
3 u2u® A2 for the equivalent ideal toroid.

The line integral is usually written XI/42 and referred
to as the core factor C,

Thus = =3 = (4.10)
Combining this with Eqn 4.8
A Cy
e — —2174*2' = E; (41 1)
T/ _(Cy)?
= Syar = clz 4.12)
Tl/A)? 3
and V.= A, = &4 _ (€ (4.13)

T @A (Cy)

These expressions are in common use for calculating
the effective dimensions of an arbitrary core. However,
the results must be rather approximate because the
calculation assumes that the mean magnetic path is
known and that it is possible to assign an effective area
to each element of it. In practice the mean path is usually
taken to coincide with a surface, perpendicular to the
plane of the flux path, which divides the cross-section of
the core into two equal areas. However, it is clear from
the more exact treatment of the radially thick toroid that
the actual mean magnetic path lies somewhat inside this
approximate path.

A recent IEC publication lists standard formulae for
calculating core factors and effective dimensions for a
number of widely used shapes.? These standard formulae,
whilst not being theoretically accurate for the reasons
just explained, do ensure that a common yardstick is
used when calculating the properties of a core from
electrical measurements on an associated winding.
Fig. 4.2 sets out the calculation of the core factors for a
simple core shape. This example illustrates typical

1

2 ay,®1077 I,

49 W=— b — 5
49) W=+ PR

Jcycle™
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Fig. 4.2. Example of core factor calculation showing typical
approximations

approximations that have to be made to deal with
difficult sections, e.g. corners (see also Appendix B).

Within the limits of the assumptions, the use of the
effective dimensions will simplify calculations involving
reluctance and hysteresis loss of a non-uniform magnetic
core. In particular they give rise to an effective flux
density, B.. From Eqn 4.9 the hysteresis loss per cycle
in a core of non-uniform cross-section is given by

8 a4y, ®°
"T3R A
8 a,, B2V,
= gaozz = Jeycle™! 4.14)
P
where B, = &/4, 4.15)

It follows from Eqn 2.13 that

_ wB AN
E==""

The inductance of a winding on such a core is

v (4.16)

NZ
L= _N;" S @.17)
> from Eqn 4.7.
uA

L = puN?A,Jl, = puN*/C;  H (4.18)

Thus the inductance is calculated for the equivalent
ideal toroid having the same material permeability.

4.2.2. The effect of an air gap on core reluctance and
effective permeability

Air gaps are introduced into magnetic cores for a variety
of reasons. In the design of a permanent magnet, for
instance, an air gap is essential to make the stored
magnetic energy accessible. An inductor usually has an
air gap to dilute unwanted effects of the core material
and, by proper choice of gap length, to improve the
overall performance. In a choke or transformer carrying
d.c. an optimum air gap will ensure that the maximum
inductance is obtained for a given number of turns. In
this section the effect of the air gap will be studied in
relation to the core reluctance and effective perme-
ability. The effect on losses will be considered in the
following section.

The air gap or gaps may be regarded as a section of
length I, cross-sectional area A, and unity relative
permeability in a generalized core having a reluctance
as expressed in Eqn 4.7. This equation may be written as

= _#NT Wb
R

_+Z_

A, pAy

4.19)

where the subscript m refers to the magnetic core.

Although this equation is general it is usually restricted
in its use to cores having air gap lengths that are small
compared with the dimensions of the core cross-section
adjacent to the gap. Only under these conditions is the
fringing flux a small proportion of the total flux and is it
possible to estimate a value for the effective area of the
gap. Eqn 4.19 may be written

2 B2y,
@4.14) W, = — "02_3><

1077 Jcycle™?!
3n

B.A
16 E < 2BAN 108y

V2

47N?
@.17) L=NTa)x10‘8= ”l x10"° H
ud
4nuN?A 4nuN?
@.18) L =%x10-9 M e H
€ 1
4nNI
4.19) ® = il Mx
10J-% h_
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NI
l_g +l,—lg
Ay pA.
where I, is the total effective magnetic path length, as

before.
By analogy with the derivation of Eqn 4.17.

_ HN?
A +l,—lg
4, pA.
If the gap length is small compared with the total
magnetic path length this equation reduces to

N2
I C
_g+_1
A, u
Assuming that the material permeability is not affected
by the air gap (as it would be if the core were subjected
to a steady field, see Fig. 3.6) it is seen that the effect of
an air gap is to reduce the inductance. Thus the core

behaves as though it had a reduced permeability, referred
to as the effective permeability, 4, :

® = Wb (4.20)

H @.21)

L =

H 4.22)

N2A
L= ’i-/‘el_s H 4.23)
Combining Eqns 4.21 and 4.23.
e = _.li/i{i_ 4.29)
I .-l
<4
A, pA,
Again if [, < [, this simplifies to
— @29)
L, G
A, n

If the permeability of the material is high and the gap
length is not too small then [,/4, may be large compared
with C,/u. Then, if 4, may be taken approximately
equal to A, u, approaches [/l ie. it becomes largely
dependent on the gap ratio and relatively independent
of the material permeability.

Developing the more exact expression, Eqn 4.24, and
putting A, = A4,

o l—1,

LA

He ¢
e

L=l
=241,

Ue = 4.26)

from which

which may be rearranged to give

1k _ He—D)

Ie /‘e(ﬂ - 1)

This relation is useful in the analysis of the effect of the
gap on the stability and the loss of cores. If the gap is
small compared with the dimensions of the cross-section
then A, may be taken as equal to the area of the core
face forming the gap. However, as the gap length increases
the value of A, becomes larger due to the fringing flux.
This effect reduces the reluctance of the gap and results
in a higher value of u, than that predicted by Eqns 4.24
or 4.25. Any attempt to analyse the problem on a general
basis is complicated by the fact that, as the gap becomes
larger, the fringing or leakage flux becomes dependent not
only on the gap geometry but also on that of the winding
and the rest of the magnetic circuit.

The method of conformal transformations may be
used to obtain an expression for the reluctance of the air
gap. Astle® has shown that the effect of the fringing flux
is to increase the effective semi-width of the gap (e.g. the
radius in the case of a circular pole face) by

@27

1
(0-241 +- log.b,/L)l,
n

where b, is the total inside length of the limb containing
the air gap (e.g. for a pot core b, equals the width of the
winding space). Eqn 4.25 may now be modified to allow
for fringing flux:

4nNI
4200 ®=—0— —  Mx
L l—1
10242 ¢
A, pA,
47N?10"°
@)L=—2"" g
[T
+___

5
4, A,

4nN?107°
@22) L = —"T— H

_“+&
A, u

4nu N24,107°

@423 L = 1
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— Cl
Ue = 1

4.28
C, (4.28)
+.._

i

é+ (0-241 +l log, b—“)P
I, 4 L
where A is the actual area of the pole face and P is the
length of the pole face perimeter, e.g. the circumference
for a circular pole face. Eqn 4.28 is accurate provided I,
is much less than the width of the air gap, and provided
b,/l, is larger than about 5. Calculations based upon this
formula have given values for the effective permeability
of pot cores accurate to within 29, over wide ranges of
gap length.

One of the principal benefits of an air gap is that any
changes in the value of the material permeability are
reduced in their effect on the inductance of a winding on
the core. From Eqn 4.24

I, -1,

d A, 12 2
due _ 4. A, =2 i)
de (g -y w
A, pA.
2
-1
= ”—; M=) from Eqn 4.27
weoplp—1)
d -1
He _ Helpe—1) (429)
dp pp-1)
d -1
or e _d koD (4.30)
He 14 (ﬂ_l)

Thus the fractional change in the effective permeability
is smaller by a factor (u,—1)/(1—1) than the change du/p

Soft Ferrites

that produces it. The factor (g, —1)/(x—1) is called the
dilution ratio. In practice u, and u are usually much
greater than unity so the dilution ratio becomes p./p.
Then

dy,
He

_dn e (4.31)

uou

The cause of the change of material permeability may
be a temperature change, a time effect, mechanical
pressure, magnetic polarization, etc. The first two causes
give rise to the factors mentioned in Section 2.2.2.

1. Temperature Factor

If the temperature coefficient of permeability is

A . .
—fé then the temperature coefficient of effective

u
permeability is, from Eqn 4.31
A A A
o A o . Y (432)
1A uAb u A0

Au/p*A0 is called the Temperature Factor. It is a
material property which when multiplied by u, gives
the temperature coefficient of the gapped core.
2. Instability factor
By the same approach the instability of permeability
defined by Eqn 2.25 gives rise to an instability factor
(y— po)/u? which when multiplied by . gives a
measure of the instability of the gapped core.
Considering now the B—H relation of a given core, the
effect of an air gap is to change the horizontal scale so
that the loop is less inclined relative to the horizontal, and
this is consistent with a reduction of the effective per-
meability. This effect is referred to as the shearing of the

B
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B-H relation and applies to both the initial magnetiza-
tion curve and the hysteresis loop. It is illustrated in
Fig. 4.3 by reference to an idealized loop.
In the analysis that follows it will be assumed that the
" core is of uniform cross section. The B-H loop, to be
representative of a material, must refer to such a core
otherwise the flux density would depend on the par-
ticular cross section chosen for the measurement. For a
continuous uniform core, having the idealized B-H loop
shown in Fig. 4.3, the initial magnetization curve is given,
below saturation, by
_ HoU(NT)g

(B)o = T

| (4.33)

where the suffix denotes the zero gap condition. The
corresponding two arms of the B-H loop may be
expressed by

NI
(Bl = o <( e

+ Hc> T 4.34)

where H, is the coercivity, and the left-hand and right-
hand limbs of the loop are represented by taking the
positive and negative sign respectively.

If now an air gap of length [, (< 1) and effective area 4,
is introduced it follows from Eqgn 4.20 that the magnetiza-
tion curve is given by

1 NI
B BN _ e T @35
A l‘—+i ! <“A°l“+1>
‘\d, pd,] <\ A4
and for the corresponding loop:
(4.36)

NI
B=7”i’”—*<z—i”°> T
M eg+1 €

A,

(when B =0 the total NI/I, = +H_ since the m.m.f.
across the gap must be zero.)

The field strengths for equal flux densities, with and
without air gap, may be obtained from these equations.

For the initial magnetization curve the sheared value
of the field strength is
Al
+L—g> Am™!

_ NI _(NI),
H="= <1 v 437

I, le

and the corresponding value on the loop is

NI (NI Al
H=—=( )0_ . 1+H2e FH, Am™!

LoL A,
(4.38)

Thus if the flux density is to remain unchanged when
an air gap is introduced, the field strength on the initial
magnetization curve must be increased by a factor
(1+pAJt/Al); the extra field strength being required to
overcome the gap reluctance. This result applies equally
well to a practical B-H loop, in which case u is replaced
by the amplitude permeability. A B-H loop may be
graphically sheared by calculating new values of NI/,
from Eqn 4.38 for a number of values of B. A simpler
method is to draw an inclined B-axis as shown by the
chain dotted line in Fig. 4.3. The tangent of the angle «
is clearly the ratio of the extra field strength to the
corresponding flux density i.e.

_ (NI)O MAelgl _ Aelg

- - 439
BREE T AL B oAy, 4.39)

€

This new B-axis having been constructed, the values
for the sheared loop may be read off from the original
loop, the B scale remaining unchanged in the vertical
direction and the H values being measured off hori-
zontally from the new B-axis in terms of the unchanged
H scale.

Apart from the reduction of effective permeability it is
clear from Fig. 4:3 that the presence of an air gap reduces
the remanence

4.2.3. Magnetic losses

In this section the core is assumed to have a general
shape characterized by core factors C, and C, or effective
dimensions [, A, and V, (see Eqn 4.8 to 4.13). The core

dnp(NT)o
101,

434) (B), = <4"$1)°¢Hc> Gs

Gs

(4.33) (B)o =

4zNI AnuNT
@) B=— W Gs

L1 Al
104, 2+ ror(H2
A, pA, Al

4nNT
@3 B=—"r (X, g Gs
ud,.l 1 10/,

o]

Al

gte

4nNI  4n(NI 4.l
(437) o= SNT_ 4n(ND, <1+“ °“> Oc

0, 10, A,
4rNI 4n(NI), nAL _
438) H = = +H)1+522) TH, O
(*38) 101, <101e * g, ) e e
4n(NT)y udd, 1 Al
(4.39) tana = ™ )o.u L
10, Al B Al
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is also assumed to be operated at low amplitude such
that the Raleigh relations apply, to have uniform perme-
ability and to have losses that may be expressed by a
relation having the form of Eqn 2.61.

If secondary effects such as changes of temperature
may be ignored then the total loss in watts per unit
volume of material is a function only of the frequency
and flux density (or the field strength applying to a
particular element). If these are constant then the
dissipation of the core, i.e. the power that it draws from
the circuit, is constant. It is very useful to keep this
principle in mind when considering the loss expressions
for a general core.

There are two fundamental ways of expressing the
losses of a core in terms of circuit elements. They are

—-1 I

(a) (b)

Fig. 4.4. Series and parallel representations of core loss

illustrated in Fig. 4.4. The first is in terms of current and
a series impedance and the second is in terms of voltage
and parallel impedance or admittance.

In the first case the magnetizing current and therefore
the total applied field strength are the reference para-
meters and the loss is expressed in terms of series resis-
tance, ie. the core loss is I°R,. While this is convenient
in certain instances, difficulties arise when considering
the influence of an air gap because the relation between
the flux density and the current involves the effective
permeability, and thus the current and the frequency
do not alone define the conditions in the core. For
example, consider the Legg hysteresis term from Eqn 2.67

R,
ufL

It follows from Eqn 2.58 that for a gapped core of
general shape:

R,
pefL
. Ry =ap.fLB, = [2apyul fLNI/I,
Substituting for N from Egn 4.23

2u il
Rh=aIf\/[u°{:° ] Q

= aB,

= aB,

(4.40)

Thus when the series loss resistance is expressed in
terms of a material hysteresis loss coefficient the relation
is somewhat unwieldy and, due to uncertainty in practice
of the value of y., the relation may be unreliable. For
this reason the measurement of R, on a gapped core
may not be an accurate indication of the material
hysteresis coefficient. However, it is by definition a
direct measure of the hysteresis loss contribution of the
gapped core (i.e. the component property) and it is often
used for this purpose. More generally it gives rise to a
well-known hysteresis factor which is defined as

Ry

Inasmuch as the hysteresis coefficient a is a constant,
this factor is constant for a given core having a given
effective permeability. From it, the hysteresis resistance
may be calculated for particular values of current,
frequency and inductance. So for a general core

R, F,I/L
nfL - 2n

tan §, = 4.42)

A recent IEC recommendation® has a similar factor:

tan &, = n,1\/L 4.43)
Thus the series impedance, or current, approach is
suitable for expressing the hysteresis properties of gapped
cores.

Turning to the alternative method, the reference para-
meter is voltage or the corresponding flux density. It is
convenient now to repeat the derivation of Eqn 2.56 in
terms of a general core. If a loss-free winding having N
turns is placed on a general magnetic core and an alter-
nating voltage U is applied, a power loss P = U?G will
be observed, where G is the conductance appearing across
the winding due to the magnetic loss in the core. The
induced em.f., the frequency and the flux density are
related by Eqn. 4.16. If the loss tangent is much less than
unity the induced e.m.f will approximately equal the
applied voltage, so

_ wB AN

= Np
Thus for a given effective core cross-sectional area and
number of turns, the voltage and frequency determine the

effective flux density.
The loss tangent due to the magnetic core is

A" (4.44)

: wL,
tan 5m = T = wLpG

P

\/ (81:;42[,3107)
(440) R, = alf [ | =5 —

wB AN

V2

444) U = .1078 v
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Since tand,, < 1, the distinction between series and
parallel inductance may be dropped (see Eqn 2.19).

Substituting L, = p,uN2A./l,

tan 8, = wpupuN34,G/l, (4.45)

Putting G = P Al /U
where P,, is the power loss density cor-
responding to a flux density B.,
Holt

The effect of introducing an air gap may now be
considered. An air gap of length [, introduced into a core
having a total magnetic length [, reduces the volume by a
factor (1—1,/1.). If the frequency and flux density (applied
voltage) are unchanged so that the power loss (volume)
density is constant, the total power loss will also be
reduced in the ratio (1—1/I,). Therefore the conductance
due to the gapped core

= (power loss)/U? = %(1 — 1/l

(.ue_ 1)

=G——= Q7!
Helu—1)
by substitution from Eqn 4.27. Thus the conductance is
reduced from the ungapped value by the ratio of the
gapped to the ungapped volumes. The new loss tangent
is therefore given by

(4.47)

_ Ue ﬂ(lle_l) _ (#e_l)
(tan 5m)gapped = oL 4 X G/A,(u— 1) - u—-1)
(tan 6,)gapped _ tan Om (4.48)

-1  @-1

These expressions are referred to as loss factors.
Because p, and p are usually much greater than unity,
the above equation is usually approximated to

(tan 8)gapped _ tand
He 7

The subscript m has been dropped in this general
equation because clearly the loss tangent need not be due
to the total loss; it may be due to any specific form of loss.
From Eqns 2.68 and 4.49 the loss tangent for a core,
gapped or ungapped, may be expressed in terms of the
Legg coefficients

(4.49)

tan 8, = EHE @B.+ef+0) (4.50)
The effective flux density is now used because the core
shape is no longer restricted to the ideal. If the core is
ungapped, u, = u.
Considering first the hysteresis component

peaB,

tan J, = 4.51)

n

This relation gives the hysteresis loss tangent for a
perfectly general core in terms of the Legg hysteresis
coefficient, assuming the hysteresis power loss is propor-
tional to B® and the gap is physically small. It follows that
the material coefficient @ may be related to the hysteresis
loss conductance of a general core. Putting tand, =
oLG, and substituting for L and B, from Eqns 4.23 and
4.44 the above expression gives

wp,N*4.G, 2nANw /2 ww N3 G,
= . = . e
I, J2U c, U
N3 G
— 5582 U ! (452

2

where U is the applied voltage. This relation may be
used to measure the hysteresis coefficient of a given
gapped core. In practice the voltage applied to the winding
is changed by an amount AU and the corresponding
change AG in the total measured conductance is noted.
Then

Gu _ AG (4.53)
U AU

This differential method eliminates those parts of the loss
conductance which are due to other causes, e.g. residual
loss, and which do not depend on flux density. Since
magnetic materials do not, in general, obey the simple
relation of Eqn 2.33, G,, is not exactly proportional to U
so it is usual to make the measurement between two
specified low flux densities.

There is one difficulty with this measurement. When U
increases, the permeability increases slightly in accord-
ance with the Rayleigh relation. The corresponding
increase in inductance changes the value of the loss
conductance due to the other losses, e.g. the copper loss.
The copper loss conductance equals Ry/w?I? so the
measured change in conductance will be partly due to an
increase of hysteresis loss and partly due to a decrease of

4nwuN2A,G
(4.45) tan 5, = Y 2T 100

€
4uP 107

(4.46) tan é,, = 7B

*N3 G,

4.52) a = 558 —10"17  Gs™!
(4.52) a T s

2
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Fig. 4.5. Dimensional resonance and skin effect in manganese zinc ferrite. To avoid dimensional resonance
or skin effect at a given frequency, the least cross sectional dimension of the core must be less than
A/2 or 2A at that frequency

copper loss. The residual loss and the eddy current copper
loss may also have some effect. If a Rayleigh material is
assumed, it may be shown that the resultant error will
be less than 59/ if the overall Q factor is greater than
400. This is usually the case.

Summarizing, the series hysteresis resistance or the
hysteresis loss factor is often used to express the hysteresis
of particular cores, whereas the use of the Legg coefficient
or tan &, expressed in terms of B, is a more flexible means
of relating the hysteresis of the material to the hysteresis
properties of a particular core.

The remaining two loss terms in Eqn 4.50 do not
depend on the value of the flux density (assuming the
change of u, with amplitude is negligible) so the question
of the current or voltage approach does not arise. From
Eqn 2.61 the loss factor due to eddy currents in the core,
(tan 8g)/u, is given by

tandp _ mud’f (tandg)
7 pB e

gapped

from Eqn 4.49

So, in general,

For cores of more complicated shape than those cover-
ed by Eqn 2.48 the factor corresponding to 42/ must be
calculated from first principles.

At high frequencies or with large cross sections dimen-
sional resonance or skin effect may occur. The basic
phenomena have been described in Chapter 2 but as they
are essentially properties of a specific core the more
practical aspects may be considered here.

For most practical purposes these phenomena are
confined to the high permeability, fairly low resistivity
ferrites such as manganese zinc ferrite. In nickel zinc
ferrites the permittivity is relatively low so dimensional
resonance can only occur at frequencies beyond the
normal range of application.

From Eqgn 2.51, the half wavelength corresponding to
dimensional resonance has been calculated as a function
of frequency for ferrite A5 using data given in Figs.
3.11 and 3.21. The result is shown in Fig. 4.5. The curve
is stopped in the frequency region where tan J,, . tan 54— 1.
The same figure shows the double penetration depth 2A
(see Eqn 2.52) which applies over the frequency range
for which the loss tangent product is much greater than
unity. So if it is proposed to use a manganese zinc core
in the frequency range where dimensional resonance
may occur then the least cross-sectional dimension
should be much less than A/2 if dimensional resonance is

d2
tan (SF = fu_"‘u_e‘f (4.54)
pB
4 2 dZ
(4.54) tan &, = T HAS 150

pB
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to be avoided. On the other hand if the frequency is in
the skin effect range the least cross-sectional dimension
should be much less than 2A if it is wished to avoid skin
effect, with its attendant loss of permeability. Strictly
these curves apply only to an infinite plate of material,
but in practice they may be used for estimating the
possibility of dimensional resonance and skin effect in a
practical core.

Fig. 2.6 shows the complex permeability and per-
mittivity components as functions of frequency in the
region of dimensional resonance calculated by Brockman
et al® for a typical manganese zinc ferrite. It may be
observed that while u, goes to zero, the impedance of a
winding on such a core (proportional to /[u®+1'*])
does not. In fact the impedance stays fairly constant in
the vicinity of resonance, but the phase angle rotates.

For most manganese zinc ferrites, y, falls rapidly with
frequency between about 1 and 10MHz due to the
ferrimagnetic resonance. So any dimensional resonance
that might occur at frequencies above a few MHz
merges with this ferrimagnetic resonance. Although
dimensional resonance could have a serious effect on
transformer and inductor performance, in practice it
rarely does so. At higher frequencies smaller cores are
normally used and at frequencies above a few MHz it
is usual to change over to nickel zinc ferrite cores to
avoid the ferrimagnetic resonance dispersion that occurs
in manganese zinc ferrites at these frequencies. These
two reasons tend to make the avoidance of dimensional
resonance automatic. Therefore it is in the design of
devices requiring large manganese zinc ferrite cores at
frequencies between about 100kHz and 5MHz that
the possibility of dimensional resonance should be
checked (see also Section 7.3.1 p. 253) Skin effect in
ferrites is even rarer; it would only occur in manganese
zinc ferrite cores at frequencies greater than about
50 MHz.

An air gap which reduces the permeability to an
effective value, u,, will increase the frequency of dimen-
sional resonance. For a loss-free medium the frequency
is increased by the ratio (u/p.)* since in this case p,
must be substituted for u in Eqn 2.50.

Dimensional resonance is troublesome mainly when
one is measuring the complex permeability or permittivity
of high permeability ferrites at frequencies higher than
1 MHz. The most practical way of avoiding error due
to this phenomenon is to ensure that the least cross-
sectional dimension of the specimen, measured per-
pendicularly to the field, is made much smaller than the
half-wavelength given by Fig. 4.5.

Moving on from eddy current effects, the last of the
loss components in Eqn 4.50 is the residual loss. The
nature of this loss has been discussed briefly in the
introduction to Fig. 3.12. As a material property it is
usvally expressed by the residual loss factor, (tan d,)/u,

as a function of frequency. For a gapped core, it follows
from Eqns 2.68 and 4.50 that

tan 4,
(tan 5r)gapped = ( P )ﬂe

This is the simplest of the losses to calculate. Provided
the material properties are constant, the residual loss
tangent is independent of the size and shape of the core
and depends only on the material parameter and the
effective permeability.

Since, for a given core, tan §; and tan §, are functions
only of frequency they are often lumped together and
designated tand,,r in specifications for particular
ferrite cores.

Finally the problem of calculating the high amplitude
losses in a general core may be briefly considered. It is
seen from Fig. 3.19 that the power loss (volume) density
may be expressed by

P,.=kfB"

4.55)

(4.56)

where n lies between about 2 and 3 for most manganese
zinc ferrites. For a general core, having varying cross
section, the total flux must be calculated using the
induction formula, Eqn 2.13, in which BA is replaced by
®. 1t must be remembered that Eqn 2.13 is only valid
for sinusoidal e.mf’s; if the waveform departs sub-
stantially from a sine wave then Eqn 2.12 must be used.
Further, if the total loss is large so that the total loss
tangent is not small compared to unity, the em.f. will
not equal the applied voltage. Having calculated the
total flux, the flux density in any section of the core may
be obtained by dividing by the particular cross-sectional
area. For each section a power loss density may be obtain-
ed from the calculated flux density and Fig. 3.19. The
total power loss is then the sum of P, x volume for each
section. If eddy current loss is appreciable this must be
added separately using Eqn 2.48 for each section.

4.2.4. Distortion and intermodulation

In Chapter 2 the generation of wave form distortion and
intermodulation products in a magnetic material is
studied. The analysis assumes that the material has a
Rayleigh or Peterson parabolic loop and that the core
is of an ideal shape. The results are derived by calculating
the amplitude distortion products in the flux density
when a sinusoidal field strength is applied. In this section
the way in which these results may be applied to a
general core will be briefly considered.

The effect of an air gap may be inferred from Eqn 4.49.
Applying this, for example, to Eqn 2.78, the e.m.f. dis-
tortion ratio for a gapped core is

E}a

E = 06 (tan dy)

4.57)

aopes = 06 tan 8, 5
u

a
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This may be derived more convincingly by considering
the derivation of Eqn 2.78 and replacing the Peterson
coefficient, which depends on yx, by the Legg coefficient,
which does not. Using the relation given in Table 2.1,
Eqn 2.76 becomes

2,3172
B. _ 8K H;

2o 5

If the magnetic circuit has an effective permeability u.,
then this may be substituted for u. It then follows that

BSa = iHeBa

B, 25
E3a a“Ba He

= 0-6 tan 6,,% from Eqn 2-68

The other intermodulation amplitude ratios expressed
in terms of tan g, in Table 2.2 may be similarly converted.

The derivation of the relative magnitudes of the dis-
tortion and intermodulation e.m.f's in Section 2.2.7 was
based on the assumption that the current wave is sinu-
soidal. However, the magnitude of the distortion e.m.f.

(b)

Fig. 4.6. Distortion voltage across the terminals of a loaded
inductor or transformer

will be substantially the same even if the applied voltage
waveform is sinusoidal, for although, the resulting current
waveform will be non-sinusoidal, the amount of distor-
tion considered in an analysis confined to the Rayleigh
region is so small that the error in neglecting it will be
of second order.

Referring to Fig. 4.6(a), Z,, represents the impedance
due to the magnetic material and it has in series with it a
distortion generator, E,,, where n represents the order
of the distortion product. The impedance Z, represents

the source impedance, the winding resistance being
assumed negligible. If Z, — co, the situation is in
accordance with the analysis in Section 2.2.7. The sinu-
soidal source generator, E,, will drive a sinusoidal current
at frequency f, through the inductor and the full distortion
e.m.f will appear across the inductor terminals together
with the fundamental voltage, U,. Therefore the distortion
ratio E,,/U, = U_/U, may be measured across the
terminals of the inductor.

If Z, is not infinite, the distortion generator will not
have an open-circuit and a distortion current, I ,, will
flow.

_ Ena
T Za+Z,

where Z, and Z, are the impedances observed at the
distortion frequency.

Assuming that the amplitude of the fundamental e.m.f.
across the inductor is unchanged and the winding
resistance is negligible, the distortion voltage ratio
across the terminals will be

Una Ena_I naZm
u, U,
_En Z
B Ua ZA+Zm

na

(4.58)

If, as in the low frequency equivalent circuit of a
transformer (see Fig. 7.3), there is also a load impedance,
the circuit appears as in Fig. 4.6(b). In this case

Una Ena Z

= 4.59
U, U.Z+2Z, 4.59)

where Z = Z,Zy/(Z .+ Zy), all impedances corresponding
to the distortion frequency.

In a well designed transformer Z,_, is usually much
greater than Z at the distortion frequencies so the
distortion voltage ratio will be much less than the
distortion e.m.f. ratio.

4.3. OPEN MAGNETIC CORES
4.3.1. General

The magnetic cores considered so far have had either no
air gaps or air gaps so small that the flux could be
assumed approximately constant round the magnetic path,
i.e. the lines of flux leave the magnetic material mainly
at the surfaces forming the air gap. When the gap becomes
an appreciable fraction of the total magnetic path length,
the greater reluctance of the gap causes the flux to leave
the magnetic material before crossing the ends of the core
which form the gap and the flux is not constant within
the core. This invalidates the foregoing treatment and calls
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Fig. 4.7. Magnetic flux associated with: (a) a very long air-

cored solenoid; (b) a very long solenoid enclosing a very long

ferromagnetic cylinder; (c) a very long solenoid enclosing a

short cylindrical core; (d) a short cylindrical core immersed in a

uniform magnetic field. (upper half: component fields, lower half:
resultant field)

for an approach which takes this fringing or leakage flux
into account.

The most common form of ferrite core having an air
gap large enough to cause appreciable leakage flux is a
simple cylindrical or rod core and this section will be
mainly concerned with this shape.

Fig. 4.7(a) represents an infinitely long solenoid con-
taining no magnetic material. The solenoid carries a
current I so the internal field strength is NI/l The flux
density inside the solenoid, represented by the long
arrows, is B = uy H and the flux density at all pomts
outside is zero.

The next diagram (b) shows the same solenoid con-
taining a very long magnetic core. In addition to the

applied field H there is now a field due to the alignment
of the magnetic moments of the atomic currents. In a
ferromagnetic or ferrimagnetic material the net effect
of these atomic currents is to enhance the applied
field giving rise to an increased flux density represented
by the short arrows. The total flux density in the solenoid
is now

B=uH+J T (4.60)

where J is the magnetic polarization or intrinsic mag-
netic flux density in tesla (weber. m™2), see Section 2.1.
The exterior flux density is still zero because the fields
due to the atomic currents cancel at all points outside
the core.

If all but a short centre section of the core is removed
it is clear that the total field acting in the remaining
section will be diminished, since the atomic fields of the
removed portions no longer contribute, (see Fig. 4.7¢).
This reduction may be considered to be due to a reverse
or demagnetizing field which has neutralized the atomic
fields that were previously there. The moments of the
atomic currents no longer cancel in their effect outside
the solenoid and so an exterior or leakage field exists.
Within the remaining portion of the cylindrical core the
resultant field will, in general, vary from a maximum in
the centre to a minimum at the ends. This may be re-
garded as due to a non-uniform distribution of the
demagnetizing field. In the special case of the remaining
portion being an elipsoid the internal field and flux
density are constant, and the demagnetizing field is
constant.

The demagnetizing field at the centre of the core may
be expressed as

HD = _NJC/HO =

where J_ is the magnetic polarization at the centre of
the core and N is called the demagnetizing factor. This
factor is considered in more detail later. The flux density
in the centre of the core is now given by

—NM., Am! (4.61)

B, = pH+J.+pHy 4.62)
=Jotu (H—Mc) T (4.63)
Ho
from 4.61
Be—Je __wHe _ wH N
Jc Bc_ﬂoHc Bc'—ﬂoHc

(460) B = H+47zM  Gs

where M is the mtensny of magnetization or magnetic
moment per cm?

4.61) Hpb = —NM, Oe
Note: (N)egs = 4n(N)g

(4.62) B, = H+4nrM.+Hp  Gs
(463) B, = 4nM+H+NM, Gs
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since the magnetic polarization at the centre, J =
B.—u,H. from Eqn 4.60, where H. (= H—NJJ/u,)
is the actual field strength at the centre of the rod. The
permeability of the material is u = B,/u,H. while the
overall permeability is denoted by u,4 and is defined by
Ueoa = Bo/u H (H being the applied field).

Simplifying the above equation

1 1 1
= [~ _Y-N
B=1  pog \1—-1/n

Since 4 is nearly always much greater than unity, this
equation simplifies to

11
~~x——N

H Hrod
So far p,.4 has been defined as the ratio of the flux density
at the centre of the cylindrical core in Fig. 4.7(c) to the
flux density in the centre of the solenoid in Fig. 4.7(a).
If, instead of being enclosed by a long close-fitting sole-
noid, the short cylindrical core were introduced into a
relatively large region in which there existed, before the
presence of the core, a uniform field H, then the situ-
ation would be similar to that depicted in Fig. 4.7(c)
except that the field, H, would no longer be confined to
the interior of the solenoid but would occupy the whole
region. It would combine with the leakage field to give a
resultant field distribution as shown in Fig. 4.7(d).
The upper part of this figure shows the component
fields while the lower half shows the resultant field.
The value of u,.4 derived above may now be given an
additional definition; it is the ratio of the flux density
at the centre of a cylindrical core aligned in a uniform
field, to the flux density existing there in the absence of
the core. p,,q thus differs from p,, the latter referring to
a gapped core in which the total flux does not vary
significantly along the magnetic path length.

The value of the demagnetizing factor N depends on
the geometry of the core and to a lesser extent on its
permeability. Fig. 4.8 gives values for cylinders and
ellipsoids of revolution. These have been calculated
from formulae derived in the literature.®7-8 It will be
noted that the demagnetization factors of the ellipsoids
do not depend on the material permeability. For any
body, the sum of the demagnetization factors, relating to
three orthogonal axes of that body, is unity. Thus all the
ellipsoid demagnetizing factors approach 1/3 as the
ellipsoid shape approaches that of a sphere. The demag-
netization factors of the cylinders depend on both the
dimensional ratio, m (which in this case equals length/
diameter), and also on the material permeability.

(4.64)

(4.65)

Using some of these data in Eqn 4.65, u.4 has been
calculated as a function of length/diameter ratio for
cylinders, with the material permeability as a parameter.
The results are shown in Fig. 4.9. This graph shows that
when the material permeability is low, the value of
loq 1S asymptotic to the material permeability as the
rod becomes more slender. This is because the de-
magnetizing factor becomes very small; from another
point of view it could be said that the effective air gap
becomes very small. When the material permeability is
high the demagnetizing factor or the effective air gap
does not become negligible within the practical range of
slenderness considered. Even so, the graph shows that
rod permeabilities of up to 200 may easily be obtained
with practical ferrite rods.

If the ferrite core is a tube having the same material
permeability and the same outside dimensions as a rod,
then p,.4 will be the same, i.e. the flux density in the ferrite
half way between the ends of the tube will be y,. p, 4 times
the field strength which would exist there in the absence
of core. However, the total flux passing through the centre
portion of the core would be less than that for a solid rod
by the ratio of the cross-sectional areas.

4.3.2. Flux distribution along a cylinder immersed in a
uniform magnetic field

It has been seen that when a short cylindrical core is
immersed in a uniform field, the flux density varies along
the length. The distribution depends on the dimensional
ratio of the core and on the permeability. It has been
calculated by Warmuth?® for cores of infinite permeability.
Fig. 4.10(a) shows the measured distribution for a
number of cylinders representing typical combinations of
permeability and dimensional ratio. Three types of
distribution may be distinguished :

(a) Magnetically long cylinders, i.e. m large enough to
make p,.,q — p. This gives a rather flattened curve
which falls to a low value at the ends of the rod.
The lower the material permeability or the higher
the value of m the flatter the distribution.

(b) Intermediate cylinders, i.e. m such that u, 4 is less
than, say, 0-8u. An approximately parabolic dis-
tribution is obtained. This distribution is similar
to that calculated by Warmuth for a cylinder of
infinite permeability. If the rod is geometrically
short, ie. such that m — 3 or less, then the next
result applies even if u 4 — U

() Geometrically short cylinders, ie. where m— 1.
This distribution is approximately parabolic but is
shallower than in (b) ie. it gives a relatively high

1 1 1
4.64) — = — _N
=1 pea\l—1l/pu/ 4n

1 1 N
(465) -~ ~ ———
4 Hrod 4n
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value of flux density at the ends of the rod. In the
limit as m — O clearly the flux density will become
uniform along the axis.
Any actual example may be identified by its value of u
and m as corresponding to, or lying between these types.
When the field becomes very large the cylinder may
approach saturation at the centre and the permeability
may vary from a low value at the centre to a high value
at the ends. This tends to make the flux density more
uniform over the centre region and the distribution
approaches that of (a) above.
A short coil placed in the centre of a rod, will have an
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emf, E,, induced in it corresponding to the central flux
density B.. If the length of the coil is now increased
without altering the number of turns the e.m.f will fall
since it will correspond to the average flux density in the
part of the rod covered by the coil. The ratio of this e.m.f.
to the centre em.f, E/E, = B averaged over the length of
coil divided by B.. This ratio is called the e.m.f. averaging
factor, F 4. This factor is given in Fig. 4.10(b) as a function
of the fraction of the rod covered by the coil, for the three
distributions distinguished above. From this graph the
approximate value of F, may be found for any type of
ferrite cylinder immersed in a uniform field.
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(b) E.mf. averaging factor, F,, as a function of the averaging length, centrally heated

Fig. 4.11. Distribution of flux density measured along a ferrite cylinder energized by a central
solenoid, the parameter being the fraction of the cylinder covered by the solenoid. The result
is almost independent of .4
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4.3.3. Flux distribution along a cylinder energized by a
winding

Another type of flux distribution of importance is that
resulting from an energized winding embracing all or part
of the cylinder. This distribution is not very dependent on
the permeability of the ferrite or on the dimensional ratio
m. It is however strongly dependent on the fraction of the
rod covered by the winding. Some measured distributions
are shown in Fig. 4.11(a). It is seen that if the winding
covers the whole of the cylinder the flux density distribu-
tion is similar to that for a cylinder of high permeability
material immersed in a uniform magnetic field (see
Fig. 4.10 curve b). As the winding becomes shorter the
flux density falls away more steeply from its central value.

Fig. 4.11(b) shows the averaging factors F, = B,,/B,
for each distribution; they correspond to the curves of
Fig. 4.10(b) for field-immersed cylinders. The curves of
Figs. 4.11 enable the flux linkage with a winding or
between windings to be estimated and also provide a
basis for estimating.core losses due to a current in an
energizing winding.

4.3.4. The inductance of a winding having a cylindrical core

If L, denotes the inductance of a winding having no
magnetic core and L is the inductance of the same
winding when embracing a magnetic core then, by
definition,

L

— 7 Heoil

(4.66)
L,

Sometimes this is called the inductance ratio or the
apparent permeability. Both L and u.,; are important
parameters in the design of inductors having cylindrical
cores.

Direct calculation of p.;y is difficult since it depends on
the geometry of the winding and the core and to some
extent on the core permeability. A simpler approach has
been adopted here; it applies only to centrally placed
windings.

If a magnetically long cylinder, of cross sectional area
A, is covered along its whole length, /, with a winding of
N turns, it approximates to a magnetic circuit having a
small gap and an effective permeability, y,.q. Therefore
the inductance is given by

N4

L= .uoﬂrodT H

If the winding does not equal the length of the cylinder
but is nevertheless centrally placed, the inductance wil] be
modified because of the changed flux distribution along
the axis. It has been seen in Fig. 4.11 that the flux distribu-
tion is very nearly independent of y,.4; it depends almost
solely on the ratio of winding length to rod length [./I.
It follows that in the special case of I/l =1 the flux
distribution is also independent of y, 4 Therefore the
above equation holds for fully wound cylinders of almost
any dimensional ratio. If the cylinder is not fully wound
the inductance is altered by an amount depending only
on [ /I. Therefore

N24

Lo Hrod T

the constant of proportionality depending only on I/I.
To test this theory, the constant of proportionality was
measured as a function of I/l for a wide variety of ferrite
cylinders; the initial permeabilities ranged from 15 to
1000 and the dimensional ratios, m, ranged from 3 to 18.
The results are enclosed by the shaded area of Fig. 4.12.
Further measurements were made to show that, within
reason, these results do not depend on the radial thick-
ness of the winding. This graph may be used to estimate
the inductance of a wide variety of rod-cored inductors;
if a mean curve is used the error will be less than about
129.

To obtain pu; it only remains to calculate the air
cored inductance, L,, of the winding. This may be done
readily by reference to Section 11.5 where general design
data is given. Eqn 4.66 then gives f.q;.

4.3.5. Magnetic losses

The low level loss in a cylindrical core® may in principle
be calculated from the general Eqn 2.56

nfB* tand,
Ho M

P_= W.m™?

m

(4.67)

This expression may be applied to each element of
length and the total loss is

12
2n fA j Eztan O M W
Ho

0 u

P= (4.68)
where x is the distance from the centre (see Fig. 4.10)

If the hysteresis loss predominates and the Rayleigh
relations apply then (tan é,,)/u is proportional to B (see
Egn 2.35). If eddy current loss is the only loss con-
sidered then (tan d,)/u is a constant depending on the
diameter of the rod and its resistivity, (see Eqn 2.49).

B?1077 tané,,
@6n p, =" an
4 u

W.cm™3

LUz
fAl;) (7 tan Sy

(4.68) P = B x w
Jo
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If only residual loss is considered then (tand,)/u is a
material parameter which is a function of frequency.
Where more than one loss must be taken into account
the corresponding loss factors must be summed for each
element.

As in the case of any other magnetic circuit, the losses
in a cylinder of magnetic material may be expressed in
terms of the tangent of the resulting loss angle, , measured
at the terminals of a winding embracing the core. This
parameter will be designated (tan d,,),,q4 to distinguish it
from the corresponding material parameter. If a voltage,
U, is applied to the winding, the resultant core loss may
be represented as a conductance, G, in parallel with the
winding. Then P = U?G. If the inductance of the winding
is L the effective core loss angle is given by

P
(tan é,),,4 = WLG = wL(*ﬁ 4.69)

From the emf. equation, assuming that the overall
loss angle is small,

(0B, AN)
a 2

UZ

where B,, is the peak flux density averaged over the
length of the winding. Combining this with Eqns 4.68
and 4.69

results for a wide variety of ferrite rods are
(dimensions in mm, L in H)

2L _ ”ZBZtan 5"'dx
RAN’BG | #

This equation may be applied to the general case of a
cylinder of magnetic material surrounded over all or
part of its length by a winding carrying an alternating
current. The distribution of flux density along the
cylinder depends on the fraction of the cylinder covered
by the winding. This has been discussed in Section 4.3.3.
If the distribution is known, together with the relation
between (tan 8)/u and B, then the integral may be evalu-
ated. At low flux densities (tan 8,,)/u is virtually indepen-
dent of B and may be removed from the integral. Given the
distribution of B and the fraction of the cylinder covered
by the winding the value B,, may be readily deduced.
The remaining factor L/AN? is a function of the cylinder
and winding geometry and empirical data have been
given in the previous section.

Two limiting cases will now be considered. The first is
a long cylinder covered by a winding of equal length.
If it is assumed that the distribution of B is parabolic
and that B reaches zero at the ends of the rod (see
Fig. 4.10a), then Eqn 4.70 may be evaluated. The flux
density at distance x from the centre is

(tan 5m)rod = (470)

Y2

L10° ..tan g
4.70) (tan dp) 00 = ———=5- BP—14
(4.70) (tan ) 0q 2nANZB§vfo i X
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If this expression is integrated over the half rod length
it is found that the average value of the flux density is

B. =28,
3
B2, =4p2 @.71)
9
If B? is similarly integrated the result is
12 R 8 R l
Bdx = —B%
fo T2 4.72)

Using these results in Eqn 4.70 and assuming that
(tan J,,)/u is constant

IL 6 tané,
HAN*'5"

This is probably the most practical form of expression
for the effective loss tangent of a fully wound cylinder.
The approximate value of L/AN? may be obtained from
Fig. 4.12 (note: the dimensions in the present discussion
are in m, in Fig. 4.12 they are in mm). If the inductance
is put in terms of pu.,; an interesting analogy results;
assuming the winding is a long close-fitting solenoid,

AN?

L= uoﬂcoilT

Therefore, Eqn 4.73 becomes

(tan d,),0q = 4.73)

6tan d tan o,
(tan 6m)rod =—— Heon = Heoil
5 n 2

4.74)
This is similar in form to the result for a toroid having a
small air gap, see Eqn 4.49.

If the winding is not close-fitting or if the cylinder has a
central hole a simple modification is required. It is
assumed that the actual cross-sectional area of the
ferrite cylinder or tube is A and the effective aperture of
the winding is Ay. If Ay is not very much greater than 4
it will be seen that the general Eqn 4.70 will still apply;
for the same value of A the flux linking the winding will
to a close approximation be unchanged and the flux
distribution will be as before. However, in deriving
Eqn 4.74 the expression for L must now use Ay instead
of A. Therefore this equation for the effective loss tangent
must become

Ay tan é,

(tan 6m)md X —— Heoil
u

4 (4.75)

The other limiting case is that of a very short winding

on a long cylinder. Fig. 4.11(a) shows a typical distribu-
tion of flux density. By graphical integration it has been
found that the average value of B? is 022 B2. Because the
winding is short the flux density may be taken as constant
over its length, therefore B,, = B.. Putting these results
in Eqn 4.70

(tan 6, ) = —© Y Om

UAN u

In this case there is no simple approximation for L/AN?;
for any given cylindrical core a value may be obtained
from Fig. 4.12.

Finally attention may be drawn to the evaluation of
losses in a cylinder operating at higher levels. At the
higher flux densities the core loss is usually expressed in
terms of the power loss in watts per unit volume as a
function of flux density and frequency. If the flux dis-
tribution is known or may be estimated from the fore-
going data then the total loss in watts may be obtained
by graphical integration of the loss density along the
length of the cylinder.

(4.76)

4.3.6. Temperature coefficient

The temperature coefficient of inductance of a gapped
core having an effective permeability p, follows from
Eqn 4.32

AL Au
LA~ 120"

The factor Au/u*Af is called the Temperature Factor
(T.F.) and is a material parameter. In the particular case
of a cylindrical core® u, may, without great error, be
replaced by u; (see Section 4.3.4).

So Temp. Coeff. = Temp. Factor x yi.y 4.77)

Thus if a winding on a cylindrical ferrite core has
Ueont = 20 and the T.F. of the ferrite is 10x 1076°C™!
then the T.C. will be 200 ppm/°C.

REFERENCES AND BIBLIOGRAPHY

Section 4.2.1.

1. OLSEN, E., Applied magnetism, a study in quantities,
Philips Technical Library, Eindhoven, (1966).

2. ‘Calculation of the effective parameters of magnetic
piece parts’, International Electrotechnical Com-
mission, Publication 205, Geneva, (1966).

3. ASTLE, B., private communication.

473) (tan b,) IL10° 6 tanéd,
(- )(an mrod_4nAN2‘5' °

1L10° tan o,

4.76) (t =—7.0
( ) (tan 8p)roa 4AN? u



192

Section 4.2.2.

KORNETZKI, M., ‘Die Wechselfeldverluste in gescherten-
magnetischen Kernen’, Frequenz, 6, 313, (1952).

Section 4.2.3.

4. ‘General classification of ferromagnetic oxide materials
and definitions of terms’, International Electrotechnical
Commission, Publication 125, Geneva, (1961), Amend.
no. 1, (1965).

5. BROCKMAN, F. G., DOWLING, P. H. and STENECK, W. G.,
‘Dimensional effects resulting from a high dielectric
constant found in a ferromagnetic ferrite’, Phys. Rev.,
77, 85, (1950).

Section 4.2.4.
PARTRIDGE, N., ‘Harmonic distortion in audio-frequency

Soft Ferrites

transformers’, Wireless Engr., 19, Part 1, 394, Part 2,
451, (1942).

Section 4.3.1.

6. BOZORTH, R. M. and CHAPIN, D. M., ‘Demagnetizing
factors of rods’, J. appl. Phys., 13, 320, (1942).

7. STABLEIN, F. and SCHLECHTWEG, H., ‘Uber den Entmag-
netisierungsfaktor zylindrischer Stibe’, Z. Phys., 95,
630, (1935).

8. wARMUTH, K., ‘Uber den ballistischen Entmagnetisie-
rungsfactor zylindrischer Stibe’, Arch. Elektrotech.,
33, 747, (1939), and, 41, 242, (1954).

Sections 4.3.5. and 4.3.6.

9. VAN SUCHTELEN, H., ‘Ferroxcube aerial rods’, Electron.
appl. Bull., 13, 88, (1952).



Chapter 5

inductors

5.1. INTRODUCTION

Inductors are used as elements in frequency-selective
circuits in a wide variety of electronic equipment, ranging
from telephony ? to domestic radio® * and television.
The performance requirements vary accordingly, but it is
in filters for carrier telephony equipment that the most
exacting applications are to be found. In a typical carrier
telephony terminal there may be several hundred filters
and equalizers on a single rack.> ¢ Because inductors
constitute such a large proportion of the cost and volume
of such equipment it follows that a high order of perform-
ance is required. The high quality inductor has therefore
been evolved mainly to meet the needs of the telephone
industry. Current practice is for such inductors to use
ferrite cores and it is with this class of inductor that the
present chapter is concerned. Other classes of inductor,
generally having less stringent requirements, are covered
by the general treatment, For example, inductors for radio
and television receivers are usually air-cored or have
simple cylindrical cores; although they are outside the
present scope, much of this chapter and Chapter 10 is
relevant to their design.

Before considering the theory and practice of inductor
design in detail it may be useful to survey the require-
ments of a high-quality inductor. The basic requirement
of the network designer is usually an inductance-capacit-
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ance combination which, ideally, resonates at the correct
frequency irrespective of time or environmental condi-
tions, which has negligible energy loss and which involves
the smallest possible volume and cost. The capacitor is
by no means a perfect partner in this alliance and its
properties must be taken into account when considering
the design of the inductor.

The requirements of the network may be translated

into the following general inductor requirements:

(a) an inductance value which, once adjusted, is
substantially constant at a given temperature during
the service life of the equipment

(b) a temperature coefficient of inductance that is
within close limits about an appropriate nominal
value

{c) very low electrical and magnetic losses

(d) small cost and volume.

Before considering the problems of satisfying these
requirements it will be useful to amplify them and make
them more specific.

Inductance
The network calculation usually yields precise induc-

tances and capacitances. The capacitors are usually
supplied having nominal values equal to the required
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values; the tolerance is normally small, e.g. +2%.
The inductor is designed to have a nominal inductance
that is also equal to the required value but it must, in
accordance with current practice, be adjustable so that
the correct LC product may be obtained. The adjust-
ment range must be adequate, i.e. it must at least equal
the sum of the tolerances for which it must compensate.
These are typically +29 for the capacitor, +19%, for
stray capacitance, an allowance for the effect of winding
geometry and the integral increments in the number of
turns, and the tolerance on the effective permeability
of the inductor. An adjustment range of +7% is typical.
Within this range the resolution of adjustment must be
such that the resonant frequency may be set to an
accuracy of about + 100 ppm.

The values of the inductor and capacitor will in
general change as functions of temperature, time, etc.
These unwanted changes are called variability. To some
extent the variability of the inductor may be reduced by
increasing the air gap to lower the effective perme-
ability (see Section 4.2.2). Perhaps the least difficult
aspect of variability is the temperature coefficient. From
the circuit point of view it is the total change of the LC
product over a given temperature range that is important ;
the temperature coefficient of the LC product may
typically be limited to 0+ 100ppm/°C although in
more severe cases the tolerance may be half this value.
Typical limits for the temperature coefficient of in-
ductance might be +50 to +150 ppm/°C but again
smaller tolerances are often required.

A typical requirement for the long-term constancy of
the LC product is that it should not change by more
than +0-1% over a service life of twenty years. The
corresponding limit for inductance drift might be
+ 500 ppm/°C.

Q-factor

A high Q@-factor for a given volume is nearly always
desirable because this enables a better network (e.g. a
filter with a lower pass-band insertion loss or a sharper
cut-off characteristic) to be made from a given number
of inductors or alternatively a given attenuation/frequency
characteristic to be obtained with fewer inductors. At
the higher frequencies, i.e. greater than a few tens of
kHz, the inductor is usually designed to have the maxi-
mum Q-factor at a given frequency and in a given
volume. At lower frequencies it is not usually possible to
achieve maximum Q-factor without an unreasonable
increase of variability. This is because a maximum
Q-factor would require a high value of effective perme-
ability in order to achieve a balance between the winding
and core losses. Thus high Q-factor and low variability
are often incompatible requirements; they are also to

some extent interchangeable. If the Q-factor is made high
at the expense of stability then a sharp cut-off or resonance
may be obtained but a sufficiently large margin or guard-
band must be provided to allow for frequency drift. In
such a case, the high Q-factor may to some extent be
wasted, and a similar overall performance might be
obtained using a larger air gap which, although it would
result in a lower Q-factor, would give increased stability ;
the cut-off frequency or resonance will be less sharp
but a smaller guard-band will be needed.

Q-factors currently specified for inductors range from
50 at frequencies below 300 Hz, through values of 500 to
1000 at 100 kHz, falling to the region of 200 at 20 MHz.

Hysteresis effects

The effects of hysteresis are, of course, required to be as
small as possible. Usually filter inductors are operated
at very low amplitudes and the loss contribution due to
hysteresis is negligible (however this is not always true
when mraking measurements of inductor Q-factor and
precautions must be taken to ensure that the measuring
voltage corresponds to a sufficiently low flux density).
Other effects of hysteresis are the increase of inductance
with amplitude and the introduction of waveform
distortion. The former effect is not usually serious at the
flux densities normally employed, but again care must
be taken that the amplitude used during inductance
adjustment is not too high or an erroneous inductance
value will be obtained. Usually the most important
effect of hysteresis is waveform distortion which gives
rise to the generation of harmonics and intermodulation
products. These may be particularly troublesome where a
large difference in power levels exists between two
separate signals in the same circuit, e.g. at the common
connections of two-wire line filters. In such a case an
inductor may need to have a hysteresis factor of less than
0-1 (see Eqn 4.41); in contrast a value of 8 is typical of
the more usual design of filter inductors.

Miscellaneous

It is usually required that the magnetic coupling between
adjacent inductors shall be very small. Precise require-
ments cannot be stated but it appears that a voltage
ratio of between 50 and 70 dB measured between equal
windings on adjacent inductors normally is acceptable.
Among the features that facilitate the design and
construction of inductors are the following; an adequate
range of sizes and effective permeabilities, simple pro-
vision for windings and lead-out wires, and simple but
effective means of assembly, terminating and mounting.
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5.2. FORM OF CORE

Until the introduction of ferrites, the inductors used in
telecomunication equipment used almost exclusively
the various grades of powdered iron, or nickel iron,
cores. Because of the low bulk permeability, adequate
magnetic isolation between adjacent inductors could be
achieved only by the use of toroidal cores. Such cores
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Fig. 5.1. The geometry of a ferrite pot core: (a) basic shape.
(b) a practical design, (c) symbols used in analysis

present ssome winding and adjustment problems. When
ferrites, which have relatively high permeabilities. were
introduced on a commercial scale it became possible
to make magnetic circuits of more convenient shape
whilst maintaining a high degree of magnetic screening.
One of the most successful of the forms of ferrite core so
far developed for inductors is shown in Fig. 5.1(«). It is
called a pot core and is essentially a cylinder of ferrite
having an enclosed annular space for the winding. In
practice this basic shape is modified in detail; a typical

4nu N?
C

1

1) L= x10"°* H

core is shown in Fig. 5.1(b). It usually consists of two
similar half pot cores having the mating surfaces finely
ground to ensure a stable magnetic joint of low reluctance.
An air gap is usually provided by grinding hack one or
both of the centre core faces. Slots or holes are provided
in the outer wall so that the terminal leads of the winding
may be brought out and it is usual to provide a central
hole to facilitate adjustment of the inductance. There are,
of course, other forms of ferrite inductor core. One,
which has been derived from the pot core, is included in
Plate 5.1. This is an X-core and because of its adequate
provision for terminations it is used mainly for inductors
or transformers having many connections.

Before considering the best design of an inductor on a
given core the main considerations in the design of the
core itself will be discussed briefly in the light of the
requirements noted at the beginning of this chapter.

A high Q-factor implies a low magnetic loss in the
ferrite and also that the shape of the core utilizes the
core material to the best advantage. Assuming a given
ferrite material, the problem is to find the proportions
of the core that will give the highest performance. The
criterion of performance may vary from one application
to another but over a wide range of inductances and
frequencies it is true that the core which can contain a
winding giving the lowest ratio of d.c. resistance to
inductance has the best over-all performance (see
Section 5.7.8). In the following analysis the simple pot
core shape is assumed and the optimum proportions of
the core are derived according to the above criterion.

Using the symbols defined in Fig. 5.1(c) the ratio of the
d.c. winding resistance to the inductance, Ry./L, may be
expressed in terms of the core proportions k, to ks. The
inductance of N turns on a pot core with an effective
permeability p, is (see Eqn 4.23):

N
="

L

H (5.1)

where C, is the core factor and is defined after Eqn 4.8
The resistance of the same winding, assumed to be wound
with copper conductor having resistivity p., is given (see
Egn 11.11) by

de

PN,
oF (52)
where [, is the mean turn length = nr(k, +k3)
A, is the window area = ri(k —k,)(k,—2ks) (see
Fig. 11.1)
F, is the overall copper factor

total copper cross section
B A

a

The winding is assumed to fill a hypothetical coil
former so that the overall copper factor may be con-
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sidered to be independent of the core proportions. It is
also assumed that the spaces between the core and the
inner and outer surfaces of the winding are equal.

Rye npdk, +k3) C,

Then =
L Fyrlks—kj) (ky—2ks) popt,

QH™'  (53)

where the core factor C, is a function of k, to ks and
may be calculated by analogy with Fig. 4.2. An example
of such a calculation is given in Appendix B. If (Cy),
denotes the core factor for a core of the same pro-
portions but of unit radius then since the dimensions of
C, are [length]™*

=G
- r

Cy

.. Eqn. 5.3 becomes

Rye W ky+ks p
= 2 {Cs
L Fattopte 1°(k3 ~ k) (kg — 2k 5)

QH"!
(5.4)

For a given set of core proportions, ie. a given set of
values for k; to ks, Ry./L will vary inversely as the square
of the linear dimensions since 72 is in the denominator.
The effect of size may be removed by multiplying through
by V> where V; is the overall volume i.e. nrik,:

RoVEP  mpe  (mko)*Plky+ks)

= C QH !
L Fugh (ks —ly) (ky—2ks) C 1

(5.5)

This expression may be minimized with respect to the
proportionality factors, k,...... ks, remembering that
(C,), is a function of these factors. Thus the proportions
for optimum utilization of a given volume may be found.
An alternative approach would be to fix the height and
diameter arbitrarily and to calculate the remaining pro-
portions. It should be noted that k,, the normalized radius
of the central hole, is not a variable in this problem. Its
value should ideally be zero but in practice the smallest
value consistent with an adequate means of adjustment
must be chosen.

Table 5.1 shows the results obtained using two arbitrary
values of k,

These proportions may be modified slightly in practice.
The provision of slots for the lead-out wires will result
in a small correction. Again, as the minimum value of

R4/L obtained by the variation of any one proportion
is rather shallow, it is possible to shift the proportions
marginally away from optimum to obtain some other
advantage. For example, if the centre core radius is
increased by 59/ this might result in only 19, degradation
in Ry./L, but the centre core cross-sectional area increases
by at least 109, and this will produce a significant
improvement in the hysteresis factor. Alternatively, for a
small pot core to be used mainly at the higher frequencies,
it might be decided to reduce the centre core diameter

Table 5.1. POT CORE PROPORTIONS FOR MINIMUM R dc/L
(SEE FIG. 5.1.(c))

kl kz k3 k4 k5
0 0-390 0-840 1-30 0-226
0210 0442 0-854 117 0206

slightly to obtain a better spacing of the winding from
the core. Whatever approach is adopted Eqn 5.5 provides
a means of assessing the effect of changes of core pro-
portions on Ry./L for a fully wound coil.

The actual dimensions as distinct from the proportions
depend on the sizes chosen. Table 5.2 gives the approxi-
mate diameters and heights of two standard ranges of
pot cores each having approximately logarithmic pro-
gression of diameters, volumes and values of Ry/L.
The derived parameters (Section 4.2.1) are also given.

5.3. AIR GAP AND THE CALCULATION OF
INDUCTANCE

The effect of an air gap on core properties in general is
discussed in Section 4.2.2. In practice the air gap in an
inductor core is provided during manufacture. Originally
it was common for a given size of pot core to be available
with a number of standard air gap lengths. This was
inappropriate because the designer is not directly inter-
ested in gap length but rather in the effect of the air gap.
It is now common practice for the gap to be adjusted
to give one of a series of standard values of effective
permeability or, alternatively, standard values of some
factor relating inductance and number of turns.

The effective permeability, g, is defined in the deriva-
tion of Eqn 4.23. It is subsequently shown that this is a
property on which much of the core performance depends,

9
53 Ree____pdkath) GO gy
L Fylky—k;)(ks—2ks) 4p,
Rie  pd0°  kptk
(5.4) =P S ), QH

L 4 Fot (k3 —k3) (kg —2 ks)

(5.5) et PO (kP lk +h)

= QH™!
L 4 Fapte (k3 —ky) (ke —2 ks)

€
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Table 5.2. STANDARD POT CORE RANGES

The table gives the principal physical dimensions together with approximate core factors, effective dimensions and values of R, /L.
Allowance has been made for slots; four in those pot cores having dimensions of 14mm or larger and two in the smaller cores.

MULLARD ‘VINKOR' RANGE In accordance with BS 4061, range 1
Nominal Core factors Effective dimensions
I, = A, =
Dimensions Votme Ci=2zl/A =3 | ciic, | €c, | Ye=CllC} | RuL*
Dia. Height
mm mm® mm™* mm 3 mm mm? mm’ QH
10-0 6-8 0-534 x 103 1-02 773 %1073 13-4 13:2 0177 x 103 1029
12-:0 7-8 0-882 x 103 0-800 400 x1073 16-0 20-0 0-321x 103 696
14-0 9-0 1-38 x 103 0-720 278 x1073 187 259 0-484x 103 564
18:0 11-2 285 x10° 0-558 126 x1073 24-7 44-3 1-:09 x10° 346
22-5 13-6 494 x10° 0425 5-88 x 1073 307 723 2:22 x10° 228
25-4 16-0 811 x103 0-364 3-64 x1073 364 99-9 363 x103 162
29-5 18-8 128 x10° 0-283 1-88 x1073 432 153 659 x103 119
355 22-8 226 x103 0-236 1:06 x1073 52-5 223 1117 x 103 79-4
450 292 464 x103 0-187 0-518x 1073 675 361 243 x103 472
LE.C. RANGE In accordance with IEC Publication 133 and BS 4061, range 2
Nominal Core factors Effective dimensions
l = A =
Overall ¢ e
Dimensions ,O/Zleur::é Cp=ZI/A C, = Zi/4* cilic, C./C, V.= C%/C} Ry /L*
Dia. Height
mm mm? mm™! mm™3 mm mm? mm? OH
9-2 5-25 0-349 x 103 124 123 x1073 12:5 10-1 0:126 x 10° 1390
11-1 65 0-628 x 103 0-956 590 x1073 155 162 0251 x 103 898
14-05 8:35 129 x103 0-794 319 x107? 199 249 0-496 x 103 548
18-0 10-55 2-68 x10° 0623 148 x1073 262 420 110 x 103 338
21-6 13-4 491 x103 0-519 845x1073 319 614 196 x 103 230
25-5 16-1 822 x103 0416 4:53x1073 382 919 351 x10° 165
30-0 18-8 133 x10?3 0-343 2:58x 1073 457 133 609 x10° 116
35-5 217 215 x103 0275 1-42x 1073 53-6 194 104 x10° 822
41-2 29-4 392 x103 0-265 1-01x 1073 692 262 181 x10° 515
(= 265cm™ 1Y) | (= 1-0lcm™3)

*Calculated according to Eqn 5.3, putting p, = 1694 x 10”*Q.m, 4, = 100 and F, = 0-3.

factor are proportional to .. If therefore a range of pot =
cores of various sizes are available with effective perme- Hobte
abilities taken from a series of standard values, the Therefore by the definition of «
inductor design is simplified because the designer may N=a/L (56)
readily translate a trial design from one size of core to )
another in the range and expect to find the same values where L is in millihenries
of u. available. A logarithmic progression of preferred
numbers is often used.

There are in common use two factors relating the (0N
inductance to the number of turns on a given core. The &= \/ [ Holle
turns factor, a, is the number of turns required to obtain

a given inductance, usually 1 mH.
(57 « = 10° \/ [

e.g the temperature coefficient and the residual loss \/[C1 L10‘3]

If C, is in mm™1

] turns for 1 mH 5.7

C
1:| turas for 1 mH

x 103 mH .

where C, is in cm™

HotteN?

1

Since L =
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The alternative factor is the inductance factor, A4,
This is the inductance in nanohenries per turn? on a
given core i.e.

L = A, N? (5.8)

where L is in henries x 10™°
Thus L = A;N*10"° H

HotteN?

Cy
If C, is in mm™! then

ot 10°

1

AL nH for 1 turn (5.9)

It follows that since

2

N
L=—"5x10"*=AN*x10"° H
o

103
JAL (5.10)

It should be noted that whereas « and A, are sus-
ceptible to precise measurement and may therefore be
stated within given limits, the value of u, may only be
deduced, in practice, from a knowledge of « or 4; and a
somewhat arbitrary calculation of the core factor C;.
Therefore the true value of g, is not generally known for
a core such as a pot core in which the geometry of the
flux path is complicated. A nominal value is quoted and
this is calculated from a value of C; obtained according
to a standard formula such as that shown in Appendix B.
In practice, however, the nominal value of y, is sufficiently
reliable to enable the performance of a gapped core to
be estimated from the material parameters with reasonable
accuracy.

As stated above, some manufacturers use standard
values of u,. Others use standard values of turns factor or
inductance factor, notably the latter. This approach is
useful when the main emphasis of the inductor design
is on calculating the number of turns and specifying the
inductance. However, the value of A; or a does not
characterize the pot core as usefully as the value of g,.

Where a means of inductance adjustment is to be
provided the air gap length is sometimes chosen so that
the standard value of u, or A is obtained at the centre
of the range of adjustment. Alternatively it may refer to
the pot core without the adjuster.

Considering tolerances, the absolute grinding accuracy
obtained when the air gap is introduced during manu-
facture is not dependent on the gap length. Therefore a

o =

%
4
8| e
Sls | 40—
2 B—
\
\
B
o AL' %
N S, en——
|%’___//7
-2 400 ; - ] s
250—"] 7
_‘ /
o, | 150
Si<
-6 /
100" Yz v
-8

0 0-2 04 06 08 1-0
FRACTIONAL WINDING HEIGHT, h

Fig. 5.2. Dependence of « and A, on winding height for a 25 mm
pot core

better fractional tolerance on length is obtainable for
large air gaps, i.e. low effective permeabilities, than for
small air gaps. Typical tolerances on o range from
+19% for p, = 40 to +29% for u, = 250. The correspond-
ing tolerances for u, or 4; would be twice these values.
The value of o or 4; measured on a given pot core
depends to some extent on the disposition of the winding
in the winding space. Reasonably reproducible results
may be obtained if the coil former is wound full. Fig.
5.2 illustrates typical variations of o and A, values with
winding height. The specified values of a« or A; usually
relate to a winding specially defined for the purpose of
testing. Ref. 7 considers the case of fractional turns.

5.4. INDUCTANCE ADJUSTMENT

A variety of methods have been used in the past for
adjusting the inductance of the pot core inductor and
even a larger variety of methods have been proposed.
There are now virtually only two basic methods in
current practice. One is to shape the centre cores asym-
metrically; a possible geometry is shown in Fig. 5.3(a).
If one half of the core is rotated relative to the other
half a change of effective permeability occurs. This

dnp,

(59) AL = ol nH for 1 turn

1

where C, is in cm™!



Inductors 199

[
'
(b)
e
x| |l !
AN
‘ Teg
ilA =16
_ i -

(c)

Fig. 5.3. Ferrite pot core adjustment: (a) adjustment by cham-
fered centre core; (b) adjustment by magnetic shunt; (c)
symbols used in analysis of magnetic shunt

method depends on the redistribution of the fringing
field; if the flux lines were all parallel to the axis no
change would be obtained as the mean length and
geometric cross-section of the air gap are unchanged.
The disadvantage of this method is that the inductance
must be set before the assembly of the pot core is finally
secured and mounted with the rest of the circuit, and
subsequent adjustment is difficult. The other method is
far more widely used so it will now be described in some
detail with reference to Fig. 5.3(b) and (c).

A cylindrical magnetic core is introduced into a
central hole so that it partially shunts the air gap. If the
axial position is varied the effective reluctance of the
air gap is changed and with it the inductance of a winding
on the pot core.

A simplified analysis will indicate the salient features
of the method. It is assumed that the reluctance of the
cylinder is negligible compared with the air gap sur-
rounding it (in practice this is true if its permeability is
greater than about 100). It is also assumed that the
main air gap length [, is so small that it is negligible
compared with length I, of the shunt, and that fringing
in the absence of the shunt is zero so that the magnetic
area of the air gap is 4, = n(rj—r})

.. Reluctance of the air gap without the shunt

lB
AS

(5.11)

The reluctance in parallel with this when the shunt is in
the position shown by the broken line, i.e. a distance x
beyond the main air gap is:

or or

2nrx M 2nr(l, —x)

(where 9r is the path length of the radial gap between the
shunt and the hole, and r is the mean radius of this gap).

o
Therefore this shunt reluctance = —r. fa (5.12)
2nr x(ly—x)

It should be noted that this varies from o when x = 0,
through a minimum when x = [,/2 (as may be shown by
differentiation) to oo again when x = I,

The minimum value is

or 4

2nr'K

(5.13)

The smaller this value is, the larger will be the total
adjustment range, assuming a given value for [, and
assuming that the shunt starts from the all-out position.
Thus to increase the adjustment range r should be small
and r and I, should be large. The total air gap reluctance
is obtained from the parallel combination of the reluct-
ances given by Eqns 5.11 and 5.12, i.e.

orl, o I,
2rx(ly—x) Ay orlal,
orl, ly  drlyAg+2mrxl(ly,—x)

2nrx(l, —x) + Z

From Eqn 4.25, the resultant effective permeability is
given by

dril, -1

Orlp A+ 2nrxl (1, —x)

pe = Cy % [Cl/u+

and the extreme values are
Cy
Co/u+1J4,
¢
Ci/utl/(Ag+rrlly/20r)

L (5.14)

(ﬂe)min = and

(ue)max =

Fig. 5.4 shows the change of effective permeability as a
function of x calculated from the Eqn 5.14 assuming a
typical pot core. The corresponding curve measured on
the same pot core is also given. The divergence at the
lower end is due to the fact that the shunt begins to reduce
the effective air gap before it has crossed the lower
boundary of the actual air gap. This fringing effect is
ignored in the analysis. If it is desired to allow for the
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Fig. 5.4. Caleulated and measured adjustment curves for a 25 mm pot
core having nominal p, = 160

effect of a low permeability shunt then its effective
reluctance may be added to Eqn 5.12. This reluctance
will be approximately of the form kl,/uAd, where I,
u and A, refer to the shunt and k is a factor, less than 1,
to allow for the non-uniform flux distribution in the
shunt.

The adjustment range obtained with a given shunt in a
given pot core depends on the length of the main air gap;
the larger the air gap the greater the adjustment range
(see Eqn 5.14). When the effective permeability is high,
i.e. the main air gap is small it is sometimes difficult to
achieve a sufficient adjustment range. For this reason it
is desirable to make the radial clearance between the
shunt and the pot core as small as possible and the
length of the shunt as long as possible. Increasing the
permeability of the shunt does not help because, as
stated earlier, when it exceeds about 100 the reluctance
of the shunt itself becomes negligible. At the other
extreme, a low effective permeability may result in a
larger adjustment range than the minimum required.
This in itself is not an undesirable feature. However, it is
accompanied by an increase of the maximum slope for
the adjustment curve and if this is allowed to become too
large the stability of inductance with temperature and

time will suffer. Accordingly it is usual to limit the maxi-
mum slope. This may conveniently be done by using a
shunt of very low permeability or by increasing the radial
clearance.

In the introduction to this chapter, reference was made
to the minimum range of adjustment needed to ensure
that the required LC product may be obtained, allowing
reasonable manufacturing tolerances on parameters
affecting the LC product. A typical minimum range is
149, (total) made up as follows: +39( for the tolerance
of A;, +29 for the tolerance of the resonating capacitor
and +29% margin for miscellaneous contributions such
as stray capacitance. It was noted in Section 5.3 that the
tolerance of u, depends on its value, the higher the value
of u, the larger the tolerance. This effect aggravates the
difficulty of obtaining sufficient adjustment range with
the higher u. values; even where variability is not a
limiting factor lack of adjustment range will normally
prevent the use of high effective permeabilities, e.g. 400,
for inductor cores.

The number of turns required on a winding to give
any nominal inductance will, in general, be non-integral
when' calculated from the nominal o or A; value.
The nearest integral number of turns will give an in-
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ductance that differs from the required value and this
difference must also be taken up by the adjuster. Nor-
mally this is a negligibly small amount, but for low
inductances requiring relatively few turns the possible
difference will be appreciable and extra adjustment range
will be necessary if gaps in the range of attainable in-
ductances are to be avoided; e.g. if the required induc-
tance lies mid-way between values given by 9 and 10
turns respectively, an extra margin of about +109% is
necessary. Low inductances are required mainly at high
frequencies and at these frequencies low effective perme-
abilities are used to obtain optimum Q-factors. The
low u. values are usually accompanied by large adjust-
ment ranges, so to some extent the extra margin occurs
naturally. For very low inductances, the gaps between
integral turn values may only be bridged by having
available several pot cores with closely spaced effective
permeabilities. These permeabilities are chosen so that
the corresponding net adjustment ranges just overlap
thus providing, in effect, a very wide range of adjustable
inductance obtainable with a given number of turns.

Fig. 5.5 shows three typical adjusting arrangements. In
the first the shunt is in the form of a tube carried on a
resilient plastic carrier. This carrier is an easy sliding
fit in the hole. When rotated by a screwdriver engaged
with the slot at the top of the carrier the shunt moves
axially along the stud. The latter has a fine thread which
gives good adjustment accuracy. There is no prepared
thread in the plastic; the thread form is impressed by
that of the stud. This arrangement gives a shake-proof
adjustment that is free of backlash. In manufacture the
plastic carrier is injection moulded with the tube located
in the mould so that the surface of the tube is held con-
centric with the axis of the plug. This results in con-
centric rotation in use and enables Jr to be made very
small.

The next arrangement illustrated consists of a tube
carried by a plastic screw. Usually the screw has a pre-
pared thread but sometimes it makes its own thread
when it is screwed into the threaded bush. In some
variations the tube is merely cemented into position
on the screw. This is simple but if the tube has an eccen-

tric bore then the rotation becomes eccentric. Alterna-
tively the tube may have the screw injection moulded
through it in a similar way to the first design. A dis-
advantage of this example is that the position of the tube
relative to the gap depends on a length of unsupported
plastic and if this is dimensionally unstable inductance
instability will result.

In the third example a threaded cylindrical shunt is
used and this cuts its own thread into a plastic sleeve
which lines the hole. Here again the position of the
shunt depends on a length of unsupported plastic. The
design is simple and the action is concentric but the
interposition of the sleeve between the threaded shunt
and the pot core prevents the value of ér from being
made very small.

In practice all three methods, and other similar ones,
can give satisfactory results.

5.5. CONSTANCY OF INDUCTANCE
5.5.1. General

In the introduction to this chapter it was observed that
constancy of the LC product is one of the most important
requirements of a resonant circuit. The change of induct-
ance (and capacitance) with time should be made as
small as possible and the change of inductance with
temperature should, ideally, balance exactly any corre-
sponding change in capacitance.

These changes in inductance are sometimes referred
to as variability. The variability may originate in the
ferrite or it may be due to the non-ferrite parts of the
inductor. In either case it may be reversible, e.g. a
function of temperature, or irreversible, e.g. drift with
time.

It is not too difficult to make a ferrite-cored inductor
with a fairly small variability, i.e. having a temperature
coefficient of inductance which is within 50 ppm/°C of
the required value and a long-term drift of less than
0:19%. However if a performance substantially better
than this is required great care must be taken in the

SLOT SLoT SLoT
PLASTIC
CARRIER ‘;(L:AE“C FERRITE
WITH RIBS REW SCREW CORE
FERRITE FERRITE f
TUBE TUBE | PLASTIC
THREADED gle THREADED. | - INTERNAL
rS%GL it U -w eusu@ i RIBS

| S ————

(c)

(b)

Fig. 5.5. Typical adjusters using the principle of the magnetic shunt
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design and construction of the inductor assembly. There
are many factors which contribute small changes of
inductance and they are difficult to diagnose and remedy.
Much work has been done on this subject and as a
result appreciable reductions in inductance variability
have been obtained. Indeed, it is now possible to make
LC circuits with a sufficiently high performance to use
them in networks which previously could only be
realised with crystal resonators.

In this section the main factors affecting inductance
variability will be considered and some typical experi-
mental results will be shown.

5.5.2. Variability due to the ferrite

The contribution of the ferrite material to the variability
of inductance depends on the constancy of the material
permeability. The methods of expressing the variability
of a magnetic core have been considered in Sections
222 and 42.2. In general the permeability may vary
reversibly or irreversibly with temperature and it may
vary with time, flux density, frequency, polarizing field
strength and mechanical stress. The characteristics. of
some of these variations have been described in Chapter
3. In ferrites intended for high quality inductors the
unwanted variations of permeability are kept to a mini-
mum by manufacturing control.

In a ferrite-cored inductor, any change in the value of
the material permeability will be reduced in its effect
on the inductance by the dilution ratio, p./u;, as shown
by Eqn 4.31. Although several aspects of inductor design
are influenced by the choice of p, it often happens,
particularly at low frequency, that the value is governed
mainly by the inductance constancy requirements.

The permeability is a function of temperature and
provided the rate of temperature change is not too great,
and other disturbances are avoided, this function may be
regarded as reversible. In Fig. 3.8 there are a variety of
1—0 graphs. In general these are not linear but they are
usually taken to be so over a restricted temperature
range. As described in Section 4.2.2 the temperature
dependence of permeability is normally expressed as a
temperature factor, T.F. This is the average material
temperature coefficient, T.C., obtained from measure-

ments at each end of the temperature range, divided by

the material permeability, see Eqn 4.32. The temperature
coefficient of an ideal gapped core made of the same
material is (T.F.) x u.. The T.F. will have a nominal value
and limits, and the corresponding nominal value and
limits of the effective temperature coefficient may in
principle be reduced or adjusted by the appropriate
choice of y..

Ferrite inductors are often resonated with polystyrene
foil capacitors and the temperature coefficients of the two

components can be made to compensate partially. The
T.C. of a polystyrene capacitor may range from —90 to
~210 ppm/°C although it is possible to obtain closer
limits, e.g. —115 to —145 ppm/°C. A ferrite pot core
intended to be used with such a capacitor might have
(T.F) = (1£0-5)x 107%/°C; if it had u, = 100, the corre-
sponding limits of T.C. would be +50 and + 150 ppm/°C.
The corresponding limits of T.C. for the LC product
using the smaller tolerance capacitor would be —95
and +35ppm/°C and the limits on the temperature
coefficient of resonant frequency would be —47-5 and
+17-5 ppm/°C. If this tolerance is not acceptable then
the nominal and limit values of the material T.F. must
be specified more closely to improve the compensation.

Another type of capacitor often used is the silvered
mica capacitor. This has a small temperature coefficient ;
typical limits are zero and + 30 ppm/°C. In this case a
ferrite core having a (T.F.) = 0+05x107%/°C might
be selected, and if u, = 100 the corresponding inductor
T.C. would have the limits 0+ 50 ppm/°C. Proceeding as
before the corresponding temperature coefficient limits
for the resonant frequency would be —25 and +40 ppm/
°C. Again some improvement would be obtained if the
nominal and limit values of the material T.F. could be
more closely specified to improve the compensation.

Often it is more difficult to obtain a suitable nominal
T.F. value than to reduce the tolerance. If the nominal
compensation cannot then be improved by adjusting the
effective permeability (perhaps due to loss considerations)
then special T.C. compensating ceramic capacitors may
be used. These have high values of positive or negative
T.C. and constitute a small but appropriate fraction of
the total resonating capacitance, the rest being made up
of low-loss polystyrene or silvered mica capacitors. Even
so, the ferrite T.F. must have a close tolerance if the over-
all T.C. of resonant frequency is to be within close limits.

Control of temperature factor is a major consideration
in ferrite pot core manufacture. As manufacturing and
control techniques improve it will become possible to
specify nominal T.F. values more freely and to narrow the
tolerances. The ultimate goal might be to manufacture
inductor cores having T.F. values that correspond to the
standard p, values to which the cores are to be gapped,
so that an inductor core would have the same nominal
temperature coefficient whichever standard y, value is
used, ie., (T.F.)x u, = constant.

The above discussion assumes that the permeability
is an approximately linear function of temperature. As
the slope of the function is made to approach zero at a
particular temperature the curvature becomes pro-
nounced (e.g. see Fig. 3.8.4). When there is considerable
departure from linearity the concept of temperature
coefficient is more difficult to apply. One approach is to
divide the temperature range into zones within which the
slope of the p-temperature curve is within stated limits.
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Fig. 5.6. Typical boundaries of temperature dependence of an LC
circuit and its components. 0, is the temperature at which the LC
product is adjusted to the correct value

For more specific requirements it is perhaps better to
consider graphical areas, bounded on each side by the
temperature limits and at the top and bottom by lines
defining the permissible limits of the temperature-
dependent parameter. The basic parameter is resonant
frequency. From such a representation the boundaries
of the corresponding LC product area may be obtained
and this may be split into areas defining the permissible
limits of change of the inductance and capacitance
values. In this way an unambiguous specification of
temperature dependence of permeability may be derived.
Fig. 5.6 illustrates this approach.

The next most important contribution of the material
permeability to inductance variability is the time variation
or disaccommodation.® This phenomenon has already
been considered in some detail (see Sections 2.2.2 and
422 and Fig. 3.10). Although time variation may be
caused by any magnetic, thermal or mechanical dis-
turbance, in the normal applications of telephony in-
ductors the most common disturbance during assembly
and subsequent service is temperature change. The
permeability will rise above the stable value during the
temperature disturbance and then when the temperature
change ceases, it will return to the stable value appro-
priate to that temperature approximately in proportion
to the logarithm of time. The effect is that a small over-
shoot on the permeability-time curve occurs when the
temperature is raised from one steady value to another.
The extent of this overshoot depends on the dis-
accommodation value of the material and the rate
and magnitude of the temperature change. A tem-
perature change of 50°C might produce a permeability
overshoot of 1-29% in an ungapped core and, at constant
temperature, a stable permeability would be substantially
restored in about 24 h. The overshoot in a gapped core
would be reduced by the dilution ratio. Under conditions
of small irregular temperature excursions, such as might
occur during service, the overall effect would be to raise
the average permeability by an amount which would
be quite small compared with the variations due to the
temperature coefficient. Indeed natural temperature
fluctuations prevent the permeability from ever approach-
ing closely to the ultimate stable value. An obvious
precaution during the manufacture of inductors is to
ensure that an adequate interval (e.g. between one and
three days) is left between any process involving a large
temperature excursion or mechanical stress (e.g. impreg-
nation, cementing or encapsulation) and the final process
of inductance adjustment.

Other possible contributions to the inductance vari-
ability associated with permeability changes arise from
changes of amplitude and the superposition of a steady
magnetic field. Provided the effective flux density is not
too high its influence on the inductance may be deduced
from the graphs in Fig. 3.5, using the dilution ratio
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Fig. 5.7. Change in inductance as a function of flux density;
typical curves for a 25 mm pot core

uo/u (See Eqn 4.31). If the effective flux density is low, e.g.
less than 1 mT (10 Gs), the variations in amplitude will
normally have negligible effect. Fig. 5.7 shows the vari-
ation of inductance as a function of flux density for
some typical pot cores. The effect of amplitude  is
more often encountered during test measurements than
during operation. A filter may work at very low amplitudes
where variation of inductance due to this cause is negli-
gible, but during measurement of inductance or of the
insertion-loss characteristic the signal level may be quite
high and may result in erroneous measurements or
adjustments.

The variation of p, due to a steady magnetic field
(polarizing ampere turns) is not so easily deduced from
the material properties and it is better for it to be measur-
ed on the pot core being considered. Fig. 5.8 gives some
typical results. As far as possible d.c. polarization in high
quality inductors should be avoided if stability is import-
ant.

Mechanical stress is another factor that must some-
times be taken into account. The ferrite core is often
stressed during assembly either by design or accident
and if this stress is excessive a substantial change in
initial permeability will result. Fig. 3.24 gives some
typical results. Stress also changes the slope of the u-0
curve and so influences the T.C. of inductance. It may be
concluded that mechanical stress should be kept to a
minimum and where it is unavoidable it should be
constant.

The initial permeabilities of inductor ferrites do not
vary significantly with frequency within the frequency
range for which the material may be used in low loss
applications. This may be seen in Fig. 3.11 where the
dispersion in u; is shown to coincide with the large
increase in residual loss. For this reason, and because
the inductance is finally adjusted at the operating
frequency, the influence of frequency may be ignored.

5.5.3. Contribution of the non-ferrite parts—
construction and assembly

The variability of inductance arising from causes other
than the variation of the material permeability is now
considered. Many contributory causes are possible.
Their main effect is to produce a drift or irreversible

0
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“""60
\ |
0 250 500 750 mA.(mH)l'i
ut

Fig. 5.8. Change in inductance of a 25 mm pot core as a function of the steady
magnetic field, the field being expressed in terms of current and inductance
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change of inductance; in most cases the reversible change,
i.e. contribution to the temperature coefficient, is small
but it will be seen that there are one or two notable
exceptions to this.

The most important general category is the change of
inductance due to changes in the effective reluctance of
the total air gap, and again there are many possible
mechanisms. The central air gap may change in length
due to strain in the ferrite. Clearly pressure near the
centre of the pot core faces will produce strains tending
to close the central air gap. To avoid this it is essential
to apply any clamping or fastening pressure around the
periphery of the pot core so that only simple com-
pression is produced. Another possible source of strain
is the differential linear expansion between the ferrite
and other members that might be cemented or otherwise
attached to the core. A marked reduction of tempera-
ture coefficient of inductance may result from a tag board
which is firmly cemented to a core face and therefore
causes convex distortion of the face as the temperature
rises. The direct effect of stress on the initial perme-
ability has been mentioned in the previous section.

If the halves of the ferrite core are clamped together
or fastened to a tag or pin board by a force distributed
around the periphery, the value of this force must be
carefully chosen. If it is very small, the effective air gap
at the mating surfaces will be appreciable in spite of
the fact that these surfaces are given a finely ground
finish during manufacture. As the force increases the
surfaces are brought into more intimate contact and
the resultant air gap becomes small and stable. If the
force is further increased a point is reached at which the
reduction of initial permeability due to stress becomes
significant and the inductance begins to decrease. It is
probably best to limit the force to a value well below this
point. Changes of force due to thermal expansion or
creepage in the clamping parts should be avoided and of
course the mating surfaces should be perfectly clean.

An alternative method of fastening the core halves
together is to cement them at the mating surfaces. The
general method and the precautions to be taken are dis-
cussed in Section 1.4.2. If the thickness of the adhesive is
too great its thermal expansion will affect the T.C. of the
inductance. More serious is the effect of creep, which may
be observed on cemented joints in general. If the joint is
clamped during curing and then released it will tend to
expand with time; on the other hand an increase of
pressure will cause the joint to contract. However, if the
cementing process is done with care and the above-
mentioned precautions are observed, a stable and
inexpensive assembly may be obtained.

It has been seen that a typical adjuster is designed to
adjust the inductance over a range of about +10%,. From
the moment the adjustment is completed, the adjuster
should not contribute to further inductance change

during the service life of the inductor. The adjuster should
therefore be carefully designed to make it insensitive to
shock, vibration and temperature variations. In par-
ticular, steps must be taken to avoid changes of adjuster
position due to thermal expansion and creep of parts,
particularly those made of organic materials.

Unwanted inductance change may also result from
movement of the winding. If the whole coil former is free
to move about inside the core, the resulting variation
of inductance is easily demonstrated. It is therefore good
practice to prevent this movement either by cementing
the coil former to one half of the core or by inserting a
resilient packing. There is some evidence that the thermal
expansion of the winding can influence the T.C. of
inductance and this effect depends on the winding
geometry.

Finally, processes such as encapsulation could
obviously give rise to stresses producing variability of
inductance. If such protection is essential the precautions
given in Section 1.4.3 should be observed.

5.5.4. Overall inductance variability

Of the processes of inductance variability considered in
the foregoing sections, those which are reversible with
temperature will combine to give an overall temperature
coefficient of inductance. This will in general be some-
what different from (T.F.) x u, due mainly to the contribu-
tion of the non-ferrite parts, and it must be one of the
objects of a good inductor construction to make this
discrepancy as small as possible. However, only in the
most exacting applications is this aspect of variability
serious.

. Similarly all the irreversible processes will combine to
give an inductance drift with time. Most irreversible
processes may be accelerated by temperature cycling.
Therefore, when a high order of inductance constancy is
required it is advisable to subject the inductor, before
final adjustment, to a number of temperature cycles
beyond the range of temperatures to which it will be
exposed in service. This will have the effect of relieving
stresses and making the residual changes reversible with
temperature. If the inductor is to be a part of a network
it would perhaps be better to temperature cycle the whole
assembly as this would have a similarly advantageous
effect on other network components. There is of course
one irreversible effect which is not reduced but rather
induced by thermal disturbance, i.e. disaccommodation.
The previous advice still applies; after thermal dis-
turbance there should be an adequate time allowed for
the disaccommodation to become negligible before the
final inductance adjustment is made.

Inductance variability, both the reversible part and the
long-term drift, may be studied experimentally by
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The results illustrate good and poor examples

subjecting an inductor to a series of temperature cycles.”
After allowing adequate time for acclimatization at the
upper and lower temperature of each cycle, the inductance
is accurately measured and the results are presented
graphically. Fig. 5.9 shows the results of actual measure-
ments on typical ferrite pot cores cemented together with
epoxy resin; it illustrates good and poor examples. In the
latter example most of the drift occurs during the first
few cycles and is due to creep of the cemented joint. Had
this specimen been given five stabilizing cycles before the
test its subsequent drift would have been comparable
with the good example.

5.6. SELF CAPACITANCE

The analysis of the self capacitance of a winding is given
in Section 11.6. It is sufficient here to discuss only the
practical aspects of the subject as they affect inductor
design.

The self capacitance of a single section, multi-layer,
winding consists of the three components!® illustrated

in Fig. 5.10(a). If the number of layers is large, C. is the
direct capacitance between the first layer and the core
(assuming the core may be regarded as an electrode) and
C, is the direct capacitance between the top surface of the
winding and the core. C, is the value of a hypothetical
capacitance appearing across the winding and is equiva-
lent to the distributed capacitances between turns and
between layers. In practice the contribution of the inter-
turn capacitance is usually negligible, so from item 5 of
Table 11.3

C - 4C(p—1)
a 3p2
where C, is the direct capacitance between adjacent layers
when they are considered as forming a series of parallel
plate capacitors, and p is the number of layers, assumed
identical.

In Section 11.6 methods for calculating the three
components of the self capacitance of a practical winding
are given. Table 5.3 gives typical values of C, and C, for
full, unimpregnated, single-section windings on ferrite pot
cores. The values of C,, depend strongly on the fullness of

(5.15)
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WINDING (a)

Fig. 5.10. Representation of winding self
capacitances for: (a) a single section winding,
(b) a three section winding

the winding and are therefore too uncertain to quote.
Wax impregnation of a winding will increase C, by 15 to
309%; the increase in C_ will be smaller unless the whole
inductor is impregnated.

If the core is not, in effect, connected to either end of
the winding, then the total self-capacitance is

Cbcc
Co+C,

Inductors are often used in this way, with the cores
floating with respect to the circuit, if the minimum self

C,=C,+ (5.16)

p NUMBER OF LAYERS PER SECTION
q NUMBER OF SECTIONS =3

(b)

capacitance is required. However it is often convenient,
or necessary, to connect the core to one end of the
winding. This, in effect, short circuits one of the end
capacitances and puts the other directly in parallel with
C,. Experience suggests that the outer end capacitance
C, is generally the larger and is certainly the less pre-
dictable of the end capacitances so it is usually recom-
mended that if a connection must be made, the core
should be connected to the finish of the winding.

The loss tangent of the self capacitance depends, in
practice, mainly on the conductor insulation, although

Table 5.3. TYPICAL VALUES OF COMPONENT SELF CAPACITANCES FOR FULL, UNIMPREGNATED, SINGLE-SECTION WINDINGS ON THE FERRITE

POT CORES QUOTED IN THE UPPER PART OF TABLE 5.2.

Pot Typical values of C, in pF Typical values of C, in pF
core 12 iiod -
dia. name::e Bunched Thin Thick

copper wire . ,

(fine covering) conductors coil formers coil formers
Copper dia. Overall dia. Overall conductor diameter
<0-15mm >0-15mm <0-25mm >0-25mm <0-15mm > 0-15mm <0-15mm >0-15mm
(0-006") 0-006) (0-017) 0-017) (0-006") (0-006") (0-006") (0-006")

10-0 75 7-5 45 55 6 5 — —
12:0 85 85 5 7 7 6 — —
14-0 10-5 10-5 6 85 9 8 45 4
18-0 14 15 8 1 13 11 7 6
21-5 18 19 10 14 16 14 9 8
254 20 22 12 17 19 16 11 10
29-5 27 30 16 23 24 20 15 13
355 31 35 18 28 28 24 17 15
450 39 44 23 35 .35 30 18 16
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the material of the coil former may make a small con-
tribution. For a dry unimpregnated winding of enamelled
copper wire the loss tangent of the self capacitance
would be typically 0-01 to 0-02. For a winding of bunched
conductors the loss tangent of the self capacitance
depends very much on the textile covering. The following
loss tangents are typical : natural silk, 0-015; polypropy-
lene fibre, 0-003; rayon, 0-035.

The effect of impregnation depends on the material
used ; good quality wax will not increase the loss tangent
very much, whereas some varnishes have very high loss
factors and would certainly reduce the overall Q-factor
of the inductor at the high frequencies. Impregnation
is not normally used as a means of protecting inductors
intended to have high Q-factors at high frequencies.
However some protection is required, for moisture in
the winding will certainly cause the loss tangent of the
self capacitance to be excessively high. The preferred
practice is to seal hermetically the whole network into a
container from which all water vapour has been removed.

The most effective way of reducing the self capacitance
of a winding is to divide it into sections wound side-by-
side. Fig. 5.10(b) illustrates a three section winding in
comparison with the single section winding. Item 6 in
Table 11.3 gives an expression for C, for various multi-
section windings (it also gives an expression for the value
of C, that will be obtained if the start of the winding
is connected to the core or an adjacent screen and there
is no capacitance from the top of the winding).

Sectioning reduces C, in two ways; C; is divided
by the number of sections, g, (ignoring the inevitable
wastage of winding space due to the separation of the
sections), and the number of layers, p, is multiplied by g.
Thus from Eqn 5.15, C, is divided approximately by ¢2.

The end capacitances are clearly divided approxi-
mately by g¢. There are in addition capacitances from the
intersection positions, denoted by C,. These are each
equal to Cy+ C.. If one end of the winding is connected
to the core then these capacitances are transformed
across the terminals of the winding in accordance with
the usual transformation ratio, ie. in the arrangement
illustrated in Fig. 5.10(b) the additional shunt self capaci-
tance is C(1/9+4/9). If the core is floating the situation
is more complicated. The star mesh consisting of one of
the capacitances, C,, and the two parts into which it
divides the winding may be transposed into the equivalent
delta mesh. The result of this transposition is that each
of the capacitances, C,, is equivalent to additional end
capacitances, adding to C; and C, and a negative capaci-
tance in parallel with C,.

At frequencies above a few MHz very low values of
self capacitance are essential. Usually the inductance
values are quite small so relatively few turns are required.
Under these circumstances a single layer winding gives
the best results. The self capacitance of a single layer

winding depends almost only on the overall dimensions ;
Fig. 11.16 provides a means of estimating this self capaci-
tance assuming that the capacitance to core may be
neglected.

Self capacitance introduces loss and possibly variability
in proportion to its magnitude relative to the total
resonating capacitance. Thus at low frequencies it will
normally have negligible effect but at high frequencies
where resonating capacitances are small, self capacitance
is a major design consideration and should be made as
small as possible.

5.7. Q-FACTOR
5.7.1. General

The Q-factor requirements of an inductor and their
relation to the need for inductance constancy are briefly
discussed in Section 5.1. In the design of an inductor the
following features are, in principle, independent variables;
choice of ferrite material, size of core, effective perme-
ability and form of winding. Usually some of these features
are determined by considerations other than Q-factor,
e.g. availability may dictate the grade of ferrite, the
equipment construction may influence the choice of core
size, and variability or hysteresis specifications will
impose a maximum value of u.. Within such boundaries
an inductor must usually be designed to have the maxi-
mum possible Q-factor; a lower limit will often be
specified.

The Q-factor is the reciprocal of the total loss tangent,
tan J,,,. Provided tan g, < 1 it may be taken as equal to
the sum of all the partial or contributory loss tangents
corresponding to the various origins of loss. For this
reason it is convenient to work in terms of loss tangents

é = tand,, = Xtand (5.17)

The design problem therefore is to calculate the
contributory loss tangents and to minimize the total.
The following sections first consider these loss factors
separately and then in combination. Finally the overall
Q-factor is considered in relation to frequency, induc-
tance, type of winding conductor, and the effective
permeability of the core.

5.7.2. Loss due to the d.c. winding resistance

If R, is the d.c. resistance of a winding and L is the
inductance, then the corresponding loss tangent is

tan 04, = Ry/oL (5.18)
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Plate 2.1. High-amplitude waveform distortion in magnetic materials. The oscillograms show current (and
Sield strength), flux and e.m.f. for (a) sinusoidal current and (b) sinusoidal e.m.f.



Plate 5.1. Recently developed inductor assemblies designed for use on printed circuit boards. (Courtesy:
Mullard Ltd. (R7, Ri0) and N.V. Philips (R6, R8))

Plate 7.1. Some ferrite transformer core shapes
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Plate 11.1.
Nominal winding area dimensions = 9-18 x 4-0 = 36-72 mm?

Cross-sections of some actual windings.

Type of winding Conductor Turns Fq Fy
(a) Layer wound, 0-0076 in 740 0-59 0-93
hand traverse (0-193 mm)
fine enamelled
(b) Layer wound, 0-0076 in 733 0-58 092
machine traverse (0-193 mm)
fine enamelled
(¢) Random wound 0-0076 in 690 0-55 0-87
by hand (0-193 mm)
fine enamelled
(d) Layer wound 81 x 0-0028 in 32 0-28 0-87
by hand (0-0711 mm)
SSC bunched
conductors
(e) Interleaved and 0-0076 in 490 0-39 0-61
layer wound by (0-193 mm)

hand

fine enamelled

F, and F, are based on nominal overall conductor diameter except

for F in (d) where conductor was appreciably oversize
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At a given frequency this factor depends primarily on
the geometry of the core. The influence of the core shape
on the ratio R,/L has been analysed in Section 5.2. If
the core size and shape are fixed then this ratio depends
mainly on the effective permeability, and the fullness of the
winding. When the loss due to d.c. winding resistance is
important the winding should occupy as much of the
available space as possible. From Eqns 5.2, 5.6 and 5.8

PN,
R, =
dc Aa Fa

N2
and L=--x107%=N24,10"° H
o

- tané Plya?103 Ply10°
. tandy, = =
7 wAF,  wAFAL

(5.19)

Section 11.2 considers the relation between the
window area A4,, the actual available winding space, the
type of conductor and the overall copper factor F,.
Calculation of tan d,, from Eqn 5.19 inevitably involves
some judgement of copper factor, since this will depend
on the type of winding and the margin that must be
allowed if over-full windings are to be avoided. A more
direct calculation is possible if, for the coil formers being
used, there are reliable tables giving the number of turns
for a reasonably full winding, and the corresponding
resistance, for a range of conductor sizes and types. Such
tables are usuvally based on experimentally determined
copper factors. From the required inductance value, the
number of turns may be calculated and, from the winding
tables, the most suitable conductor diameter may be
found. The d.c. resistance may be obtained directly from
the tables or, if the actual number of turns required differs
appreciably from the number corresponding to the most
suitable conductor diameter, the d.c. resistance may be
found by proportion.

The reciprocal of tan §, is the Q-factor due to the d.c.
winding resistance. It is usually impracticable to obtain
high Q-factors at low frequencies because (1) in this
region tan dy. (= Ry/wL) is almost the only loss con-
tribution so the Q-factor is proportional to f, and (2)
R,./L can only be decreased significantly by using larger
cores or larger effective permeabilities. Economics limit
core size, and the need for inductance constancy or
adequate adjustment range limits the value of y..

5.7.3. Loss due to eddy currents in the winding conductors

As the frequency increases additional losses occur in the
windings due to eddy currents induced in the conductors
by the magnetic fields within the winding. These eddy
current phenomena are considered in detail in Section
11.4 where graphs may be found which express the func-

tions necessary in the calculation of the eddy current
losses.

In the design of inductors both skin effect and prox-
imity effect need to be considered. Both effects- depend
on the ratio of conductor diameter, d, to penetration
depth, A.

Skin effect is the tendency for the alternating current to
flow near the surface of the conductor. It is due to eddy
currents in the conductor which arise from the magnetic
field associated with the current in the conductor itself
(see Fig. 11.4). It causes the resistance to increase by an
amount, R,., above the d.c. value. Therefore the a.c.
resistance due to skin effect may be expressed by

Rac = Rdc+Rse = Rdc(1+F) Q

where F is the skin effect factor. It is given as a function
of d/A in Fig. 11.5; A may be obtained from Table 11.2
or Fig. 11.6.

The combined loss tangent, tan é,., may be obtained by
putting R, in place of Ry in Eqn 5.18. Alternatively the
skin effect loss tangent, tand,, may be calculated
separately from

R, F

tan d,, = oL

(5.20)

As stated in Section 11.4.2, F is proportional to f2? at
low values of d/A, so at low frequencies tan §,, is propor-
tional to f It reaches a maximum when d/A ~ 6. At
higher values of d/A, F becomes approximately propor-
tional to f* so that tan §,, approaches proportionality to
f~* at higher frequencies.

In most inductor designs the skin effect loss is small
compared with other losses. If solid conductors are used,
then at low frequencies tand,, is very small while at
frequencies for which tan J,, is near maximum, proximity
effect will usually be very much larger than the skin
effect. With bunched conductors, i.e. conductors formed
as a rope of insulated strands, the skin effect is usually
very much reduced. A simply twisted bunch of insulated
strands would have the same skin effect as a solid con-
ductor having the same copper cross-section. However,
measurements have shown that most bunched conductors
behave as though the strands weave between the outer
surface and the centre thus preventing skin effect by
ensuring a uniform current distribution. This arises
because bunched conductors are usually made by
twisting together groups of strands which have, in turn,
been twisted together. Thus most bunched conductors
behave as though the strands are almost perfectly
transposed, so the skin effect is negligible.

The major cause of eddy current loss in inductor
windings is proximity effect. This is the effect of the
magnetic field of the winding as a whole. In most cases
this field is substantially perpendicular to the axis of the
conductor at any point. Eddy currents flow and return
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along the length of each conductor in such a way as to
oppose the field (see Fig. 11.4). This effect is examined in
more detail in Section 11.4.3 and it is shown that the
associated loss tangent is given by
k. fNnd*G, kg fNnd*G,
He AL
where k. and kg are constants for a given core and wind-
ing geometry (see Eqn 11.26)
N is the number ot turns,
nis the number of strands in the conductor if
bunched conductor is used,
d is the diameter of the solid conductor or strand
and G, is a factor which arises from the tendency of the
eddy currents to prevent the field from pene-
trating the conductor; it is a function of d/A, see
Fig. 11.5.

The proximity effect constant, k. or kg must usually be
determined experimentally for each core type by the
method described in Section 11.4.3. It depends on the
value of u, and also on the cross-section of the winding.
Table 5.4, gives values of the proximity effect constant for
full windings on two standard ranges of ferrite pot cores.

When d/A is less than unity, e.g. at the lower fre-
quencies, the factor G, = 1 so that tan §,, is proportional
to frequency. Tan §,, reaches a maximum when d/A ~ 3-5
and subsequently approaches proportionality to f %
Over most of the frequency range in which proximity
effect loss might be significant it may be reduced by

tand,, =

(.21

using bunched conductors. For such conductors the
strand diameter, d in Eqn 5.21, may be very small. The
simple twist of the conductors cancels the e.m.fs induced
between strands. Tables A4.1 to A4.4 in Appendix A
give data on a range of bunched conductors.

At high frequencies, a winding of solid conductor may
have a lower proximity effect loss than a similar winding
of bunched conductor. When d/A is large the eddy currents
tend to reduce the field strength inside the conductor,
the current distribution becomes more uniform and the
eddy current losses are reduced. As noted above, under
these circumstances tand,, becqmes inversely pro-
portional to f* and may become very small. A change to
stranded conductor will decrease d/A and therefore
increase G. If it happens that this change is accommo-
dated in the straight region of the log G,/log (d/A) graph
(see Fig. 11.5), i.e. d/A for the strand is greater than about
5, then at a given frequency, G, oc d™ 3. For a given copper
cross-section the number of strands, n, is proportional
to d~2, so referring to Eqn 5.21 it may be readily deduced
that, within the limits of these assumptions, tand,,
oc d™ 1, ie. stranding will increase the proximity effect.
Thus for high frequency inductors, e.g. operating at
frequencies of about 10 MHz or higher it may be advan-
tageous to use solid wire unless very finely stranded
conductors are available.

This effect is illustrated in Fig. S5.11. The winding
resistance and eddy current loss tangents have been
calculated for three particular windings on a given

Table 5.4. THE PROXIMITY EFFECT CONSTANTS FOR FERRITE POT CORES

These figures are applicable to Eqn 5.21 when 4 is in mm.

BS4061 Range 1 Core dia.[ht.
10-0/6-8 l 12-0/7-8 | 14-0/9-0 ‘ 18-0/11-2 | 21-5/13-6 | 25-4/16-0 I 29-5/18-8 | 35-5/22-8 | 45-0/29-2
He k, x 10°
40 15 11-3 65 57 37 2-5 1-9 I-4 09
63 14 109 63 54 37 2-5 19 1-4 09
100 12-7 10-2 6-0 51 35 2-4 1-8 1-3 09
160 11-2 9-4 56 46 32 2:2 1-6 12 0-8
250 9-4 8-3 51 35 2-7 1-9 1-4 1-1 07
400 7-1 67 42 2:6 2:2 1-6 12 09 0-6
BS4061 Range 2 Core dia.[ht.
| 14-05/8-35 | 18-0/10-55 | 21-6/13-4 | 25-5/16-1 I 30-0/18-8 | 35-5/21-7
AL kg x 10°
40 11-6 12-1
63 11-2 117 82 85
100 109 11-3 8-0 85 7-7 64
160 104 10-3 7-8 82 77 64
250 100 9-5 75 79 73 64
400 9-:0 83 68 76 70 59
630 6-7 61 7-0 62 55
1000 48 60 55 50
1600 44 43
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Fig. 5.11. Winding resistance and eddy current loss tangents as functions of frequency
Sor three particular windings: (a) component loss tangents; (b) combined loss tangents.
Inductor details:
18 mm core, p, = 100, k, = 5-1 x 10™°
Number of turns = 19, inductance = 82uH
Winding A: 0-6 mm solid conductor Equal conductor
B: 74 x 0-07 mm bunched conductor cross-sectional areas:
C: 225 % 0-04 mm bunched conductor Ryc = 416 mQ)
Note.: Bunched conductor assumed to be perfectly transposed
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typical pot core. The windings have equal numbers of
turns and the copper cross-sectional areas are equal so
that the inductance and d.c. resistance are the same
for each. Winding A4 has a solid conductor while windings
B and C have bunched conductors of different strand
diameter. Fig. 5.11(a) shows the component loss tangents
It has been assumed that the bunched conductors are
perfectly transposed, i.e. the only skin effect and proximity
effect is that occurring in the individual strands. It is
seen that the skin effect causes the loss tangent to rise
above the Ry./wL line at high frequencies but even for
the solid conductor the contribution is small com-
pared with that of the proximity effect. For bunched
conductors the skin effect in the strands is quite negligible.
The proximity effect loss tangent has a maximum at the
frequency which corresponds to d/A =~ 3-5. It is clear that
for the solid conductor at the higher frequencies tan .
oc f 7% and in consequence it ultimately falls below the
value of tan o, for the bunched conductors. Fig. 5.11(b)
shows the total loss tangent due to winding resistance
and eddy current ‘losses. The advantage of bunched
conductors for the middle frequency range is illustrated
and the superiority of solid conductor at the higher
frequencies may be seen.

5.7.4. Loss due to stray capacitance

The nature of the stray capacitances associated with an
inductor winding has been discussed in Section 5.6 and a
table of typical values is given. The effect of the stray
capacitance on the loss tangent of an inductor will now
be considered. It is assumed that the stray capacitances
may be regarded as a single self capacitance, C,, con-
nected in parallel with the winding. This self-capacitance
may contribute to the total loss tangent in two ways. The
first arises simply from the loss angle associated with
C, and is referred to as dielectric loss and the second is
called shunt capacitance loss and arises in certain
circumstances due to circulating currents in the LC,
circuit. Each loss will now briefly be considered.

Dielectric loss

If the loss angle of the self capacitance is ¢, then the
corresponding loss conductance appearing in parallel
with the inductance is

G, = wC, tan §, (5.22)
(note: for practical purposes tand, equals the power
factor, cos ¢, of the self capacitance.)

This loss contributes a loss tangent, tan J,, to the
overall loss tangent of the inductor:

tan §,, = wLG, = w?LC,tan §, (5.23)
= C,; tan &,

where C,., is the total capacitance required to resonate
the inductance L at the frequency w/2x, ie. C,, = 1/w*L.

Normally w?LC, < 1, i.e. the inductor will not be near
self-resonance at its design frequency. If, however, a
specification calls for a high inductance at a high
frequency then self resonance may be approached and
the degradation of Q-factor due to the dielectric loss
would become appreciable. In the limit tand,, would
equal tan d4.

The value of tan §4 depends on the dielectrics associated
with the self capacitance; typical values are quoted in
Section 5.6. As an example of the effect of dielectric loss,
an inductor with the following properties may be
considered

Q-factor without dielectric loss = 500

tan 84 = 001
Cs/ Cres = 004
By Eqn 5.23

tan 8., = 0:04 x 0:01 = 0-0004
.. the Q-factor including this dielectric loss is given by

1

S S——Y
1/500 +0-0004

Loss due to circulating currents in self capacitance

This occurs in a series resonant circuit when the inductor
is shunted by a self capacitance. The equivalent circuit
is shown in Fig. 5.12; R represents the loss associated

o— p—b-

c R L

Fig. 5.12. Equivalent circuit to illustrate the
loss due to circulating currents in the self
capacitance

with the inductor and C, is at this stage considered loss-
free. The impedance in series with the resonating capacit-
ance, C, is
R+jowL
joC R+ j(@L—1/wC)}

+joL(1+*LC)*

~ R(1 +202LC)+

(5.24)

*Proof
The impedance of the parallel circuit in Fig. 5.12 is

Z = (R+joL)joC,{R +jwL—1/oC)}
_ R+jol{l -»?LC,— C,R*/L)
T (1—0?LC) +w*C2R? cont.
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This assumes that R/wL and (w?LC,)* are negligible
compared with unity, ie. that the inductor Q-factor is
reasonably high and that the inductance is far from self-
resonance. Both of these conditions are normally satisfied
in practice. The real part of this expression represents
the series loss resistance and this is greater than R by
an amount 2Rw?LC,. Since the Q-factor of the inductor
is more readily estimated than the value of R, this increase
in loss resistance is more conveniently expressed as
2032C,/Q, ie. the loss tangent of the inductor is in-
creased by 20?LC,/Q or 2C/C,..0.

If the dielectric loss of the self capacitance, tan dy, is
also taken into account, by including a resistance in
series with the capacitance, an expression corresponding
to Eqn 5.24 may be obtained in which the real part is

R+(2/Q+tan 8 ) I?C,

(5.25)
assuming tan g < 1

Thus the total loss factor, tan ., due to self capaci-
tance in a series circuit is given by

tan §;, = (2/Q+tan d)w?LC,t }

= (2tan 6 +tan 64)Cy/C,., (5.26)

where Q and tan ¢, refer to the inductor.
Using again the example illustrating dielectric loss which
was quoted above but this time assuming a series-
connected circuit:

tan 8, = (2 x 0:002 +0-01) x 0:04
= (0-00056
Ot = 390

Let w*LC, <1 so that (w?LC,)? is negligible compared
with 1 and let R/wL be negligible compared with 1. Now
®?*C?R? = (w?LC,)* R*/w*I? and this is negligible compared
with w?LC,

Then

Z ~ {R+joL(1 —@*LC,—C,R*/L)} (1+2w?LC,)
~ R(1+20w*LC)+joL(l —w*LC,— C,R*/L+20w*LC,
—20*I2C? - 20*C2R?)

The last two terms are negligible and so is C,R?/L since this
equals w2LC, x R2/o?I?

5. Z ~ R(1+2w?LC)+jwL(l + w?LC)

1This result also follows from Eqns 5.24 and 5.23. The increase
in resistance due to C, when this is loss-free is 2Rw?LC,.
Therefore the loss factor due to this is tand,, = 2wC.R.
If now C, has a loss factor tan 84 then from Eqn 523 the
combined loss factor due to C; is

tan d. = 20CR+

tan &4
res

= (2/Q +tan §,)C,/C,.,

since C o = 1/w*L

Here the major degradation is from the dielectric loss;
however had the Q-factor of the inductor been 200 then
the two contributions would have been equal.

5.7.5. Core losses

In Chapter 4 the relations between the intrinsic properties
of the ferrite material and the properties of a given core
of general shape were considered. The concepts of core
factors, the effective dimensions of a core and the effective
flux density were introduced. Using these principles the
contribution of the core loss to the total loss tangent of an
inductor may be calculated from the material properties
(e.g. see Eqns 4.49 and 4.50).

It was, however, observed that this approach, while
useful for analysis, is limited in practical usefuiness
because the actual material properties in a given core of
intricate shape cannot be accurately known or controlled
except by destructive testing. It is therefore common
practice to specify the core properties explicitly in terms
of parameters measured on the core and controlled during
manufacture. This makes the calculation of the core loss
contribution very straightforward.

The residual loss tangent of a gapped core at a given
frequency is given approximately by

tan
tan 8, = ue< 2 ) = 1(LG)
u

tan o,
u
is the residual loss factor measured on the ungapped core

(see Eqns 4.49, 2.18 and 2.14).
Similarly the eddy current core loss tangent is given by

(527

where

tan égp = const.fu,

(see Eqn 4.54)

(5.28)

Since both of these loss tangents are functions of fre-
quency and are proportional to p, they are almost
inseparable in a given core. It is usual to specify, at a
given frequency or frequencies, the sum of these loss
tangents, ie. tan J,,r. Thus the value of the core loss
contribution at very low amplitudes is available directly
for the particular core type and effective permeability
being considered.

The hysteresis loss may be expressed in a variety of
ways and these have been considered in Sections 2.2.6
and 4.2.3. Three commonly used methods will be quoted
here by way of illustration. Some manufacturers specify a
hysteresis factor such as F, (see Eqn 4.41 also #; in
Eqn 4.43). The hysteresis factor is a normalized representa-
tion of the series hysteresis loss resistance and is therefore
essentially a core parameter. From the expression for F,
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R
Th =FIf/L QH!
(5.29)
F.I./JL -
or tan5h=h2—\/ (= ml/L)
YA

Alternatively a hysteresis coefficient (material parameter)
may be specified, e.g. the Legg hysteresis coefficient, a
(see Eqn 4.51) or 5y (see Eqn 2.74). Then

paB, -
27[ (= ﬂenBBe)

tan §, = (5.30)

Since the hysteresis factors or coefficients are not
constant with amplitude, the flux density must also be
specified. Another approach is to specify the value of
tan ¢, at a given flux density for a particular core having
a stated effective permeability.

Whichever method is used the required value of hys-

teresis loss tangent is readily obtained, whether it is
required for its contribution to the total loss tangent or,
in another context, to enable the waveform distortion to
be estimated.

5.7.6. The combined loss tangents

The total loss tangent is the sum of all the contributory
loss tangents set out in the foregoing sections. Table 5.5
summarizes the expressions.

The loss tangent due to the d.c. winding resistance is
inversely proportional to f while other loss tangents are
approximately proportional to f or f2. It follows that,
other parameters being constant, there will be a frequency
at which the total loss tangent is a minimum. Similarly
some loss tangents are proportional to u, while others

Table 5.5. SUMMARY OF LOSS EXPRESSIONS FOR INDUCTORS

Since the loss tangents are dimensionless the expressions apply equally to SI units and CGS units: the constants k., kg and @ have
the dimensions [time].[length]™*, [time].[length] *.[henries] and [flux density]™' respectively and must be expressed in

appropriate units.

. . Egn. Page
Ioss tangent due to: Symbol Expression No. No.
. Rdc
D.C. resistance tan ¢ = 5.18 208
wL
122103 1,10°
P 0 Pew 519 | 209
wA,F, wAF AL
. Ry .F
Skin effect tan &, — 5.20 209
wlL
k d*G,  kgfNnd*G
Proximity effect ans, | NG kfNnd'G, 521 | 210
He AL
Dielectric loss in self capacitance (parallel resonant circuit tan J, ®*LC,tan 84 = ——tan &4 5.23 212
Ol’lly) res
Circulating currents in self capacitance (series resonant circuit tan o (2/Q +tan 8)w*LC,
only) C 5.26 213
= (2tan § +tan g —>
CI'CS
. . tan 4,
Residual loss in core tan &, Hel| —— 5.27 213
u
tan o,
Eddy current loss in core tan Op const.f.u, 5.28 213
: : FlJL
Hysteresis loss in core tan o, o (=nlyL) 5.29 214
aB, .
= £ (= wnsB) 530 | 214
2n
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LOSS TANGENT

FREQUENCY

Fig. 5.13. Typical variation of contributory loss tangents with frequency

are inversely proportional. Thus at a given frequency,
other parameters being constant, there will be a particular
value of p, for which tan d,,, will be a minimum.

Fig. 5.13 shows a typical variation of the contributory
loss tangents with frequency for an arbitrary inductor
design. The upper curve is the total loss tangent. At low
frequencies the total loss tangent is due almost entirely
to the d.c. resistance of the winding. As the frequency rises
this contribution falls and, in the vicinity of minimum
total loss, it is exceeded by one of the rising losses. The
relative magnitude of the contributory loss tangents at
any frequency depends on the inductor design. At the
higher frequencies the total loss tangent may be domin-
ated by the loss due to the proximity effect, the self
capacitance or the core.

In this and the following sections the hysteresis loss
contribution has been ignored. This is because inductors
for telephony filters normally operate at very low
amplitudes. Moreover, the inclusion of hysteresis loss in
a general way complicates the presentation because it
adds another independent variable; if the amplitude is

not negligible it might have any value. Allowance for
hysteresis loss is easily made; the value of tan §, appro-
priate to the particular design has only to be added to the
otherwise total loss tangent or 1/Q.

5.7.7. The presentation of Q-factors

It is common practice to present the Q-factor of an
inductor as a function of frequency. Such a curve will give
some information about the performance attainable with
a given core type but since it will depend very much on
the inductance, the type of wire and the winding geometry,
many Q-curves would be required if the possible per-
formance is to be adequately described. Fig. 5.14 shows
some typical Q-curves. At the lower frequencies, where
the winding resistance loss predominates, high Q-factors
may be achieved only with large cores and/or high
effective permeabilities. Since variability requirements
usually set an upper limit to the effective permeability,
it is seldom that a pot core can be used to attain its
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Fig. 5.14. Some typical Q-curves

maximum possible Q-factor at low frequencies. At fre-
quencies between about 40 kHz and 200 kHz the optimum
effective permeability with respect to Q-factor matches
the variability requirements quite well and the maximum
Q-factors may be exploited. At higher frequencies the
residual core loss factors are rising (see Fig. 3.12) and this
causes a reduction in the maximum Q-factors.

Q-curves are often obtained by measurements made
on representative inductors. A glance at Table 5.5 will
show that the results of such measurements depend on
many parameters, e.g. copper factor, conductor diameter,
core loss, and these will have manufacturing tolerances.
In order to ensure that the measured results are typical,
average values of these parameters must be used or one
must take the average of measurements made on many
samples representing the spread of all the parameters.
The alternative is calculation.

Calculation based on the expressions given in Table 5.5
is quite straightforward provided reliable values of certain
parameters are available. Such parameters are F,, k., C,
and tandy; they must usually be determined experi-
mentally and it may be necessary to express the results
as functions of conductor diameter, winding geometry or
effective permeability. As these parameters are basic to
many possible calculations great care in their determina-
tion is justifiable. Other parameters, such as conductor
diameter and core loss, have known limits and their
values may be carefully chosen to be nominal or typical.
Given accurate data, calculations based on the loss
tangent expressions will provide reliable Q-curves. In
general they will represent the typical performance of an
inductor more accurately than a few measurements on a
random sample.

Individual Q-curves, however obtained, are of limited
value as a guide to an inductor designer. To be useful, a
Q-curve must represent a core type, effective permeability,
inductance and type of conductor corresponding to the

designer’s requirements. There are a large number of
combinations. The solution is to compute the Q-curves
for a wide range of possibilities and express the results in
the form of Q-contours on inductance-frequency co-
ordinates.’!: 12 This form was described by Welsby!> as a
means of representing measured results; it is particularly
valuable for the display of a large set of computed
Q-factors.

A typical Q-chart showing a set of Q-contours is
illustrated in Fig. 5.15. Such a chart is computed for a
particular pot core with a certain effective permeability
and some assumption must be made about the winding,
e.g. the type of conductor, the type of coil former and how
full it is wound. If the calculation is based on a full
winding, with an appropriate copper factor to allow for
practical considerations, then a particular conductor
diameter will determine the number of turns and the
corresponding inductance. The R.H. and L.H. scales
represent these parameters in the correct relation. A hori-
zontal line at any inductance will intersect the Q-contours
to give the Q-factor as a function of frequency for that
inductance.

For each core type and effective permeability, several
Q-charts may be prepared representing different types of
conductor, solid and bunched. In this way a set of
Q-charts may be built up representing the performance of
all inductors falling within the boundaries of the computa-
tion. Such charts make the design of an inductor a
relatively simple matter of inspection and choice, and
they also provide a valuable indication of the influence
of the design parameters on the Q-factor.

5.7.8. The effect of design parameters on Q-factor

Fig. 5.15 is an actual computed Q-chart for a 25 mm pot
core having an effective permeability of 160 and a full
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winding of solid, enamel covered conductor. In this and
the following Q-chart the hysteresis loss is assumed to be
negligible, and the loss due to the circulating currents in
the self capacitance has been omitted as these charts are
intended to represent only the performance of inductors
in parallel resonant circuits.

Fig. 5.16 gives the contributory loss tangents as func-
tions of frequency corresponding to three inductance
values from Fig. 5.15.

Fig. 5.16(a) is for a high inductance value. The winding
has many turns of fine wire. Only two of the loss tangents
are of importance, that due to d.c. winding resistance at
low frequencies and that due to dielectric loss in the self
capacitance at high frequencies. The emphasis of the latter

H
3

loss is not the result of high self capacitance but due to
the high inductance leading to the approach of self-
resonance at a fairly low frequency (see Eqn 5.23).

Fig. 5.16(b) is for a medium inductance value approxi-
mately corresponding to the peak of the Q-surface. The
maximum Q-factor is determined mainly by the d.c.
winding loss and the proximity effect loss, while the value
of the high frequency Q-factor is again due mainly to the
dielectric loss.

Fig. 5.16(c) is for a low inductance. Again the maximum
Q-factor depends principally on the d.c. winding resistance
and the proximity effect. The curvature of the latter
function, due to G, in Eqn 5.21 falling below unity, is
very marked. It causes a distortion of the tan J§,, curve
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Fig. 5.15. Q-chart for a 25 mm pot core, u, = 160, fully wound with solid conductor, (contribution of
tan d., and tan o, omitted)
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Fig. 5.17. Q-chart for a 25 mm pot core, u, = 160, fully wound with bunched conductor having
strand diameter = 0-0016 in (0-04 mm). Contribution of tan ., and tan &, omitted

and results in the dielectric loss rising to predominance
at high frequencies.

As a result of this analysis the reason for the shape of
this particular Q-surface becomes apparent. The L.H.
side is determined by the d.c. winding resistance. Because
the copper factor is not very sensitive to the number of
turns, Ry/L and tand, are also insensitive. This is
apparent in the graphs of Fig. 5.16, and is the reason why
the L.H. contours of Fig. 5.15 are almost parallel with the
L axis. The top R.H. slope of the surface is due to the
high inductance values emphasizing the dielectric loss
of the self capacitance, while the lower R.H. slopes
depend on the proximity effect. Skin effect has negligible
effect over the range of this analysis. The peak of the

surface depends mainly on d.c. winding resistance and
proximity effect. It is clear, therefore, that with p, =
160 the core loss is hardly contributing to the total loss
and higher Q-factors could be attained with higher values
of effective permeability. Variability or the need for
sufficient adjustment range usually sets a limit to the
increase in p, under these circumstances.

Fig. 5.17 shows another computed Q-chart. It is for
the same 25 mm pot core and the same effective per-
meability (160) but this time it is for a full winding of
bunched conductors consisting of insulated strands of
0016 n (004 mm) diameter. The number of strands
determines the overall diameter and therefore determines
the number of turns and the inductance. Compared with
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the previous Q-chart, it is seen that the use of bunched
conductors has resulted in the region of maximum Q-
factor moving to a higher frequency and lower inductance;
the maximum value of Q-factor is much higher. The dis-
continuity at the L.H. side is due to the abrupt change of
copper factor as the conductor covering changes from
single silk, SSC, to double silk, DSC.

Fig. 5.18 gives the contributory loss tangents as func-
tions of frequency, again corresponding to three induc-
tance values from the Q-chart. The following general
observations may be made. The poorer copper factor of
bunched conductors has appreciably raised the position
of the tan J,. line, but stranding has made proximity
effect negligible over the whole range. The relative con-
tribution of eddy current losses in the core is also
apparent; it is only significant over a narrow frequency
range where the residual loss is beginning to increase
rapidly with frequency.

Fig. 5.18(a) is for an inductance corresponding approxi-
mately to that of Fig. 5.16(b). The total loss depends
mainly on d.c. winding resistance and dielectric loss in the
self capacitance while the residual loss in the core
significantly affects the minimum value.

Fig. 5.18(d) is for an inductance that is typical of the
values used at about 100 kHz. Core loss and dielectric
loss join the d.c. winding loss to form the total loss curve.

Fig. 5.18(c) is for a low inductance. Here the dielectric
loss has become negligible over most of the frequency
range and the total loss curve depends mainly on the d.c.
winding loss and the core loss.

Returning to the Q-chart in Fig. 5.17, the L.H. side is
again dependent mainly on d.c. winding losses. In this
region the Q-factors are less than the corresponding ones
in the Q-chart for solid conductors because windings of
bunched conductors have smaller copper factors. Again
the slope at the top R.H. side of the surface is due to
dielectric loss in the self capacitance. The higher contours
and the slope at the bottom R.H. side depend mainly on
the core loss.

An increase in effective permeability will lower the
winding loss and increase the core loss so that the peak
of the surface will move to lower frequencies. A decrease
in effective permeability will tend to have the reverse
effect but because the core loss rises rapidly at frequencies
above about 100 kHz the maximum Q-factors will be
decreased. To get the best Q-factors at higher frequencies
it would be necessary to use a lower permeability grade
of ferrite; the residual loss factor would be greater at low
frequencies but the frequency at which it would begin to
rise rapidly would be higher, see Fig. 3.12.

A decrease in pot core size would increase the d.c.
winding loss tangent for the same effective permeability.
This would tend to increase the frequency at which the
peak occurs but rising core loss would depress its height.

This type of analysis could be extended to different

winding configurations, e.g. sectioned windings, and
could provide Q-charts which allow for the hysteresis loss
corresponding to a particular amplitude or Q-charts
representing lower limits of performance. At high
frequencies, e.g. 2 to 20 MHz, the highest Q-factors are
obtained with windings that occupy only a fraction of the
available space, thus the relation between conductor
diameter and inductance is lost. In this case it is possible
to compute a Q-chart in which each point represents the
highest Q-factor obtainable over a range of conductor
sizes and types, ie. the surface is the envelope of many
possible surfaces. The optimum conductor size and type
may be indicated by an overlaid set of curves.'*

5.8 WAVEFORM DISTORTION AND
INTERMODULATION

The way in which waveform distortion and intermodula-
tion arise in a magnetic material is considered in Section
2.2.7 and the results of some analyses are given in terms
of the flux density and the Peterson coefficients. The
relation between the Peterson coefficients and other
hysteresis coefficients and factors are given in Table 2.1
and Eqns 4.42 and 4.43. It is observed that direct measure-
ment of third harmonic and third order intermodulation
products is a more reliable guide than the use of hysteresis
coefficients. Graphs giving such data are given in Fig. 3.18.
In Section 4.2.4 the effect of practical considerations such
as an air gap and the external electric circuit are discussed.
It is shown that the relative amplitude of the third har-
monic is reduced from its value for an ungapped toroid
by the dilution ratio p./u, the flux density amplitude
being assumed constant.

In practice it is difficult to predict the magnitude of the
distortion or intermodulation products that a given
inductor in a filter network may produce at the terminals
of an equipment, even when adequate magnetic data is
available. This is because the amplitude of the signal e.m.f.
across the inductor is not normally known and it is
difficult to evaluate the relevant impedances and attenua-
tions. Thus in this aspect of inductor specification and
design, experience based on measurements plays an
important part. Filter designers usually work in terms of a
core hysteresis parameter such as the hysteresis factor F.
If a previous filter network gave a known intermodulation
performance with a certain value of hysteresis factor then
the hysteresis factors required to meet a different speci-
fication may be deduced, approximately, from equations
given in Section 4.2.4. However it seems that it would be
simpler to work directly in terms of tan §,,.

Intermodulation is most troublesome when large
differences in amplitude exist between two separate
signals in one circuit, e.g. at the junction of a pair of two-
wire line filters where the send signal may be at a level of
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+17 dB and the receive signal may be at a level 60 dB
lower than this. The intermodulation products would
typically be required to be 60dB below the receive
signal, i.e. —120dB with respect to the send signal that
generates them. A typical specification for the inductors
at the common ends of the filter would require hysteresis
factors (F,) of about 0-1 compared with 4 to 30 obtained
on normal ferrite inductor cores. Low values of F, are
obtained by using very large air gaps or even removing
the centre core entirely.

59 FUTURE DEVELOPMENTS

There is always a need to reduce volume and cost of
inductors for a given overall performance. A reduction of
the residual core loss factor, (tan d,)/u, will permit the use
of higher effective permeabilities, and this in turn will
allow a given d.c. winding resistance loss tangent, R./wL,
to be achieved in a smaller volume. The higher effective
permeabilities will emphasize the problems of variability;
in particular it will be necessary to narrow the limits of
the temperature factor and control more closely the drift
of inductance with time. As cores get smaller hysteresis
effects may become important so that the hysteresis
coefficients may have to be reduced.

Small cores will make it more important to obtain a
good utilization of the winding space. It may be profitable
to use self-supported windings and dispense with coil
formers. Economic arrangements must be found for
terminating the windings and this will influence the
configuration of the core; square pot cores, X cores and
butterfly-shaped cores have already been proposed.
Finally, size reduction will make necessary a critical
re-examination of the means of adjusting the resonant
circuit.

Some of these guiding principles have recently been
applied in the development of ferrite core assemblies
specifically designed for equipment using printed circuit
boards. Plate 5.1 shows four sizes; the numeral in the
identifying code indicates the length of the side of the
square occupied by the assembly, expressed in printed
circuit modules, i.e. 2-54 mm or 0-1 in.
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Chapter 6

High Frequency Transductors

6.1. INTRODUCTION

Because the relation between the flux density and the field
strength in a magnetic material is essentially non-linear it
follows that the permeability depends on the magnitude
of the field strength. In Section 2.1 the main features of
the B-H loop are described and it is seen that a number
of different permeabilities may be distinguished. Of these
it is the incremental or reversible permeability that is of
interest in transductor design. Fig. 3.6 shows the incre-
mental permeability as a function of field strength for
simple magnetic circuits composed of typical ferrites. It is
seen that in the absence of an air gap the incremental
permeability varies from a value equal to the initial
‘permeability when the superimposed steady field is small,
to a value approaching unity when the steady field is
large enough to saturate the material.

This phenomenon has long been used as a means of
controlling current at power frequencies. In its simplest
form the current is controlled by a choke, the reactance
of which may be varied by passing a direct current
through a separate control winding. More elaborate
forms of control by this method are described in the
literature on magnetic amplifiers.

The extension of the method to high frequency circuits
was described in 1938 but the limitations of the available
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high frequency core materials prevented its practical use.
Laminated cores gave a large range of comtrol but the
losses were too high, whereas powdered iron cores which
had relatively low H.F. losses were unsatisfactory because
of the small range over which it was possible to vary the
permeability.

When ferrites became available these difficulties were
greatly reduced. Ferrites have low losses and relatively
high permeabilities which can be readily varied with a
polarizing field. With these materials came the possibility
of controlling the inductance in H.F. circuits electrically,
remotely and automatically.® * A wide variety of applica-
tions have been described. They include:

1. Remote tuning of receivers, e.g. manually in com-
munication receivers or electronically in panoramic
receivers,*

. Remote or automatic antenna matching (or tuning),’

. Automatic frequency control,

. Frequency modulation in F.M. generators, frequency
sweep generators and telemetering systems,®

. H.F. switching and attenuation,’

. Variable coupling transformers,

. Variable frequency filters,? ,

. Control of frequency in particle accelerators such as
synchrotrons, - 1°

. Television raster correction.!!

P
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6.2. GENERAL MODE OF OPERATION
6.2.1. The magnetic circuits

The basic magnetic and electrical circuits are shown
schematically in Fig. 6.1. The H.F. core is situated
between the poles of a magnetic yoke. Usually the H.F.
core and the yoke are separate items but in some designs
they may be formed from the same piece or pieces of
ferrite. A control winding on the yoke applies a field to
the H.F. core. The associated flux divides equally between
the two sides of this core. The signal winding, the
inductance of which it is proposed to control, is wound
on the H.F. core in two series-aiding halves, one on each
side. This arrangement is used to avoid magnetic coupling
between the H.F. winding and the windings on the yoke;
the flux linkages between the yoke and the two halves of
the H.F. winding ideally cancel. A high degree of isolation
is essential because otherwise the impedance associated
with the control winding would be reflected into the H.F.
circuit giving rise to additional losses and self capacitance.
The bias winding is not always necessary; it permits the
H.F. core to be set to a selected working point on the
B-H curve, but sometimes the mean current in the
control winding has the appropriate value. In some
designs bias is achieved by means of a permanent magnet;

this reduces the operating power. Practical arrangements

will be discussed later in this section.

The operation may be explained qualitatively with
reference to Fig. 6.2. In (a) a typical relation between the
ampere-turns applied to the yoke and flux in the yoke is
shown. If the steady or bias m.m.f. is represented by (NI},
and the control mm.f. is varied over a total excursion
A(N,I,) then the flux, @, in the yoke varies over the
range A®. Assuming no leakage flux, the sum of the
control fluxes in the two arms of the H.F. core equals the
flux in the yoke. If the subscript 1 refers to the yoke and
2 refers to either of the side limbs, the following simplified
analysis of the control conditions may be written:

_ B4,
2= %4, 6.1)
of 1, I ]
NJ, =— + A 6.2)
i ﬂo[IhAl 2p,4,

where N, is the number of turns on the
control winding

N1,1=B,A1[ Lo, b ]

Mo [ M1A4y  2p4,
I
2=..“£JJ__L T 6.3)
211A2+12
mAs  u,

This relation is of limited usefulness because (1) it ignores
the reluctance of the horizontal branches of the H.F. core,
(2) 1, is a function of B, and (3) the permeability of the
H.F. core varies along the local magnetic path length so
there is no simple relation between B, and the effective
incremental permeability of the H.F. core. However in
practice it is often sufficient to estimate the limiting
conditions. When the control current is small the HF.
core has a permeability that is near the initial (un-
polarized) permeability. As the control current increases
and the H.F. core progresses towards saturation, the
yoke reluctance, in an efficient device, should become
negligible. Eqn 6.3 then reduces to

B, = Moo N1, T
L
B N,I
or Hy,=—2=-"1 Am! (6.4)
Holt2 l

So far only the control magnetic circuit has been con-
sidered. Fig. 6.2(b) shows the corresponding conditions
in the H.F. core. Such a diagram requires careful inter-
pretation. An H.F. signal corresponding to a field strength
excursion AH, acting around the H.F. magnetic circuit
will produce a corresponding flux density AB,. The
effective incremental permeability will be complicated by
the varying degree of polarization round the H.F.
magnetic circuit. Further, AH, and AB; refer to a different
magnetic circuit to that which determines the steady or
control conditions. Indeed, the major loop drawn in this
diagram cannot refer directly to the H.F. magnetic circuit
as such but only to those parts of it influenced by the
control field. And the conditions in these depend to some.
extent on the conditions in the yoke.

To obtain a qualitative picture of the operation these
difficulties may be ignored. The steady field strength may
be regarded as being controlled over the extent of the
major loop, and the minor H.F. loop will change its slope
successively as shown. Thus the effective incremental
permeability (= AB,/u,AH,) of the H.F. core may be

100 /! !
62 N, =— [ +-—2
4n \mA, 2u,A4,

04N, I,
21,4, 1
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Fig. 6.2. Curves illustrating the operation of a transductor. (a) The relation
between the control flux and the control m.mf. (b) The relation between the
Slux density and field in the H.F. core due to currents in the signal winding as a
function of the operating point of the H.F. core. (c) The incremental per-
meability of a typical H.F. core as a function of the control field strength
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varied and the inductance of the signal winding will vary
accordingly. Fig. 6.2(c) shows a typical relation between
i, and N I,/l. Within the limitations mentioned above
the quantitative relation for a particular core may be
estimated from the graphs showing u, as a function of
NI/l for the (ungapped) material. Such graphs are shown
in Fig. 3.6. When the control current (plus the bias
current, if any) approaches zero the effective incremental
permeability of the H.F. core will approach the initial
permeability and the inductance of a winding on that
core may be calculated. When the control current is
sufficient to saturate the vertical limb of the H.F. core
the effective incremental permeability will approach
unity. However, the shape of the curve in Fig. 6.2(c) and
the curves in Fig. 3.6 suggests that the extra inductance
range obtainable from complete saturation is not worth
the large increase in control current that is necessary.

So far the hysteresis effects illustrated in Fig. 6.2 have
not been introduced into the discussion. The hysteresis
shown by the composite control magnetic circuit, Fig.
6.2(a), is partly due to the yoke and partly due to the H.F.
core. Often the H.F. core is made of nickel zinc ferrite
which may have a large amount of magnetic hysteresis.
The overall hysteresis may be minimized by making the
yoke of low hysteresis material such as manganese zinc
ferrite. Other methods depend on the electronic regula-
tion of the control current and will be briefly mentioned
later. The control magnetic circuit hysteresis is reflected in
the effective B~H curve of the H.F. magnetic circuit,
Fig. 6.2(b), and the incremental permeability becomes a
two-valued function of N I,/I, Fig. 6.2(c).

6.2.2. Temperature dependence

An important consideration in the design of a transducer
is the variation of temperature coefficient of inductance
of the signal inductor as the control range is traversed.
Fig. 6.3 shows the B-H relation at two temperatures.
Assuming the temperature coefficient of the initial
permeability is positive the curve for the higher tem-
perature will have the greater slope at the origin. How-
ever, at the higher temperature the material will saturate
at a lower flux density so the two curves will cross. If the
slope of the curve is taken as a rough indication of the
magnitude of the incremental flux density then it is clear
that at H, the temperature coefficient is positive, at H,
it is negative and at H, it has an average value of zero.

In Fig. 3.9 the incremental permeability of a number
of ferrites is shown as a function of temperature for
increasing values of polarizing field. The polarizing field
depresses the permeability and also lowers the tem-
perature at which it peaks. Thus if it is required to have a
zero temperature dependence at a particular temperature

the appropriate static field strength will be the value that
places the peak at that temperature.

Sometimes magnetic polarization has been used for the
express purpose of reducing the temperature coefficient
of an inductor but usually this phenomenon is merely a
by-product of operation of a transductor. If the required

6,
/C 6, (>6,)

| H
H MW Hy

Fig. 6.3. Typical B-H curves at two different temperatures
illustrating the way in which the temperature dependence
varies with H.

range of control is small, e.g. where a substantially linear
inductance variation is required, then it is usually possible
to arrange that the average temperature coefficient
approaches zero over the control range. More often a
large range of control is desired and any reduction of
temperature dependence is incidental.

6.2.3. Core loss

The application of an external magnetic field increases
the internal magnetic anistropy and this moves the
ferrimagnetic resonance to higher frequencies. In addition,
the steady field reduces the number of domain walls in
the material and this tends to reduce phenomena asso-
ciated with domain wall movement, e.g. hysteresis loss
and to some extent residual loss (see the caption to Fig.
3.12). Thus there will be a general lowering of the tané
curve as the steady field is increased. Experimental results
are shown in Fig, 3.14.

In estimating the total loss of an inductor having an
ungapped core the loss contribution from the core is
represented by the core loss tangent. It is seen that this
progressively falls as the steady field is increased. There-
fore it is to be expected that the Q-factor of the H.F.
inductor will rise as the field is increased, and in practice
this is found to be true. However, at the same time as the
core loss is decreasing the permeability and inductance
are decreasing so that the winding loss tangent (=R sc/wL)
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increases. This causes the Q-factor to peak at an inter-
mediate value of polarizing field and then to fall as the
field is further increased. If however the inductor is
resonated with a fixed capacitance, C, the resonant
frequency will increase as the inductance falls; the
winding loss tangent is then given by R,c./(C/L). Often
this loss is negligible in H.F. transductors.

The behaviour of the loss factor, (tan 8)/u, which is the
usual criterion of core quality, may also be mentioned
here although it is not very relevant to the design unless
the H.F. core is gapped. Since both numerator and
denominator of this factor decrease with increasing steady
field the overall effect depends on which decreases at the
greater rate. At the higher frequencies tan 4 initially has
the greater rate of decrease and the loss factor decreases
as the field rises. When it reaches an intermediate value
the rate of decrease of u becomes larger; the loss factor
then shows a minimum. (See also Fig. 3.14))
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6.2.4. General

The overall performance of a H.F. transductor is often
expressed in graphical form, e.g. as in Fig. 6.4. Such
graphs show the frequency at which the signal inductor
resonates with a given capacitor, as a function of control
current; the Q-factors are indicated at intervals along the
curve.

In choosing the best ferrite for the signal core account
must be taken of the required range of inductance control,
the operating frequency range and the required Q-factors.
Temperature coefficient and hysteresis may also be
important. Factors affecting the choice of ferrite are
discussed at the end of Section 6.4.

Throughout the foregoing discussion it has been