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PART 3
'CHAPTER 1
INTRODUCTION TO ELECTRICAL THEORY

1.1 MATTER AND ELECTRICITY

All matter is composed of mixtnres and compounds of
‘elements. For example, sea water 1s a mixture of water
and various minerals, chief}anong which is salt., Salt is
a chemioalbcombination or_compound of the two’elements
sodium and chlorine., Water,on the other hand, isya
compound of thebtwo elements‘hydrogen and oxygen. There
are about one hundred known elements, each having unique
properties,

| The smailest poSsible sub-division of an element is the
atom., Thns, an atom of one element is different in some
way‘from the‘atoms of all otherﬂelements. For many years,
it was thought that atoms were the bssic building blocks
of matter. However, 1€ is now known that atoms are composed
of various kinds of smaller particles. Moreover, it is
known that atoms of different elements are composed of
different numbers and arrangements of the same kinds of
particles rather than of different kinds of particles,

From the point of view of electrical theory, the two
important kinds’of particles appearing in the structure of
anyatom‘are protons and electrons. All electrical phencm-
ena depend upon the fact that protons attract electrons
and vica versa while protons repel other protons and

electrons repel other electrons. There is an equality
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between protons and electrons; that 1s one proton and one
electron satisfy each other, Thus, a grouping that in-
cludes the same number of protons as electrons attracts
neither protons nor electrons and hence is said to be elec-
trically neutral. By convention, a proton 1is considered
to possess a positive charge while an elctron is considered
to possess a negative charge. Thus, a grouping that in-
cludes more protons than electrons is sald to be positively
charged while a grouping that includes more electrons than
protons is s#id to be negatively charged. A positive charge
attnaéts protonskand repels electtons. |
The structure of an atom appears to be something like

the structure of the solar system. Protons, ﬁogether with

oﬁher kinds of particles which need not be identified for the
| purposes of this discussion, form the nucleus of an atom,
The electrons of an atom revolve about this nucleus in some-
what the same way that the‘eérth and other planets revolve
around the sun. Moreover, each of‘the electrons spins in
the same way that the earth rotates about 1ts own axis.

In general, atoms are electrically neutral by virtue

of having an equal number of protons and electrons., However,
it 1s possible for an atom to lose one or more of its
 e1ectfons, in which case 1t possesses a positive'charge and
is said to be é positive 16n. It might be expected that an
| atom could become negatively charged by losing one or more
protons. However, this is not the case, since the position
of the protons in the nucleus of the atom makes their escape

impossible, On the other hand, an atom can become negatively
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charged by galning excess electrons, in which case it is
said to be a negative ion.
1.2 ELECTRICAL CIRCUITS

Since~electrons belonging to a particulaf atom are
bound to that atom by mutual attraction between themselves
and corresponding protons in the nucleus, work must be done
in order to dislodge them from the atom. Thus some kind
of force must be applied.

An electric circult generally comprises a source which
supplies the force to move electrons and a load through
which electrons are moved. The source and the load are
connected so as to form a closed path as illustrated in
Figure 3-1. The 8ource functions to create a deficiency
of electrons at one of its terminals and an excess of elec-
trons at the other. Thus, electrons from the load are
attracted to the terminal of the source which is deficient
in electrons, while electrons in the load are repelied from
the terminal of the source which has an excess of electrons.
The result is a motion of electrons around the circuit in the
direction indicated by the arrow in Figure 3-1., This motion
is called electrical current. The force supplied by the
source is called an emf (or electro-motive force).

As has already been stated, it is not possibie for
protons to escape from their respective atoms. Thus, in
general, electrical current is characterized by the motion
of electrons, However, under certain circumstances, ions
(1.e. atoms having either an excess or a deficiency of

electrons) move through a circuit. This type of motion
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of charged particles 1is called electrolytic current
to distinguish it from durrent characterized by the
motion of electrons.
1.3 CONDUCTORS AND INSULATORS

'Before electrons can be moved around a circuit, they
must first be detached from their respective atoms. 1In some
elements; One, two or three of the outer electrons of each
atom are rather loosely bound to that atom and thus can be
detached from it by the application of a relatively small
force. Such elements are said to be good conductors be-
cause electric current can be caused to flow through them
relatively easily. In other elements, all the electrons of
each atom are bound tightly to that atom so that a relatively
large force 1is required to detach an electron from an atom,
Such elements are said to be good insulators because a
relatively large force is required to cause current to flow
through them. There is no such thing as a perfect insulator
because there is no element whose atoms will not give up
electrons if a sufficiently large force is applied. On the
other hand, there 1s no such thing as a perfect conductor
because there is no element whose atoms will give up elec-
trons without the application of any force. However, metals
such as copper, silver and gold are very good conductors
while substances such as glass and rubber are very good in-
sulators.
1.4 BATTERIES

Sone source of emf is a cell which converts chemical

energy into electrical energy. The action of such a cell
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depends upon the fact that certain compounds tend to.
Separate into more simple compounds or elements when dis-
8olved in water., In the course of this separation positive
and negative ions of the more slmple compounds or elements
are produced. A solution containing these ions is called
an electrolyte, Two rods or plates called electrodes are
8uspended in the electrolyte. One of the electrodes is
composed of some substance which tends to give up electrons
to the positive ions while the other electrode is composed
of some substance which tends to take electrons from the
negative lons., Thus, one electrode becomes deficient in
electrons while the other gains an excess of electrons

Sso that a potential difference is said to exist between the
two, -

A cell such as Just described can be made using dilute
Sulphuric acid (stou) and zinc and copper plates as elec-
trodes. The sulphuric acid separates into positive hydrogen
ions and negative sou ions., The negative ions combine with
the zinc to form zinc Sulphate, excess eleétrons being left
on the zinc electrode as a by-product of the reaction. At
the same time, the copper electrode gives up electrons to
the positive hydrogen ions. When ‘a certain potential difference
exists between the two electrodes, the chemical action stops;
however if the cell 1s connected as the source in a closed
circuit Such as that of PFigure 3-1, then current is drawn
through the load and the chemical action is continuous.

It should be understood that chemical énergy is expended

in driving current through a circuit so that the process
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cannot continue indefinitely.. What happens 1is that~the

" electrolyte or orie of the electrodes is used up. In some
cells, the chemical process which generates the potential
difference 1is reversable, so that the cell can be recharged
" by driving current through it in a direction opposite to
that occurring in normal operation. Such cells are called
secondary cells. 1In other cells, such as the one just de-
scribed, the process 1is not reversab1e so that when the
electrolyte or electrode has been used up, the cell must be
 discarded. Such cells are called primary cells.

As already stated, a cell reaches chemical équilibrium
and the chemical action stops when a certain pcteﬁtial dif-
ference ekists between the electrodes. The magnitﬁde of this
potential difference depends upon the particular electrolyte
and electrodes used. On the other hand, the amount of current
that can be drawn from the cell and the length of time that 1t
will last depend upon the dimensions of the electrodes and of
the cell. |

When potential differences higher than those which can be
obtained from a single cell are desired, several cells can be
connected in series as shown in Figure 3-2, Such a combination

of cells is called a battery.

1.5 .OHM'S LAW

As has already been stated, current 1s the mqtion,of
electrons through a closed circuit which occurs in response
to the application of an electromotive force (emf) to that
circult. The ratib of’the emf applied’tq a particularkcir—

cuit to the resultant current that flows through that
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TABLE 3-1

UNITS AND SYMBOLS FOR EXPRESSING VALUES OF EMF,
CURRENT AND RESISTANCE

Current = I

amperes = A

=

milliamperes = amperes X 10~3 -

Microamperes - amperes X 10'6 =4 A

Electromotive force - E
volts = V
millivolts = volts X 10-3 = MV

Resistance = R

ohms = i

[
-

kilohms = X 103 -

megohms = X 10° - M
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circuit 1s called the resistance of the circuit. This ratio,

known as Ohm's Law, 1is written:

E_.Rr ()

I
where:
Ezapplied emf in volts
Izcurrent in amperes
Rz=resistance in ohms

An ampere of current is said to be flowing in a circuit
when the motion of electrons past some peference point in the
circuit 1s at the rate of 1 coulomb per second, where a coulomb
is 6.3 X 1018 electrons.

The unit of emf, that is the volt, 1s based upon the
potential difference (or voltage) generated by a standard cell.
The unit of resistance, that 1s the ohm, is defined in terms of
volts and amperes as follows:

If an emf of 1 volt drives a current of 1 ampere through
a circuit, then the resistance of that circuit is 1 ohm.

For convenience in expressing values of emf, current or
resistance which are either very large or very small when
stated in the fundamental units, other units are used. Each
of these units is equivalent to the fundamental unit times
some power of ten. Units in common use are listed in Table
3-1.

1.6 DISTRIBUTED AND LUMPED PARAMETERS

The term circuit 1s extremely generalized. It can refer

to a éurrent path or portion of a current path or it can refer

to a set of current paths belonging to some single device such
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as a radio. For example, it 1s usual to speak of all those
wall outlets and lamps which receive current through the same
fuse in a household electrical system as belonging to the same
circuit. On the other hand, the complete path between power
plant and home electrical system is also a circuit.

The purpose of a portion of any circult is simply the
transmission of electrical power from the source of emf to the
physical location where it 1s to be used to produce some such
end product as light, heat, sound or motilon.

The materials used to form the transmission path portion
of any circuit should offer a minimum of opposition to the flow
of current. Thus materials such as copper which are good con-
ductors are used. However, as has already been noted, there 1s
no such thing as a perfect conductor. For example, copper has
a resistivity of 10.4 ohm-cm per foot, which means that a speci-
man of copper 1 foot long having a cross-sectional area of 1
circular mil offers a resistance of 10.4 ohms to the flow of
current.

The resistance of a transmission path cohsisting of wire
i1s distributed evenly along the wire. Thus, in the case of
Wwire, resistance is said to be a distributed parameter.

There are many instances in which the purposes of a cir-
cuit are served by concentrating resistances at particular
points. For example, by driving a current of I amperes through
a resistance or R ohms, a signal of V volts can be caused to
appear across that resistance (i1.e. a difference of potential
of V volts can be created between one end of the resistance

and the other. Elements called resistors, which concentrate
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various quantities of resistance in small volumes, are one of
the most common of circult elements. The resistance of a re-
sistor is said to be a lumped parameter, since it appears at
one place in the circuit rather than being distributed evenly
over some significant physical portion of the circuit.
1.7 SERIES AND PARALLEL CIRCUITS
| A series circuit is one which offers but one path for
current flow while a parallel circuit 1s one which offers
more than one path. A circuit which offers a single path over
portions of its length and multiple paths over other portions of
its length is a series-parallel circuit.
1.7.1. Total Resistance of Series Circult

The total resistance of a series circuit is equal to the sum
of the individual resistances. Thus for a circuit comprising N
resistances in series, the total resistance Rt is given by the
equation:

Rt: R17 R2 ocooo’Rn (2)

In the circuit of Figure 3-3, for example, battery B provides

an emf of 24 volts which drives a current I through series-connected

resistors Rl and R2. The magnitude of current I is, by Ohm's Law:

I- E
ﬁf
where
R,z total resistance :=R; + R,z10 ohms ¢+ 30 ohms: 40 ohms
thus:

I- 24 - 0.6 amperes

0
Now that the current 1s known, the voltage drop through each of
the resistors can be found by a further application of Ohm's Law

as follows:
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v bt IRI: (0.6) (10): 6 volts

1
where
| .V1= voltage drop through Ry
Moreover:
V,= IR, (0.6) (30)- 18 volts
where:

V2; voltage drop through R2

Notice that the sum of the voltage drops through the
load 1is equal to the emf supplied by the source, that 1is:

E- VI+V2 |
24 volts- 6 volts+ 18 volts

In this case the internal resistance of the source 1is
consldered to be negligible, that 1s the source 1s assumed to
provide a virtually constant emf regardless of the amount of
current that 1s drawn from it. If E is the potential difference
between the terminals of a source when no current is being
drawn from that source and if V is the potential difference
when a curreﬁt Iyis being drawn, then the internal resistance,
»Ri’ of the source, 1is |

| R - E-V
T
1.7.2 Voltage Dividers

The total voltage drop through a series load is divided
among the 1nd1vidua1 resistors cbmprising that load in pro-
portion to the magnitudes of their individual resistances.

Thus, for the circult of Figure 3-3:
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Vi Ve ( R - 24 (lﬂh = 6 volts
R1+ Ry \ #0

v
t ( R2 ): 24 (30)- 18 volts
Rl"Re .-m— =

where V¢, the total voltage drop through the load, equals

\

"E, the applied emf, by virtue of the assumption of negligible
source resistance. |

The general equation for the voltage drop, V; through
any single resistor, R, connected in a series circuit of

total resistance Rt’ where Vt 1s the total drop across Ry 1s:

t

The arrow in Figure 3-3 shows the direction of current
flow which is assumed throughout this book. This direction
corresponds to the motion of electrons through the load from
the negative terminal of the battery to the positive tefminal
of the battery. Before the phenomenon of current was under-
stood in terms of electron flow; the opposite convention was
adopted; that 1s current was assumed to flow out of the posi-
tive terminal of a battery and into the negative terminal.
Since both conventions are in use today, it 18 important, when
approaching a theoretical discussion ih which the difection of
the current is significant, to establish which‘current‘conven-
tion is being used.

1.7.3 Total Resistance of Parallel Circuit
Three parallelcircuits are shown in Figure 3-4. Notice
that the  full emf of the source is applied across each of the

resistors of a parallel circuit. Thus, by Ohm's Law, fhe
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currents through the various resistors of a parallel circuit

are given by equations of the form:

I }Efl’ 12:5:_2,...,In;;;x;"ér'l ¢

The total current drawn from the source, I, is simply
the sum of the currents drawn through the individual resistors.
Thus:

Itz Il * 12 + -ocoo’Ir : (5)

Moreover, the total resistance of the circult, Ry, 13, by

Ohm's Law:
Substituting equations (4) into equation (5) ylelds:
It: _E_ 4 -E_ Poeoseet _E_ (7)

| Substituting equation (6) into equation (7) ylelds:

Rez E | (8)
‘ E ¢ E-e....+E ~ o
R, R R

n

Dividing the numerator and denominator by E in equation (8)

yields:

1 "1 T oeeceoe 1

which is the general equation for the total resistance 1in

Rz I L (9)

a parallel circuilt.
As an example, the total resistance of the circuit of

Figure 3-4 (a) 1s found as follows:
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By equation (9)

Ry Rp (10)
Ry, + R

1l
Since, in the example,
Ri= 32: R- 10 ohms

equation (10) reduces to:

Ry R*_ R _ 100 — % ohms

:ER:Z -3 —

To generalize this result, the total resistance, Rt of any
parallel circuit formed of n resistors of resistance R 13

given by the equation:
Ry - R | (11)

n
Thus, for, example, the total resistance of 1000-ohm
resistors connected in parallel 1is:
1000 _
—I0 -

Rt = = 100 ohms

Consider now the example of Figure 3-4-(b). Here, the
parallel circuit comprises two resistors of different values
80 that equation (11) cannot be applied. However, for the
special case of two reéistors, equation (9) is written as

follows:

DCl1l.TC.3.1.13



(12)

R1+R2

Substituting the values of‘R1 and R2 from the example
of Figure 3-4 (b) into equation (12):
Ry = {10) (20) - 200 = _20_ _ Ohms
10 « 20 30 3
As an exam?le of the direct substitution'or numerical
values into general equation (9), consider Figure 3-4 (¢).

Here:

= 30 ohms R

ot 12 ohms R3:'5 ohms

Thus ¢

60 _ ohms
19
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To summarize the findings of this section:
The total resistance, Ry, of n resistors connected 1in

parallel is given by the general equation:

- 1 |
Rt - ml + 1/R2 +Q'0111/Rn P (9)

If all n fesistors are of the sémé value, this equation

reduces to:
Ry = R v (11)

If only two resistors are involved but ﬁhese are of dif-
ferent values, the general equation can immediately be written:
Rt = _133_.}3.%.__ (12)
Ry + Ry ~
1.7.4 Series-Parallel Circuits
In order to determine the total resistance of a series-
pafallel circult: ‘ |
a. Solve for the total resistance of each parallel portion
of the circuit. "
b. Solve for the resistance of‘the resulting equivalent
series circuilt. |
As an example, consider the series-parallel circult of
Figure 3-5-(a).
/ The total resistance,,Rp, of the parallel combination of

resistors Ry and R3 is found by equation (11) as follows:
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Rp: (50) (20)

50 + 20
- 1000 - 100  ohms
- T0 - T

Since Rp is in series with Rl, as shown in Figure 3-5 (b),

the total resistance of the circuit, Ry, 1s: by equation (2)
- 20 + 100
7

T

The total current through the circuit is, by Ohm's Law:

E

Ry

100
240/7

70 - ampere
- 45—
The voltage drop across Rp as given by equatibn (3) 1s:
- R
(e,
1 p

100{ 100/7 )
240/7

It:

"

125 yo1ts
3

Here, the assumption is made that the internal resistance
of the source is negligible so that Vt: E- 100 V.

The voltage drop across R, is found similarly:

1
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-v 7/
VoV By
\ R, + R_

1 p

i

/20

i'240/7 j

- 775 volts
——

The total voltage drop across Ry + Rpfmust egual

the sum of the individual voltage drops. Thus:

Vt = Vlg—vp
- _175 4125
3 3
- _300
3
100 volts

which checks,

The current through R, 1s simply the total current

1

I The currents through R2 and R, can be found by substi-

t’ 3
tuting the values of these resistors and the voltage drop

across their equivalent resistance, Rp (which 1s‘Rp), into

Ohm's Law as follows:

v
12:—2—
Ry

- 125

i
U
o

o) (9}

ampere

-

w
n

o
u&+ﬁ

125

-5 - 25
) T2~ amperes DC1.7¢.3.1.17



The total current in the circuit, Iy, must equal

the sum of the currents through resistors R2 and R_,. Thus:

3
It:I2?I3
:2 25
6 T2
= 35 amperes
12

which checks.
1.8 POWER

When mass 1s raised against the force of gravity, work
is done on that mass. For example, work must be done 1in
pumping water out of a well. On the other hand, when mass
1s allowed to fall with the force of gravity, that mass does
work. Thus water running down a millrace turns a water wheel,

The electrical analogy to the motion of mass against
or with the force of gravity involves the motion of electrons
away from or toward a positive charge. Thus an electrical
source does work in moving electrons from a positively charged
terminal to a negatively charged terminal. On the other hand,
electrons moving through an electrical load (from the negatiwe
terminal of the source toward the positive terminal of the
source) perform work on that electrical load.

Power 1s defined as rate of doing work. Thus, electrical
power 1s the product of the potential difference through which

electrons are moved and the rate at which they are moved
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through that potential difference. Moreéver, the potential
difference between the terminals of a source 1s’by definition

the emf, E, of that source while the rate of motion of electrons
is the electrical current, I. Thus the power supplied by a source

of emf is given by the equation:

P = EI - (13)
The unit of electrical power is the watt. When a current of
1 ampere is driven through a potential difference of 1 volt, then
1 watt of power 1s developed. o
A second expression for power 1s:
P-1%R (14)
‘Equatioh (14) is derived from equation (13) as’followS:

Ohm's Law 1s written as an explicit expresSion of emf:

E- IR
Equation (15) is substituted in equation (13), ylelding equation
(14), that 1is |

P= (IR)ZIER‘

As an example of the power characteristics of a circulit,
consider,the serles-parallel circuit of Figure 3-5. The power
developed in this circuit is:

P= EIt
where E 100 volts as noted in the figure
and I, 35/12 ampere as found in Section 1.7.4 above.
Thus:

Pz (100) (35/12)_, ~

= 875  watts
3 DC1.%C.3.1.19



Since the voltage drop, Vl’ through Rl is known, the power
dissipated through Rl can also be found by means of equation
(13) as follows:

Pl:

<;_I§7;> \12;>

_122___ watts

which cechecks with the result obtained by application of equation
(14).

Since both the voltage drop through R2 and R3 and the
currents through each of these resistors have already been
found, either equation (13) or equation (14) can be used to find
the power dissipated through each of these resistors. Applying
equation (14):

_ /s ¥
Py = t—g } (50)

- 625 watts

and:
, 3

P, - 2 20)
3 (\12 ) (

= 3125  watts

36
The total power dissipated through all three resistors is:

6125, _625 + 3125
36 18 36

10500
36

875 _ watts
3
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which is equal to P, the power developed by the source. This
corresponds to the fact that the internal resistance of the
source 18 assumed to be negligible. In an actual source, some
of the power developed is dissipated through the internal source

resistance.

The power dissipated through the resistance appears in the

form of heat,

-DC1.TC.3.1.21



PART 3
CHAPTER 2
MAGNETISM

2.1 INTRODUCTION
| Although magnetism is a property which has been known
‘for many centuries, it is, relatively speaking, onlyvre-
cently that its relationship to electricity has been noted,
Since magnetism is involved in the operation of practically
all electrical apparatus a thorough understanding of its
principles is essential. Materials that possess this pro-
perty of magnetism are known as magnets and are further
subdivided into natural magnets, permanent magnets, and
ielectromagnets. |
2.2 NATURAL MAGNETS

Natural magnets are composed of iron ore known as mag-
netite, which naturally possesses the property of magnetism.
For many centuries these natural magnets were used for
navigation by the ancients, because of thelir property of
'pointing north and south when suSpended freely. It was
through this particular use that the natural magnet ac-
quired its name of lodestone or leading stone. These na-
‘tural magnets also have the ability of imparting magnetism
to a piece of iron or steel solely by rubbing the materials
together. - |
2. 3 PERMANENT MAGNETS
| A permanent magnet is a piece of hard steel, steel

alloy, or iron, which has been magnetized either by the
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influence of another magnet (as mentioned above) or by means
of an electrical current.

Under normal conditions a hard steel bar when magnetized
retains its magnetism for a long period of time. However, if
it is subjected to extreme heat or Jjarring its magnetlsm may
be destroyed. Soft iron, on the other hand, 1s much more
readily magnetized than hard steel, but tends to lose its mag-
netism within a relatively short time. Therefore, hard steel
or its alloys are usually used as permanent magnets whereas
iron or its alloys are used as cores in electromagnets or in
situations where this ability to readily lose and regaln mag-
netism i1s advantageous (such as in computer storage systems) .

What condition existsin a piece of steel bar after it
1s magnetized that 1is not present in its natural state? This
question has been answered by many theories. One of the most
useful theories that has been advanced is the Weber and Ewing
Theory. This theory states that the molecules which make up
the magnetic material are themselves small magnets each con-
taining a north and south pole. Before the magnetizing force
18 applied (unmagnetized state) these molecules are arranged in
a haphazard manner, as shown in Figure 3-6(A). In this state,
since the various molecular north and south poles neutralize
each other no external magnetic effect is produced., However,
when a magnetizing force is applied, each of the small magnets
tend to arrange themselves parallel to each other and their

north poles all point in the same general direction as
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the magnetizing force, as shown in Figure 3-6 (B). This
theory further goes to explain that if the permanent
magnet 1s ground up into small particles, each of the par-
ticles possesses the properties of a bar magnet, each par-
ticle maintaining its own north and south pole, The amount
of alignment of these molecules naturally depends on such
factors as the magnitude and direction of the magnetizing
force and the composition of the material to be magnetized.,
It 1s with the use of this theory that phenomena such as
the saturation curve (B-H) and hysteresis can be explained,
These phenomena are discussed in section 2.9 and section
2.10, respectively,

Magnetism 1itself is further defined as the force which
surrounds any region that is magnetic in nature. It is
represented by lines that emerge from one pole (north) of
a magnet and enter into the other pole (south), and are
called the magnetic lines of force or lines of induction
as shown in Figure 3-7, These magnetic lines of force
are also assumed to pass through the magnet from the south
pole to the north pole. The path through which these
magnetic lines of force pass 1is known as the magnetic cir-~
cult, These magnetic lines of force are also able to ex-
ert influence on any piece of iron or electric currents
that are located in this region. This region is known as
the magnetic field and 1ts strength is represented by the
density of these lines at any particular point,

2.4 ELECTROMAGNETISM

The relationship between magnetism and electricity
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is demonstrated by passing a current through a conductor
to show that a magnetic field is produced. A simple exper-
iment demonstrates this fact., If a current is passed through
a wire as shown in Figure 3-8 certain effects are noted in
the surrounding space. When a compass needle 1s placed
ovér the wire it aligns itself in a position perpendicular
to the kire in thé direction shown, whereas if it 1is placed
| below the wire, it arranges 1itself perpendicular to the wire
facing in the opposite direction. In all cases it aligns
itself perpendicular to the wire. Therefore, 1t 1s evident
that the current produces some sort of a force in the re-
gion that acts in a circular direction surrounding it.
That force is magnetism, which contains the same charac-
teristics as the magnetism associated with permanent mag-
nets., If the left hand is held as shown in Figure 3-9 so that
the thumb points in the direction of the electron flow,
then the remaining fingers indicate the direction of the
circular whirls of magnetic flux around the wire.
2.5 PROPERTIES OF MAGNETIC LINES OF FORCE
| Magnets, whether of the natural, permanent or electro-
magnetic type have certaln properties which are attributed
to the magnetic lines of force, These properties are as
follows:

a. Relation to current flow? The magnetic lines of
force,also known as magnetic flUx,a?e set up by moving
electric fields, and always surround these fields in the
form of closed loops. The 1lines that normally emanate

from or termlnate on an electrically charged particle are
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the electric field lines, By convention, a positive charge
is one from which the fleld lines emanate and a negative
charge is one in which the field lines from some other
positive charge terminate,

. The associated field lines move when the charged
body moves, which constitues a current flow. This current
flow immediately produces loops of magnetic flux that en-
close the moving charges. This is illustrated in Figure
3-10, Some of the free electrons of a conductor are shown,
The radial spokes are formed by the electric field lines
which are directed toward the electrons. Only a few of the
radial field lines for one electron are shown for the sake
of clarity. Since a charge and its associated field move
as a unit either one can be conslidered as producing the
magnetic field by virtue of its motion.,

b. Tension in lines! The second property exhibited by
magnetic lines of force is that of tension. The lines
behave as though they are stretched rubber bands. If the
magnetic. lines of force extend from the face of one piece
of 1ron to the face of another piece of iron, as shown in
Figure 3-11, they tend to contract, owing to the tension
- of the lines., Upon contraction of the lines of force the
pleces of iron are pulled toward one another, This 1is
~ known as the force of attraction and is transmitted by the
1line to the two pleces of iron, tending to bring them to-
gether,

c. Lateral repulsion of lines! Magnetic lines of force

~repel one another laterally. This phenomenon is also
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demonstrated in Figure‘3-ll where it can easily be seen
that line AB repels lines CD and EF laterally, causing them
to bow out as shown, In Figure 3-12 it is further demon-
strated that if two pleces of 1iron, both of the same polarity
(two south poles or two north poles) are placed opposite
each other, then the lines of force repel one another side-
ways and try to force each other away. This 1s known as the
force of repulsion and is transmitted by the lines to the |
two pieces of iron, tending to force them apart.

From the results of b and ¢ above it can readily be
seen that a law may be stated for magnetic poles similar
to that for electric charges, This law is known as the Law
of Magnetism, which states: Like poles repel, unlike poles
attract.
2,6 SOLENOIDS

In Figure 3-8 the whirls of flux around a straight
wire were shown, Suppose this wire 18 bent into a circu-
lar loop across which a voltage is applied as in Figure
3-13, The flux lines still encircle the wire forming the
pattern shown, If the wire is further colled and the turns
placed close together as in Figure 3-14(A), the individual
magnetic fields that surround each loop will add and the‘
effects will be greatly intensified. This device 1s known
as an electromagnet or solenoid, and is particularly effec-
tive if a round bar of soft iron is introduced into the
coil as this permits more flux to be set up for a given
current and number of turns,

The polarity of a solenoid at any instant may be
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determined by the left hand rule. Grasping the solenoid
with the left hand and pointing the fingers in the direction
of the elctron flow through the coils of the solenoid the
“thumb points towards the north pole of the solenoid. The
relationship between current direction and magnetic polar-
ity are shown in Figure 3-14,(B)

‘Solenoids may consist of a few or many turns arranged
in many ways around different types of cores. The type of
core to be used is usually determined by the function of
the solenoid. When solenoids are used as r-f coils they
may utilize air,'woodencr plastic cores as coil forms.
Hdwever, when they are to be used in the capacity of audio
and power transformers and chokes, lcudspeakers, relays,
motors, generators; etc., they use an iron core, which has
a high magnetic permeability (see section 2.8.6).

2.7 THE MAGNETIC CIRCUIT

A magnetic circuit is comparable to an elecéric cir-
cuit in almost every respect. As electric current 1is
caused to flow in an electric circuit so are magnetic
lines of force (fiux) caused to flow in a magnetic circuit.
However, the magnetic circult differs from the electric
circult in three ways, which makes it difficult to obtain
the same degree of accuracy when making‘magnetic‘calcula-
tions as 1s obtained when making electrical calculations.

In an electric circuit an electric current is con-
fined to a definite path, and since the surrounding air
| and the 1insulating supports for the‘cOnductbfs have a

very high resistance only a negligible amount of current
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can possibly be lost. However, since there are no known
insulators for magnetic flux it is almost impossible to re-
strict the magnetic lines of force to definite paths, such
as the electric currents are restricted. For instance air
which is a good insulator, as far as electric current 1is
concerned 1is, on the other hand, a good magnetic conductor.

The resistance in an electric circuit 1is usually con-
stant except under conditions where temperature changes
may cause a slight variation., However, when such changes
are anticipated the proper compensation can be made. On
the other hand, the magnetic resistance of materials is
never constant and usually varies over wide ranges.

Large errors may be encountered in magnetic calcula-
tions due to the short magnetic paths and their large
cross-section in vroportion to their length. Usually the
geometry of the magnetic paths are so compllicated that
their magnetic resistance can only be approximated. There-
fore, only approximations can be made as to the actual
distribution of the magnetic flﬁx.

Although it has been shown above that magnetic cal-
culations can not be made with the order of accufacy that
can be obtained with electric circuits, it is still pos-
8ible to make computations that are close enough for all
practical purposes. A thorough understanding of the mag-
netic units that are assoclated with magnetic circuits is
a prerequisite for obtaining good magnetic calculations.
2.8 MAGNETIC UNITS

The relationship between the magnetic units of a
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" magnetic circuit and the electrical units of an electric
circuit are identical to each other, Therefore, it is
possible to establish a law for magnetic circuits that is
identical in form to Ohm's Law and may be stated as follows:
the flux (current) for any given magnetic circuit is di-
rectly proportional to‘the!magnetomotiv% force {z2mf) of the
magnet and inversely proportional to the reluctance {resis-
tance) of the closed circuit, This law is expressed sym-
bolically as:

Magnetomotive Force {mmf)

Magnetic Flux (@) -
| \ Reluctance (R)

2.8.1 Magnetomotive Force {mmf)

‘The magnetomotive force is a force required by a mag-
netic circuit in order to drive flux (lines of force) through
the circuit., This force has its COunterpart in an electric
circuit (i.e. electromotive force), The magnetomotive force
18 directly proportional to thgyproduct of the current
strength and the number of turns in a solenoid. This pro-
duct is known as the ampere-turns and is abbreviated as NI,
although the symbol A,T. 1s 5180 used, The magnetomotive
force only differs from the numerical value of the ampere-
turns by a constant factor 0,47V which is approximately

equal to 1.257. Therefore, the magnetomotive force 1is

~ directly proportional to this constant factor and the am-

pere-turns, and is represented symbolically as
Magnetomotive Force = 1.257NI
For example, if 2 amperes are pasSed through'an electro-

magnet having 200 turns, then the ampere-turns are 2 times
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200 which is equal to 400 NI, Thus, the magnetomotive

force in the above electromagnet 1is

400 x 1,257 x = 503 gilberts
where a gilbert is the unit of the magnetomotive force,
2.8.2 Reluctance (%)

Reluctance in magnetic circuilts 1s analogous to re-
sistance in electrical circuits, The value of reluctance
depends upon the dimensions and the material of the mag-
netic circuit. No name has been assigned to the unit of
reluctance, which is the reluctance (resistance) offered
by a portion of a magnetic circuit 1 centimeter long, 1
square centimeter in cross-section, and of unit permeabil-
ity. The reluctance of a magnetic circuit is directly
proportional to its length, inversely proportional to its
cross-section, and inversely proportional to the permeabil-
ity of the material, This 1s represented symbolically as
L

£ =
Ay

where L 1s the length of the pathkin centimeters, A is the
area in square centimeters, and & (mu) is the relative per-
meabllity of the materlial of the magnetic circuit.

The reluctance of a magnetic circult differs from the
resistance of a electric circuit in one respect. The re-
sistance of an electric circuit does not depend on the
magnitude of flow, except as it is influenced by heating,
ﬁhereas reluctance depends on the magnetic fiux density

(see section 2.8.4).
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When the magnetic flux density(B), of a magnetic circuit
1s altered the permeability of the material 1s changed,
which in turn either raises or lowers the reluctance, ~

The following exampie demonstrates how feluctance is
determined. By considering an alir space (permeability e-
qual to 1) between two magnetic poles Figure 3415, having
a length of 4 centimeters and a cross-section of 2 centi-
meters by 4 centimeters or 8 square centimeters, the re-
luctance is: |

4 1

Reluctance = s unit.
1x8 2

2.8.3 Flux (¢)

Any magnétic circuit has a mignetic fiéld surrounding
it, which is made up of magnetic lines of forcé. These
lines of force that cross a given alr space or fleld are
known as the magnetic flux @, (phi). The unit of magnetic
flux is the maxwell, One maxwell is one line of magnetic
flux, The magnitude of a line of flux may be expressed in
several ways in ﬁerms of other phenomena such as its action
on a permanent magnet of known strength, or by 1ts effect
on a current-carrying conductor of givén length and having
a given current flowing through4it. |

It 18 convenlient at this time to define the maxwell in
terms of magnetomotive force and reluctance by means of a
law, similar to Ohm's Law for electric circuits, which was
discussed in section 2.8. Thus, if a maghetomotive force

of one gilbert is impressed onya path having one unit of
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reluctance, then one line or maxwell 1is set up in this
path. |
2.8.4 Flux Density (B)

Flux density B, is the amount of flux per unit area.
The unit of flux density is the gauss which 1s equal to one
maxwell per square centimeter., If an example 1s taken where
the flux in a given air gap is 10,000 maxwells and the
cross-sectional area of the gap is 75.0 square centimeters,
the flux density is:

10,000
B . ssesssssss =133.3 gauss
75

In a substance such as iron the reluctance is variable
and dependupon the flux density. When the flux density
is too high, the iron becomes saturated (any further in-
crease in the magnetization force has little or no effect
on the orientation of the molecular magnets in the iron)
causing the permeability to decrease and the reluctance to
increase, Therefore, it is necessary, when using iron
cores, for the designer to proportion the area of the iron
core 8o as to prevent too high a value of flux density.
Important consideration must always be given to the amount
of flux passing through each square centimeter of the ma-
terial (flux density), in the magnetic circuilt rather than
the amount of flux passing through it (magnetic flux).

2.8.5 Perméance (%)

Permeance is the property of é magnetic circuit which

permits the passage of magnetic flux, It is the recipro-

cal of reluctance and is therefore equal to 1/R.
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It is analogous to conductance 1in an electric clrcult.
2.8. 6 Permeability "

" The permeability u (mu), of a material, is the ratio
of the flux that exists in the material to the flux that
would exist in the same space if the material was replaced
by a vacuum. A vacuum has a permeability of one (unity)
and with the exception of iron, steel, nickel, and certaln
iron oxides most of the other materials have a permeability
-of one. Commercial iron and steel have permeabilities that
range from 50 ahd even lower to about 2,000.

2.8.7 Fleld Intensity (H)

The field intensity H (the magnetic field intensity in
air) is directly proportional to the current flowing 1in
the Winding of an electromagnet. lf the electromagnet is
very long as compared to its diameter; and is constructed
with one turn of wire to each centimeter of length, and
the current 1n the winding is ome ampere, the field inten-
sity in the air on the i»nside of the electromagnet can be
 shown to be equal to .MT¥ or 1.257 gilberts,
A gilbert, as has already been established, is the unit
of magnetomotive force, Therefore, each turn of wire per
centimeter for a current of one ampere gives 1.257 gilberts,
and the 1ntensity 'H increases proportionally to the cur-
rent and to the number of turns of wire per centimeter of
length."Thus, the field intensity 1skequal to the magne-
tomotive force per centimeter of circuit which 15 repre-

sented symbolieally es‘
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_ Magnetomotive Force {mmf)
Field Intensity (H) -

Length of Electromagnet
in Centimeters

The unit of fleld intensity is one gilbert per centimeter
and is called the.oersted.
2.9 B-H CURVE
| Mentlon was made in section 2,8.4 that the reluctance
of iron and other ferromagnetic materials vary with the
flux density., Therefore, the flux density is not‘in direct
proportionvto the magnetomotive force, as is the case of an
ailr path. Thus, 1t is necessary to determine the flux
density for several different values of impressed magneto-
motive force, and plét a curve between the tﬁb. This
kcurve’may then be used to determine the magnetic properties
of the material at any flux density. |

Since it has already been established that the amount
of flux depends upon the magnetomotive force and the length
and cross-section of the iron under teSt, 1t 1is necessary
to express the relationship between the magnetomotive
force and flux on a per unit basis, i.e., for one square
centimeter of cross-section and one centimeter of length,
However, since the flux per square céntimeter 1§ the flux
density B, and magnetomotivé force per centimeter 18 the
magnetizing force H, the curve is known as the B«H curve.

The magnetization curve that 1s obtained when the B
and H values are plotted depends upon many conditions such
as: (a) the type of metal used as the sample; (b) the
degree of purity of the metal; (c) the heat treatment
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used in preparing the metal; (d) the previous magnetic
history of the metal. That is, whether or not it has ever
been subjected to a high degree of magnetization,

Plotting B versus H for increasing values of H from
zero to E, as shown in Figure 3-16, gives rise to a curve
known as the normal curve. B increases very slowly for
the small values of H, (from 0 to A) but then increases
rapidly as H increases from A to C. However, B increases
again less rapidly as H increases from C to D, which is
due to the saturation of the metal taking place. Thls por-
tion of the curve 1s known as the knee of the characteristic.

With further increase of H from D to E, B increases
very slowly, Jjust as though it had the same reluctance as
air from that point on. Since 1t can not carry flux on
the large scale 1t did before, the iron 1s sald to be satu-
rated. However, 1t is obvious from the graph that it can
still function as an equal volume of air would, The B-H
curve for air 1s represented in Figure 3-16 as the broken
line OF. This is, for all practical purposes, a straight
line because the reluctance of air 1s constant. Therefore,
there afe no saturation effects and B 1s directly proportional
to H.

2.10 HYSTERESIS

When a magnetomotive force or magnetizing force was
Sshown to act on an iron sample from zero to E in Figure
3-16 a normal saturation or magnetization curve was obtained.
However, if the magnetization force is now decreased (see

Figure 3-17), the magnetization curve OC does not decrease
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along the line of ascent, but decreases less rapidly‘along CD.
Therefore, when H is reduced from OA to zero, there is still
some flux set up in the material of a value of OD. This is
called the residual flux density or remanent flux density,
which causes the iron sample to act like a permanent magnet.
Before this remanent flux density can be decreased to zero, the
magnetizing force must be reversed in direction. That is,
a negative magnetizing force OE is required in order to reduce
the remanent flux density to zero. Thls value of H, namely
CE, is called the coercive force as 1t represents the counter
or negative force required to reduce the maximum remanent flux
density to zero.

If the magnetizing force is now increased in the negatilve
direction to F (where OF = -OA), the flux density increases to
a negative maximum of FG. This negative maximum 1is equal and
opposite to the positive maximum flux density AC. If the mag-
netizing force H is veried from a value of OF toward a value of
0, then the flux density decreases as shown by - the curve, reach-
ing the value of OI as the maénetiZing'force reaches O. Notice
that OI - -0OD. As the magnetizing force 1s increased toward a
value of OA, the flux density falls to O and then rises in the
opposite direction, reaching the value AC as the magnetizing force
reaches the value OA. This lag of B with respect to H is
given the name hysteresis and the closed curve or lcop that is
formed is known as the hysteresis loop. This loop is
symmetrical if the iron sample is carried through the same cycle

of magnetization several times.
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Different types of materials give rise to different
shaped hysteresis loops when under the influence of some
magnetizing force. The loop shown in Figure 3-17 is the
type of curve obtained from iron; however, 1n computer
storage systems where a high residual magnetism is desired
it 18 most desirable to use materials that give a relatively
more square hysteresis loop.

Different materials follow certain magnetic curve
paths under the influence of a magnetizing force. The rea-
son for this variety in magnetization curves can be ex-
plained with the use of the Weber and Ewing theory which
has been discussed in section 2.3, To further elaborate
on this theory, it is obvious that as an outside magnetic
field 1s applied to a specimen of magnetic material the
individual molecules align themselves more and more in
the direction of the applied fleld, with each individual mag-
netic field adding up to the total magnetic field of the
specimen, Each degree of magnetization can be followed
by inspecting Figure 3-16 which shows the action taken
by the molecules from the unorientgted state to the state
of complete magnetization. It‘is the amount of alignment
of the molecules that still exists after the magnetization
force is reduced to zero that determines the residual mag-
netism retained by the material under test, It is the ex-
tent of residual magnetism that determins how and where
the material can be utilized. For instance,'aS'hds al-

ready been mentioned, it is the materials that have a
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square hysteresis curve that are useful in computer storage
aystems,

2.10.1 Hysteresis Loss

Since hysteresis is the tendency for a material to stay

magnetized after a magnetomotive force has been applied and
removed, the loss in energy which must be .applied to over-
come this residual magnetism is called the hysteresis loss,
This loss which 1s in the form of heat generated in the
magnetic material 1s proportional to the area of the hys-
teresis loop, and occurs only when the magnetizing force H
is alternating in character. Therefore, hysteresis 1s an
important characteristic to be condisdered in transformers,
A-C iron core chokes, etc. Although 1t is possible to cal-
culate this loss by finding the area of the loop to scale
and dividing by 411, it is generally furnished by the man-
ufacturer for the particular material offered, and at a
certain flux density. There 18 a smaller hysteresis loss in
soft iron than in the other forms of iron because soft iron

offers less opposition to changing magnetism than the

harder forms of iron,
2.10,2 Eddy Current Losses

There exists not only a hysteresis loss in cores sub-
Jected to a varying or an alternating magnetic flux, but
eddy current losses as well, Eddy current losses in mag-
netic materials are due to the voltages and consequent cir-
culatory currents induced by the variation of the flux.
Eddy currents are the 12R losses that occur in the ma-

terial. These currents are very large,vbecause the
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resistance of the path in the magnetic material is very low due
to the largé solid cross-sectional area, even though the induced
voltages are very low.

Eddy currents may occur in any conducting substance. However,
in order to demonstrate how eddy currents are set up in iron or
other material used for magnetic circuits when they are subjected
to cyclic magnetization, a piece of iron is shown in Figure 3-18,
An electron flow in the coll causes the magnetization of the
iron bar and the marks indicate the magnetickflux going into the
iron bar. This flux increases and decreases with the electron
flow and reverses 1n directlon when the electron flow reverses.
Considering a path a-b-c-d in the plane of the croés-section any
increase of the flux in the direction shown induces in this path
(and in any other path linked by the changing flux) an emf in
such a direction as to cause a counterclockwise electron flow
around the path. Due to this electron flow the resistance of the
path converts the energy into heat. Therefore, by summing up the IQR
losses in all such elemental