CHAPTER

INTRODUCTION
TO MACHINERY
PRINCIPLES

1.1 ELECTRICAL MACHINES,
TRANSFORMERS, AND DAILY LIFE

An electrical machine is a device that can convert either mechanical energy to
clectrical energy or electrical energy to mechanical energy. When such a device is
used 1o convert mechanical energy 1o electrical energy, it is called a generaror.
When it converts electrical energy to mechanical energy. it is catied a motor. Since
any given electrical machine can converl power in either direction, any machine
can be used as either a generator or a motor, Almost all practical motors and gen-
erators convert energy from one form to another through the action of a magnetic
field, and only machines using magnetic ficlds to perform such conversions are
considered in this book.

The rransformer is an electrical device that is closely related to electrical
machines. It converts ac electrical energy at one vollage level to ac electrical en-
ergy al another voltage level, Since transformers operate on the same principles as
generators and motors, depending on the action of a magnetic field to accomplish
the change in voltage level, they are usually studied together with generators and
molors,

These three types of electric devices are ubiquitous in modern daily life.
Electric motors in the home run refrigerators, freezers, vacuwm cleaners, blenders,
air conditioners, fans, and many stmilar appliances. In the workplace, motors pro-
vide the motive power {or almost all tools. Of course, generators are necessary o
supply the power used by all these motors,
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Why are electric motors and generators so common? The answer is very
simple: Electric power is a clean and efficient energy source that is easy (o trans-
mit over long distances, and easy to control. An electric motor does not require
constant ventilation and fuel the way that an internal-combustion engine does, so

ated with combustion are not desirable. Instead, heat or mechanical energy can be
converied to electrical form at a distant focation, the energy can be transmitted
over long distances 1o the place where it is to be used, and it can be used cleanly
in any home, office, or factory. Transformers aid this process by reducing the en-
ergy foss between the point of electric power generation and the point of its use,

1.2 A NOTE ON UNITS AND NOTATION

The design and study of electric machines and power systems are among the old-
est areas of ¢lectrical engineering. Study began in the latter part of the nineleenth
century. At that time, electrical units were being standardized internationally, and
these units came to be untversally used by engineers. Volts, amperes, ohms, walts,
and similar units, which are part of the melric system of units, have long been
used to describe electrical quantities in machines.

In English-speaking countries, though, mechanical quantities had tong been
measured with the English system of units (inches, feet, pounds, etc.), This prac-
tice was followed in the study of machines. Therefore, for many years the electri-
cal and mechanical quantities of machines have been measured with different sys-
tems of units.

In 1934, a comprehensive system of units based on the metric sysiem was
adopted as an international standard. This system of units became known as the
Systeme Internarional (S1) and has been adopled throughout most of the world.
The United States is practically the sole holdout—even Britain and Canada have
switched over to SL

The ST units will inevitably become standard in the United States as time
goes by, and professional societies such as the Institute of Electrical and Elec-
tronics Engineers (IEEE) have standardized on metric units Tor ali work, How-
ever, many people have grown up using English units, and this system will remain
in daily use for a long time, Engineering students and working engineers in the
United States today must be familiar with both sets of units, since they will en-
counter both throughout their professional lives. Therefore, this book includes
problems and examples using both SIand English units. The emphasis in the ex-
amples is on 51 units, but the older system is not entirely neglected.

Notation

In this book, vectors, electrical phasors, and other complex values are shown in
bold face (e.g., F), while scalars are shown in italic face (e.g., R). In addition, a
special font is used Lo represent magnetic quantities such as magnetomotive force

(e.g.. .
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1.3 ROTATIONAL MOTION, NEWTON’S
LAW, AND POWER RELATIONSHIPS

Almost all electric machines rotate about an axis, called the shaft of the machine.
Because of the rotational nature of machinery, it is important to have a basic un-
derstanding of rotational motion. This section contains a brief review of the con-
cepts of distance, velocily, acceleration, Newton's law, and power as they apply to
rotating machinery, For a more detailed discussion of the concepts of rotational
dynamics, see References 2, 4, and 5.

In general, a three-dimensional vector is required to compietely describe the
rotation of an object in space. However, machines normaily turn on a fixed shaft,
so their rotation is restricted to one angular dimension. Relative to a given end of
the machine’s shafi, the direction of rotation can be described as either clockwise
(CW) or counterclockwise (CCW). For the purpaose of this volume, a counter-
clockwise angle of rotation is assumed (o be positive, and a clockwise one is as-
sumexd (o be negative. For rotation about a fixed shaft, all the concepts in (his sec-
tion reduce to scalars,

Each major concept of rotational motion is defined below and is related to
the corresponding idea from linear motion.

Angular Position 6

The angular position @ of an object is the angle at which it is oriented, measured
from some arbitrary reference point, Angular position is usually measured in
radians or degrees. It corresponds to the linear concept of distance along a line.

Angular Velocity o

Angular velocity (or speed) is the rate of change in angular position with respect
to time. It is assumed positive if the rotation is in a counlerclockwise direction.
Angular velocity is the rotational analog of the concept of velocity on a line. One-
dimensional linear velocity along a line is defined as the rate of change of the dis-
placement along the line () with respect to time

_dr
L

dt (-1

Similarly, angular velocity o is defined as the rate of change of the angular dis-
placement § with respect o time.

de

=% (1-2)

w
If the units of angular position are radians, then angular velocity is measured in ra-
dians per second.,

In dealing with ordinary electric machines, engineers often use units other
than radians per second to describe shaft speed. Frequently, the speed is given in
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revolutions per second or revolutions per minute. Because speed is such an im-
portant quanlity in the study of machines, it is customary to use diflerent symbols
for speed when it is expressed in different units, By using these ditferent symbols,
any possible confusion as to the units intended is minimized. The folowing sym-
bols are used in this book to describe angular velocity:

@y, angular velocity expressed in radians per second
I angular velocity expressed in revolutions per second
. angular velocity expressed in revolutions per minute

The subscript m on these symbols indicates a mechanical quantity, as opposed (o
an electrical guantity. If there is no possibility of confusion between mechanical
and electrical quantities, the subscript is often left out.

These measures of shaft speed are related to each other by the following
equations:

n, = 60f, {1--3a)
) -
Jn = 30 (1-3b)

Angular Acceleration o

Angular acceleration is the rate of change in angular velocity with respect to time.
It is assumed positive if the angular velocily i3 increasing in an algebraic sense,
Angular acceleration is the rotational analog of the concept of acceleration on a
line. Just as one-dimensional linear acceleration is defined by the equation

-
S 4=
angular acceleration is defined by
_dw
a="r (1-5)

If the units of angular velocity are radians per second, then angwlar acceleration is
measured in radians per second squared.

Torque »

In linear motion, a force applied (o an object causes its velocity 1o change. In the
absence of a net force on the object, its velocity is constant. The greater the force
applied to the object, the more rapidly its velocity changes,

There exists a similar conceplt tor rotation. When an object is rotating, its
angular velocity is constant unless a forgue is present on il. The greater the torque
on the object, the more rapidly the angular velocity of the object changes.

What is torque? It can loosely be called the “twisting force” on an object.
Intuitively, torque is fairly easy 1o understand, Imagine a cylinder that is free to
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"
=0 Torque is counterclockwise

Torque is zero

(a) (b}

FIGURE 1-1
{a) A force applied to a cylinder so that it passes through the axis of rotation. v = 0. (b} A force
appiied to a cylinder so that its line of action misses the axis of rotation. Here 1 is counterclockwise.

rotale about its axis. If a force is applied to the cylinder in such a way that s line
of action passes through the axis (Figure 1-1a), then the cylinder will not rotate.
However, if the same force is placed so that its line of action passes to the right of
the axis (Figure 1-1b), then the cylinder will tend (o rolate in a counterciockwise
direction. The torque or twisting action on the cylinder depends on (1) the magni-
tude of the applied force and (2) the distance between the axis of rolation and the
line of action of the force.

The torque on an object is defined as the product of the force applied 1o the
object and the smallest distance between the line of action of the {orce and the ob-
ject’s axis of rotation. If 1 1s a vector pointing from the axis of rotation to the point
of application of the force, and if F is the applied force, then the torgue can be de-
scribed as

7 = {force applied) perpendicular distance)

= (F) {rsin 8)
= rFsin 8 {1-60)

where 8 is the angle between the vector r and the vector F. The direction of the
torque is clockwise if it would tend to cause a clockwise rotation and counter-
clockwise if it would lend 10 cause a counterclockwise rotation (Figure 1-2).

The units of torque are newton-meters in ST units and pound-feet in the Eng-
lish system.
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rsin(18¢° - 8) = rsind

7 = {perpendicular distance} {force)
FIGURE 1-2

Derivation of the equatlion for the torque
on an object.

r = {r sin §)F, counterclockwise

Newton’s Law of Rotation

Newton’s law for objects moving along a straight line describes the relationship
between the force applied 10 an object and its resulting acceleration. This rela-
tionship is given by the equation

F = ma {17}

where
F = net force applied to an object
m = mass of the object
a = resulting acceleration

In SI units, force is measured in newtons, mass in kilograms, and acceleration in
meters per second squared. In the English system, force is measured in pounds,
mass in slugs, and acceleration in feet per second squared.

A similar equation describes the relationship between the lorque applied to
an object and its resuliing angular acceleration. This relationship. called Newton's
faw of rotation, 1s given by the equation

7= Ja {(1-8)

where 7 is the net applied torque in newton-meters or pound-feet and « 1s the re-
sulting anguiar acceleration in radians per second squared. The term J serves the
same purpose as an object’s mass in linear molion. It is called the moment of
inertia of the object and 1s measured in kilogram-meters squared or slug-feel
squared. Calculation of the moment of inertia of an object is beyond the scope of
this book. For information about it see Ref. 2.
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Work W

For linear motion, work is defined as the application of & force through a distance.
In equation form,

ijpm (1-9)

where it is assumed that the force is collinear with the direction of motion. For the
special case of a constant force applied collinearly with the direction of motion,
this equation becomes just

W=Fr {1-10)
The units of work are joules in SI and foot-pounds in the English system.

For rotational motion, work is the application of a forque through an angle.
Here the equation for work 18

W=J7d6 (I-11)

and if the torque is constant,
W = 70 (1-12)

Power P

Power is the rate of doing work, or the increase in work per vnit time. The equa-
tion for power is

_aw
T odr

It 1s usually measured in joules per second (watts), but also can be measured in
foot-pounds per second or in horsepower.

By this definition, and assuming that force is constant and collinear with the
direction of motion, power is given by

P (1-13)

AW _d o pfdr) -
P = @ (Fry= F(dt) = Fy (1-14)
Similarly, assuming constant torque, power in rotational motion is given by
=dW_4d 0= ,90) =
P=a=a™= T(dr) -
P= 10 {(1-15)

Equation (1-13) is very important in the study of electric machinery, because it
can describe the mechanical power on the shaft of a motor or generator.

Equation (1-15) is the correct relationship among power, torque, and speed if
power is measured in walits, torque in newton-meters, and speed in radians per se¢-
ond. If other unils are used 1o measure any of the above quantities, then a constant
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must be introduced into the equation for unit conversion factors. It is still common
in 1.5, engineering practice (o measuse torque in pound-feet, speed in revolutions
per minute, and power in either watts or horsepower, If the appropriate conversion
factors are included in each term, then Equation (1-135) becomes

P (watts) = “]Mt.;_g fm"") (1-16)
P (horsepower) = r(lb«f;)zz;rfmm) (1-17)

where torque 1s measured in pound-feet and speed is measured in revolutions per
minute.

1.4 THE MAGNETIC FIELD

As previously stated, magnetic ficlds are the fundamental mechanism by which en-
ergy is converted from one form to another in motors, generators, and transform-
ers. Four basic principles describe how magnetic fields are used in these devices:

1. A current-carrying wire produces a magnetic field in the area around it.

2. Atime-changing magnetic field induces a voltage in a coil of wire if it passes
through that coil. (This is the basis of transformer action.)

3. A current-carrying wire in the presence of a magnetic field has a force in-
duced on it. (This is the basis of motor action.)

4. A moving wire in the presence of a magnelic field has a voltage induced in it
(This is the basis of generator action.)

This section describes and elaborates on the production of a magnetic field by a
current-carrying wire, while later sections of this chapter explain the remaining
three principles.

Production of a Magnetic Kield

The basic law governing the production of a magnetic field by a current is
Ampere’s law:

$H-d1=1,, (1-18)

where H is the magnetic field intensity produced by the current 1., and df is a dif-
ferential element of length along the path of integration. In Si units, /is measured
in amperes and H is measured in ampere-turns per meter. To betler understand the
meaning of this equation, it is helpful to apply it to the simple example in Figure
1-3. Figure 1-3 shows a rectangular core with a winding of N turns of wire
wrapped about one leg of the core. If the core is composed of iron or certain other
similar metals (collectively called ferromagnetic materials), essentially all the
magnetic field produced by the current will remain inside the core, so the path of
integration in Ampere’s law is the mean path length of the core /.. The current
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FIGURE 1-3
A simple magnetic core.

passing within the path of integration I, is then N, since the coil of wire cuts the
path of integration N times while carrying current i, Ampere’s law thus becomes

HI, = Ni (1-19)

Here H is the magnitude of the magnetic field intensity vector H. Therefore, the
magnitude of the magnetic field infensity in the core due to the applied current is

H= % (1-20)

The magnetic field intensity H is in a sense a measure of the “effort” that a
current is putting info the establishment of a magnetic field, The strength of the
magnetic field flux produced in the core also depends on the material of the core.
The relationship between the magnetic field intensity H and the resulting mag-
netic flux density B produced within a material is given by

B = uH (121

where
H = magnetic field intensity
# = magnetic permeability of malerial
B = resulting magnetic flux density produced

The actual magnetic flux density produced in a piece of material is thus
given by a product of two terms:

H, representing the effort exerted by the current to eslablish a magnetic
field

j¢. representing the relative ease of establishing a magnetic field in a given
material
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The units of magnetic field intensity are ampere-turns per meter, the units of per-
meability are henrys per meter, and the units of the resulting flux densily are
webers per square meter, known as teslas (T).

The permeability of free space is called pg, and its value is

B = dar X 1077 Him (1-22)

The permeability of any other material compared to the permeability of free space
is called its relative permeability:

=4 (1-23)

Relative permeability is a convenient way (o compare the magnetizability of
materials. For example, the steels used in modern machines have relative perme-
abilities of 2000 to 6000 or even more. This means that, for a given amount of
current, 2000 to 6000 times more flux is established in a piece of steel than in a
corresponding area of air. (The permeability of air is essentially the same as the
permeability of free space.) Obviously, the metals in a transtormer or motor core
play an extremely imporiant part in increasing and concentrating the magnetic
flux in the device.

Also, because the permeability of iron is so much higher than that of air, the
great majority of the flux in an iron core like that in Figure 1--3 remains inside the
core instead of traveling through the surrounding air, which bas much lower per-
meability. The smail leakage flux that does leave the iron core is very important
in determining the flux linkages between coils and the self-inductances of coils in
transformers and motors,

In a core such as the one shown in Figure -3, the magnitude of the flux
density is given by

B=uH= “’ZM (1-24)
Now the tolal flux in a given area 18 given by
qs::f B+ dA (1-25a)
A

where dA is the differential unit of area, If the flux density vector is perpendicu-
lar 1o a plane of area A, and if the flux density is constant throughout the area, then
this equation reduces lo
¢ =BA (1-23b)
Thus, the total flux in the core in Figure 1-3 due to the current i in the wind-
ing is
iA
QS = BA = p.];f

[~

(1-26)

where A is the cross-sectional area of the core.
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FIGURE 1-4
€a) A simple electric circuil. (b) The magnetic circuit anatog 1o a transformer core,

Magnetic Circuits

In Equation (1-26) we see that the current in a coil of wire wrapped around a core
produces a magnetic flux in the core. This is in some sense analogous to a voltage
in an electric circuit producing a current flow, It is possible to define a “magnetic
circuit” whose behavior is governed by equations analogous to those for an elec-
tric circuit. The magnetic circuit model of magnetic behavior is often used in the
design of electric machines and transformers 1o simplity the otherwise quite com-
plex design process.

In a simple electric circuit such as the one shown in Figure 1-4a, the volt-
age source Vdrives a current f around the circuit through a resistance R. The rela-
tionship between these quantities is given by Ohm’s law:

V= IR

In the electric circnit, it is the voltage or electromotive force that drives the cur-
rent flow. By analogy, the corresponding quantity in the magnetic circuit is called
the magnetomotive force (mmf). The magnetomotive force of the magnetic circuit
is equal 1o the effective current flow applied to the core, or

F = Ni (1-27)

where $F is the symbol for magnetomotive force. measured in ampere-turns.

Like the voltage source in the electric circuil, the magnetomotive force in
the magnetic circuit has a polarity associaled with it. The positive end of the mmf
source is the end from which the flux exits, and the negative end of the mmf
source is the end at which the flux reenters, The polarity of the mmf from a coil of
wire can be determined from a modification of the right-hand rule: if the fingers
of the right hand curl in the direction of the current flow in a coil of wire, then the
thumb will point in the direction of the positive mmt (see Figure 1-5).

In an electric circuit, the applied voltage causes a current f to flow. Simi-
larly, in a magnetic circuit, the applied magnetomotive force causes flux ¢ to be
produced. The relationship between voltage and current in an electric circuit is
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FIGURK 1-8
Determining the polarity of a magnetomotive force source in a magnetic circuit,

Ohm's law (V = IR); similarly, the relationship between magnetomotive force and
flux is

F=¢dR {1-28)

where

& = magnetomotive force of circuit

¢ = flux of circuit

R = reluctance of circuit
The reluctance of a magnetic circuit is the counterpart of electrical resistance, and
its units are ampere-tarns per weber.

There is also a magnetic analog of conductance. Just as the conductance of
an electric circuit is the reciprocal of is resistance, the permeance <P of a magnetic
circuit is the reciprocal of its reluctance:

= = {1-29)

The relationship between magnetomotive force and flux can thus be expressed as
¢ =FP (1-30)

Under some circumstances, it is easier to work with the permeance of a magnetic
circuil than with its reluctance,
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Whal is the reluctance of the core in Figure 137 The resulting flux in this
core is given by Equation (1-26):

e
& mq(lﬂ) (1-31)

By comparing Equation (1-31) with Equation (1-28), we sec that the reluctance
of the core is
I _
R = H (1-32)
Reluctances in a magnetic circuit obey the same rules as resistances in an electric
circuit. The equivalent reluctance of a number of reluctances in series is just the
sum of the individual reluctances:

Reg =R+ R+ Ry + - - (1-33)
Similarly, reluctances in paraliel combine according to the equation

1 1 i 1 s
— = — + — + — + P E “"’“34
C'ch Cpl sz CQS { )

Permeances in series and paraliel obey the same rules as electrical conductances.

Calculations of the flux in a core performed by using the magnetic circuit
concepts are gways approximations—ali best, they are accurate to within about
3 percent of the real answer. There are a number of reasons for this inherent
inaccuracy:

I. The magnetic circuit concept assumes that all flux is conlined within a mag-
netic core. Unfortunately, this is not guite true. The permeability of a ferro-
magnelic core is 2000 to 6000 times that of air, but a smakl fraction of the flux
escapes from the core into the surrounding low-permeability air. This flux
outside the core is called leakage flux, and it plays a very important role in
electric machine design.

2. The calculation of reluctance assumes a certain mean path length and cross-

sectional area for the core. These assumptions are not really very good, espe-

cially at corners.

In ferromagnetic materials, the permeability varies with the amount of flux

already in the material. This nonlinear effect is described in detail, It adds yet

another source of error (o magnetic circuit analysis, since the reluctances used
in magnelic circuit calculations depend on the permeability of the material.

w



14  BLECTRIC MACHINERY FUNDAMENTALS
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FIGURE 1-6

The fringing effect of a magnetic field at an air gap. Note
the increased cross-sectional area of the air gap compared
with the cross-sectional area of the metal,

4. If there are air gaps in the flux path in a core, the effective cross-sectional
area of the air gap will be larger than the cross-sectional area of the iron core
on either side. The extra etfective area is caused by the “fringing effect” of
the magnetic field at the air gap (Figure 1-6).

It is possible o partially offset these inherent sources of error by using a “cor-
rected” or “effective” mean path length and the cross-sectional area instead of the
actual physical length and area in the calculations.

There are many inherent limitations 10 the concept of a magnetic circuit, but
it is still the easiest design tool available for calculating fluxes in practical ma-
chinery design. Exact calculations using Maxwell’s equations are just too difli-
cult, and they are not needed anyway, since satisfactory resulis may be achieved
with this approximate method.

The following examples illusteate basic magnetic circut calculations. Note
that in these examples the answers are given to three significant digits,

Example 1-1. A ferromagnetic core is shown in Figure 1-7a. Three sides of this
core are of uriform width, while the fourth side is somewhat thinner. The depth of the core
{into the page) is 10 cm, and the other dimensions are shown in the figure. There is a 200-
turn coil wrapped around the left side of the core. Assuming relative permeability ., of
25060, how much flux wili be produced by a [-A input current?

Solution
We will solve this problem twice, once by hand and once by a MATL.AB program, and
show that both approaches yield the same answer,

Three sides of the core have the same cross-sectional areas, while the fourth side has
a different area. Thus, the core can be divided into two regions: (1) the single thinner side
and (2) the other three sides taken together. The magretic circuit corresponding to this core
is shown in Figure 1-7b.
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{a) The ferromagnetic core of Example 1-1. (b) The magnetic circnit corresponding 10 (a).
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The mean path length of region 1 is 45 ¢m, and the cross-sectional area is 10 X 10

cem = 100 cm?. Therefore, the reluctance in the first region is
Py = =t (1-32)
'URAL sited o

_ 045 m
(2500)47 X 1077)(0.01 m?)

= 14,300 A » turns/Wh

The mean path leagth of region 2 is 130 cm, and the cross-sectional area is 15 X 10
cm = 150 cm?, Therefore, the reluctance in the second region is

2 b
T HAr tepeds
" 1.3m
(2500)47 % 1077)(0.015 m?)
= 27,600 A » turns/Wb
Therefore, the total refuctance in the core is
R = Ry + %

= 14,300 A« turns/Wb + 27,600 A » turns/'Wb
= 41,900 A « turns/Wb

The total magnetomotive force is

F = Ni = (200 tuens)(1.0 A) = 200 A » turas

2y 1-32)

The total flux in the core is given by

&= S __ 200A-tums
D T 41,900 A * turns/ Wb

== €,0048 Wb

This calculation can be performed by using a MATLAB script file, if desired. A sim-
ple script to calculate the flux in the core is shown below.

% M-file: exi_l.m
% M-file to calculate the flux in Example 1-1.

il = (.45; % Length of region 1

12 = 1.3; % Length of region 2

al = G.01; % Area of region 1

az = 0.015%; % Area of region 2

ur = 2500; % Relative permeability

$0 = 4Fpi*iE-T; % Permeability of free space
n o= 200; % Number of turns on core

i = 1; % Current in amps

% Calculate the first reluctance
rl == 11 / {(ur * ul * ailj;:
digp ({'rl = ' nun2str(rli});

% Calculate the second reluctance
¥z = 12 / (ur * ul * a2):
digp {{'r2 = ' num2setri{r2)});
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% Calculate the total reluctance
rtot = rl + rZ;

% Caiculate the mmf
mnf =n * i,

% Finally, get the flux in the core
flux = mmf / rtot;

% Display result

Gisp ({'Flux = ' num2str(flux)]):

When this program is executed, the results are:

» axk_1

rl = 14323.9449
r2 = 27586.85%68
Flux = 06.004772

This program produces the same answer as our hand calculations to the number of signifi-
cant digits in the problem.

Example 1-2. Figure 1-8a shows a ferromagnetic core whose mean path length is
40 cm. There is a smali gap of 0.05 cm in the structure of the otherwise whole core. The
cross-sectional area of the core is 12 cm?, the relative permeability of the core is 4000, and
the coil of wire on the core has 400 turns. Assume that fringing in the air gap increases the
effective cross-sectional area of the air gap by 5 percent, Given this information, find
(a) the total reluctance of the flux path (iron plus air gap) and (b) the current required to
produce a flux density of 0.5 T in the air gap.

Solution
The magnetic circuit corresponding to this core is shown in Figure 1-8b.

{a) The reluctance of the core is
kL
T BA. wepoA
- 0.4 m
{4000) 47 X 1077%0.002 m?)
= 66,300 A » turns/Wb

The effective area of the air gap is 1.05 X 12 em? = 12.6 cm?, so the reluctance of the air
gap is

R

(1-32)

l
R = oA

{1-32)

_ 0.0005 m
(47 X 10-70.00126 m?)

= 316,000 A « turns/Wb
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FIGURE [-8
{2} The ferromagnetic core of Example 1-2. (b) The magnetic circuit corresponding to {a).

Therefore, the total reluctance of the flux path is

Reg =R+ Ry
= 66,300 A * turns/Wb + 316,000 A » turns/Wb
= 382,300 A « turns/Wb

Note that the air gap costributes most of the reluctance even though it is 800 times shorter
than the core.

(b} Equation (1-28) states that
F = HR (1-28)
Since the flux ¢ = BA and & = N, this equation becomes
Ni = BAQ
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$0
;= BAR
N
(0.5 THO.00126 m?)(383,200 A » turns/ Wh)
400 turns
= 0.602 A

Notice that, since the air-gap flux was required, the effective air-gap area was used in the
above equation.

Example 1-3. Figure 1-9a shows a simplified rotor and stator for a de motor. The
mean path length of the stator is 50 cm, and its cross-sectionat area is 12 em?. The mean
path length of the rotor is 5 cm, and its cross-sectional area also may be assumed to be
12 em2 Each air gap between the rotor and the stator is 0.05 ¢m wide, and the cross-
sectional area of each air gap (inchuding fringing) is 14 cm?. The iron of the core has arel-
ative permeability of 2000, and there are 200 wrns of wire on the core. If the current i the
wire is adjusted to be 1 A, what wil} the resulting flux density in the air gaps be?

Solution
To determine the flux density in the air gap, it 18 necessary to first calculate the magneto-
motive force applied to the core and the total reluctance of the flux path. With this infor-
mation, the total flux in the core can be found. Finally, knowing the cross-sectional area of
the air gaps enables the flux density to be calculated.

The reluctance of the stator is

A
My oA,

Ry

_ O05m
(200014 X 1077X0.0012 m?)
= 166,000 A » turns/Wb

The reluctance of the rotor is

’ o pioA,

_ 0.05m
(2000¥47 X 1077%0.0012 m?)
= 16,600 A * lurns/Wh

The reluctance of the air gaps is
la
R, =
JIBETAV.

_ 0.0005 m
(DY@ X 10-7X0.0014 m?)

= 284,000 A » turns/Wb

The magnetic circuit corresponding to this mmachine is shown in Figure 1-9b. The total re-
luctance of the flux path is thus
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FIGURE 1-9
{a) A simplified diagram of 4 rotor and stator for a de motor. (b} The magnetic circuit corresponding
to (a).

Reg = R, + Ry + R, + Ry
= 166,000 + 284,000 + 16,600 + 284,000 A « turns/Wb
= TREQ00 A« turns/Wb

The net magnetomotive force applied to the core is
K = Ni = (200 turns)(1.0 A) = 200 A » turns

Therefore, the total flux in the core is
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b= F_ 200 A « turns
Q@ 751,000 A ¢ turns/ Wb
= 0,00266 Wb

Finally, the magnetic flux density in the motor’s air gap is

Bw—wm————=———m= Q10T

Magnetic Behavior of Ferromagnetic Materials
Earlier in this section, magnetic permeability was defined by the equation
B =uH (i-21)

It was explained that the permeability of ferromagnetic materials is very high, up
t0 6000 times the permeability of free space. In that discussion and in the examples
that followed, the permeability was assumed (o be constant regardiess of the mag-
netomotive force applied to the material. Although permeability is constant in free
space. this most certainly is nof true for iron and other ferromagnetic materials.

To illustrate the behavior of magnetic permeability in a ferromagnetic ma-
terial, apply a direct current to the core shown in Figure 1--3, starting with 0 A and
slowly working up to the maximum permissible current. When the flux produced
in the core is plotted versus the magnetomotive force producing it, the resulting
plot tooks like Figure 1-10a. This type of plot is called a saturation curve or a
magnetization curve. At first, a small increase in the magnetomolive force pro-
duces a huge increase in the resulting flux. After a certain point, though, further
increases in the magnetomotive force produce relatively smaller increases in the
flux. Finally, an increase in the magnetomotive force produces almost no change
at all. The region of this figure in which the curve attens out is called the samu-
ration region, and the core is said to be saturated. In contrast, the region where the
flux changes very rapidly is called the unsaturared region of the curve, and the
core is said 10 be unsaturated. The transition region between the unsalurated re-
gion and the saturated region is sometimes called the knee of the curve. Noie that
the flux produced in the core is linearly related to the applied magnetomotive
force in the unsaturated region, and approaches a constant value regardless of
magnetomotive force in the saturated region.

Another closely related plot is shown in Figure 1-10b. Figure 1-10b is a
plot of magnetic flux density B versus magnetizing intensity H. From Equations
(1-20) and (1-25b},

=7 120
=TT (1=0)
¢ = BA (1-25b)

it is easy to see that magnetizing intensity is directly proportional to magnetomotive
Jorce and magnetic flux density is directly proportional to flux for any given core,
Therefore, the relationship between B and H has the same shape as the relationship
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FIGURE 1-10

{#} Sketch of a de magnetization curve [or a ferromagnetic core. (b) The magnetization curve
expressed in terms of flux density and magnetizing intensity. {c) A detailed magnetization curve fora
typical piece of steel. (d) A plot of relative permeability u, as a function of magnetizing intensity H
for a typical piece of steel.
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FIGURE 1-16
{continued)

between flux and magnetomotive force. The slope of the curve of flux density ver-
sus rnagnetizing intensity at any value of H in Figure 1-10b is by definition the per-
meability of the core at that magnetizing intensity. The curve shows that the perme-
ability is large and relatively constant in the unsaturated region and then gradually
drops to a very low value as the core becomes heavily saturated.

Figure 1-10¢ i3 a magnetization curve for a typical piece of steel shown in
more detail and with the magnetizing intensity on a logarithmic scale, Only with
the magnetizing intensity shown logarithmically can the huge saturation region of
the curve fit onlo the graph.

The advantage of using a ferromagnetic material for cores in electric ma-
chines and transformers is that one gets many times more flux for a given magne-
tomotive force with iron than with air. However, if the resulting flux has to be pro-
portional, or nearly so, to the applied magaetomotive force, then the core must be
operated in the unsaturated region of the magaetization curve,

Since real generators and motors depend on magnetic flux to produce volt-
age and torque, they are designed to produce as much flux as possible. As a result,
most real machines operate near the knee of the magnetization curve, and the flux
in their cores is not linearly related 1o the magnetomotive force producing it. This
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nonlinearity accounts for many of the peculiar behaviors of machines that wiil be
explained in future chapters. We will use MATLAB to calculate solutions to prob-
lems involving the nonlinear behavior of real machines.,

Example 1-4. Find the relative permeability of the typical ferromagnetic material
whose magnetization curve is shown in Figure -10c at (a) H = 50, (b) H = 100, (¢) H =
500, and (d) H = 1000 A = turns/m.

Solution
The permeability of a material is given by

and the relative permeability is given by

B = g (1-23)

Thus, it is easy to determine the permeability at any given magnetizing iniensity.
{a) AtH = 50 A«turns/m, B = 025T, so

and
_u _ 00050Hm _
b= dm X 10 Hm 0
(b) AtH = 100 A » turns/m, B = 0.72 T. 50
_B___onT
“7H " 100 A » turns/m 0.0072 H/m
and
_ 4 __00072Hm _ _
BT T G X 10~ Hm
{c) AtH = 500 A+«wrns/fm, B = 140 T, s0
A=H 500 A armem _ 0028 H/m
and
_ K& _ _0008HmM _ ...
M= e = T X 10 Hhm 2200
(d) ALH = 1000 A » urns/m, B = 1.51 T, so
_B_ 151 T B
“=H = 1000 A » turns/m _ 0-00131 Him
and
B _000ISIHmM _ 00

Fe ™ e ™ 4 x 107 Him
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Notice that as the magnetizing intensity is increased, the relative perme-
ability first increases and then starts to drop off. The relative permeability of a typ-
ical ferromagnetic material as a function of the magnetizing intensity is shown in
Figure 1-10d. This shape is fairly typical of all ferromagnetic materials. It can
easily be seen from the curve for w, versus H that the assumption of constant rel-
ative permeability made in Examples 1-1 to 1-3 is valid only over a relatively
narrow range of magnetizing intensities (or magnetomotive forces).

In the following example, the relative permeability ts not assumed constant,
Instead, the relationship between B and H is given by a graph.

Example 1-5. A square magnetic core has a mean path length of 55 cm and a cross-
sectional area of 150 cm?. A 200-turn coil of wire is wrapped around one leg of the core. The
core is made of a material having the magnetization curve shown in Figure 1-10c.

{a¢) How much current is required to produce 0.012 Wb of flux in the core?
{b) What is the core’s relative permeabnlity at that current level?
{c) What is its reluctance?

Solution
{a) The required flux density in the core is

From Figure 1--10c, the required magnetizing intensity is
H o= 115 A« turns/m

From Equation (1-20), the magnetomotive force needed to produce this magnetizing in-
tensity is
F = Ni = HI.
= {115 A+ turns/m)(0.55 m) = 63.25 A » turns

$0 the required current is

¥ 63.25 A «turns

{SNT T 300wrms 0164
{b) The core’s permeability at this current is
_B___08T _
P=HTTI5A « turas/m 200696 H/m

Therefore. the relative permeability is

“ 0.060696 H/m

A T X 10- Wm0
{c) The reluctance of the core is
P=F_GBLALWNS _ c0zn o\ uensiWh

¢ 0.012Wb
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FIGURE 1-11
The hysteresis ioop traced out by the flux in a core when the current if#} is applied to it.

Energy Losses in a Ferromagnetic Core

Instead of applying a direct current to the windings on the core, let us now apply
an alternating current and observe what happens. The current 1o be applied is
shown in Figure 1-11a. Assume that the flux in the core is initially zero. As the
current increases for the first time, the flux in the core traces out path ab in Figure
I—11b. This is basically the saturation curve shown in Figure 1-10. However,
when the current falls again, the flux traces out a different path from the one it fol-
lowed when the current increased. As the current decreases, the flux in the core
traces out path bed, and later when the current increases again, the flux traces out
path deb. Notice that the amount of flux present in the core depends not only on
the amount of current applied to the windings of the core, but also on the previous
history of the flux in the core. This dependence on the preceding flux history and
the resulting failure (o retrace flux paths is called hysteresis. Path bedeb traced out
in Figure 1-11b as the applied current changes is called a hysreresis loop.
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FIGURE 1-12
(a) Magnetic domains oriented randomly, (b) Magnetic domains lined up in the presence of an
external magnetic field.

Notice that if a large magnetomotive force is first applied to the core and
then removed, the flux path in the core will be abc. When the magnetomotive
force is removed, the flux in the core does not go to zero. Instead, a magnetic field
is left in the core. This magnetic field is called the residual flux in the core. Itis in
precisely this manner that permanent magnets are produced. To force the flux to
zero, an amount of magnetomotive force known as the coercive magnetomotive
force . must be applied to the core in the opposite direction.

Why does hysteresis occur? To understand the behavior of ferromagnetic
materials, it is necessary to know something about their structure. The atoms of
iron and similar metals (cobalt, nickel, and some of their alloys) tend to have their
magnetic fields closely aligned with each other. Within the metal, there are many
small regions called domains. In cach domain, all the atoms are aligned with their
magnetic fields pointing in the same direction, so each domain within the material
acts as a small permanent magnet, The reason that a whole block of iron can ap-
pear to have no flux is that these numerous Hiny domains are oriented randomly
within the material. An example of the domain structure within a piece of ron is
shown in Figure 1-12.

When an external magnetic field is applied to this block of iron, it causes do-
mains that happen to point in the direction of the field to grow at the expense of
domains pointed in other directions. Domains pointing in the direction of the mag-
netic field grow because the atoms al their boundaries physically switch orientation
to align themselves with the applied magnetic field, The extra atoms aligned with
the field increase the magnetic flux in the iron, which n turp causes more atoms (o
switch orientation, further increasing the strength of the magnetic field. It is this pos-
itive feedback effect that causes iron to have a permeability much higher than air.

As the strength of the external magnetic field continues to increase, whole
domains that are aligned in the wrong direction eventually reorient themselves as




28 ELECTRIC MACHINERY FUNDAMENTALS

a unit to line up with the field. Finally, when nearly all the atoms and domains in
the iron are lined up with the external field, any further increase in the magneto-
motive force can cause only the same flux increase that it would in free space.
{Once everything is aligned, there can be no more feedback effect to strengthen
the field.) At this point, the iron is saturated with flux. This is the situation in the
saturated region of the magnetization curve in Figure 110,

The key to hysteresis is that when the external magnetic field is removed,
the domains do not completely randomize again. Why do the domains remain
lined up? Because turning the atoms in them requires energy. Originally, energy
was provided by the external magnetic field to accomplish the alignment; when
the field is removed, there is no source of energy to cause all the domains to rolate
back. The piece of iron is now a permanent magnet.

Once the domains are aligned, some of them will remain aligned until a
source of external energy is supplied to change them. Examples of sources of ex-
ternal energy that can change the boundaries between domains and/or the align-
ment of domains are magnetomative force applied in another direction, a large
mechanical shock, and heating. Any of these events can impart energy to the do-
mains and enable them to change alignment. (1t is for this reason that a permanent
magnet can lose its magnetism if it is dropped, hit with a hammer, or healed.)

The fact that turning domains in the iron requires energy leads to a common
type of energy loss in all machines and transformers. The hysteresis toss in an iron
core is the energy required to accomplish the reorientation of domains during each
cycle of the alternating current applied 1o the core. It can be shown that the area
enclosed in the hysteresis loop formed by applying an alternating current to the
core 18 directly proportional to the energy lost in a given ac cycle. The smatler the
applied magnetomotive force excursions on the core, the smaller the area of
the resulting hysteresis loop and so the smaller the resulting losses. Figure 1-13
illustrates this point.

Another type of loss should be mentioned at this point, since it is also
-aused by varying magnetic ficlds in an iron core. This loss is the eddy current
loss. The mechanism of eddy current losses 1s explained later after Faraday's law
has been introduced. Both hysteresis and eddy current losses cause heating in the
core malerial, and both losses must be considered in the design of any machine or
transformer. Since both losses occur within the metal of the core, they are usually
lumiped together and called core losses.

1.5 FARADAY’S LAW—INDUCED VOLTAGE
FROM A TIME-CHANGING MAGNETIC
FIELD

So far, attention has been focused on the production of a magnetic lield and on its
properties. It is now time to examine the various ways in which an existing mag-
netic field can affect its surroundings.

The first major effect to be considered is called Faraday's law. 1t is the ba-
sis of transformer operation. Faraday’s law stales that if a flux passes through a
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The effect of the size of magnetomotive force excursions on the magnitude of the hysteresis loss,

turn of a coil of wire, a voliage will be induced in the turn of wire that is directly
proportional to the rate of change in the flux with respect to time. In eguation
form,
d¢

€ing = T ¢ {1-35)
where e, is the voltage induced in the turn of the coil and ¢ is the flux passing
through the turn. If a coil has N turns and if the same flux passes through all of
them, then the voltage induced across the whole coil is given by

d .
€ing ™ — d_(f (1-36)

where
€5 = vollage induced in the coil
N = number of turns of wire in coil
¢ = flux passing through coil

The minus sign in the equations is an expression of Lenz's law. Lenz's law states
that the direction of the voltage buildup in the coil is such that il the coil ends
were short circuited, it would produce current that would cause a flux apposing
the original flux change. Since the induced voltage opposes the change that causes
it, a minus sign is included in Equation (1-36). To understand this concept clearly,
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The meaning of Len’s law: {a) A coil enclosing an increasing magnetic flux. (b) determining the
resulting voltage polarity.

examine Figure 114, If the flux shown in the figure is increasing in sirength, then
the voltage built up in the coil will tend (o establish a flux that will oppose the in-
crease. A current flowing as shown in Figure 1-14b would produce a flux oppos-
ing the increase, so the voltage on the coll must be built up with the polarity re-
quired to drive that current through the external circuit. Therefore, the voltage
must be built up with the polarity shown in the figure. Since the polarity of the re-
sulting voltage can be determined from phiysical considerations, the minus sign in
Equations (1-33) and (1-36) is often left out, 1t is left out of Faraday’s law in the
remainder of this book.

There is one major difficulty involved in using Equation (1-36) in practical
problems. That equation assumes that exactly the same {lux is present in each turn
of the coil. Unfortunately, the flux leaking out of the core into the surrounding air
prevents this from being true. If the windings are tightly coupled, so that the vast
majority of the flux passing through one turn of the coil does indeed pass through
all of them, then Equation (1--36) will give valid answers, Bul if leakage is quite
high or if extreme accuracy is required, a difterent expression that does not make
that assumption will be needed. The magnitude of the voltage in the ith turn of the
coil is always given by

_didy)

€oa = (1-37)

If there are N turns in the coil of wire, the total voltage on the coil is

s = > € {1-38)
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_ 5 d(dy) |

=2 (1-39)
d & .

= = ; -4
- (2‘, cb) (1-40)

The term in parentheses in Equation (1—40) 1s called the flux linkage A of the coil,
and Faraday’s law can be rewritien in terms of flux linkage as

e = 2 (1-41)
N

where A= D¢ (1-42)
i= |

The units of flux linkage are weber-turns.

Faraday’s faw is the fundamental property of magnetic fields involved in
transformer operation. The effect of Lenz’s law in transformers 18 to predict the
polarity of the voltages induced in transformer windings.

Faraday’s law also explains the eddy current losses mentioned previously.
A time-changing flux induces voltage within a ferromagnetic core in just the same
manner as it would in a wire wrapped around that core. These voltages cause
swirls of current to flow within the core, much like the eddies seen at the edges of
ariver. It is the shape of these curvents that gives rise to the name eddy currents.
These eddy currents are flowing in a resistive material (the iron of the core), so
energy is dissipated by them. The lost energy goes into heating the iron core.

The amount of energy lost to eddy currents is proportional to the size of the
paths they foliow within the core. For this reason, it is customary to break up any
ferromagnetic core that may be subject to alternating fluxes into many small
strips, or laminations, and to build the core up out of these strips. An insulating
oxide or resin is used between the strips. so that the current paths for eddy currents
are limited to very small areas, Because the insulating layers are extremely thin,
this action reduces eddy current losses with very little effect on the core’s mag-
netic properties. Actual eddy current losses are proportional to the square of the
lamination thickness, so there is a strong incentive to make the laminations as thin
as economically possible.

Example 1-6. Figure 1-135 shows a coil of wire wrapped around an iron core, If
the flux in the core is given by the equation

¢ = 0.05 sin 377t Wb

If there are 100 turns on the core, what voliage is produced at the terminals of the coil?
Of what polarity is the voltage during the time when flux is increasing in the reference
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FIGURE 1-15
The core of Example 1-6. Determination of the voltage polarity at the terminals is shown.

direction shown in the figure? Assume that all the magnetic flux stays within the core (i.e.,
assume that the flux leakage is zero).

Solution
By the same reasoning as in the discussion on pages 29-30, the direction of the voltage
while the flux is increasing in the reference direction must be positive to negative, as shown
in Figure 1-15. The magnitude of the voltage 1s given by

d
Ciod = “‘}S?”

= (100 turns) % (0.05 sin 3771
= 1885 cos 377t

or alternatively,
e = 1885 sin(377¢ +90°) V

1.6 PRODUCTION OF INDUCED FORCE
ON A WIRE

A second major effect of a magnetic field on its surroundings is that it induces a
force on a current-carrying wire within the field. The basic concepl involved is il-
lustrated in Figure 1-16, The figure shows a conductor present in a uniform mag-
netic field of flux density B, pointing into the page. The conductor itself is / me-
ters long and contains a current of { amperes. The force induced on the conductor
is given by

F =il xB) (1-43)
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where

i = magnitude of current in wire
I = length of wire, with direction of | defined 1o be in the direction of
current flow
B = magnetic flux density vecior

The direction of the force 18 given by the right-hand rule: If the index finger of the
right hand points in the direction of the vector F and the middle finger points in the
direction of the flux density vector B, then the thumb points in the direction of
the resultant force on the wire. The magnitude of the force is given by the equation

F=i{Bsin 6 {1-44)

where @is the angle between the wire and the flux density vector.

Example 1.7, Figure 1-16 shows a wire carrying a current in the presence of a
magnetic field. The magnetic flux density is 0.25 T, directed into the page. If the wire is
1.0 m long and carries 0.5 A of current in the direction from the top of the page to the bot-
tom of the page, what are the magnitude and direction of the force induced on the wire?

The dif;;?i‘;:}gf the force is given by the right-hand rule as being to the right. The magni-
tude is given by
F=ilBsin @ (1-44)
= (0.5 AXELOmY0.25 T)sin 90° = 0.125 N
Therefore,

F = 0,125 N, directed to the right

The induction of a force in a wire by a current in the presence of a magnetic
field is the basis of motor action. Almost every type of molor depends on this
basic principle for the forces and torques which make it move.,
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1.7 INDUCED VYOLTAGE ON A CONDUCTOR
MOVING IN A MAGNETIC FIELD

There is a third major way in which a magnetic field interacts with i1s surround-
ings. If a wire with the proper orienlation moves through a magnetic field, a volt-
age 1s induced in it This idea is shown in Figure 117, The voltage induced in the
wire is given by

g =(vX B)el (1-45)

where
v = velocity of the wire
B = magnetic flux density vector
1 = length of conductor in the magnetic field

Vector 1 points along the direction of the wire toward the end making the smallest
angle with respect to the vector v X B. The voltage in the wire will be buiit up so
that the positive end is in the direction of the vector v X B. The foliowing exam-
ples tllustrate this concept.

Example 1-8. Figure 1-17 shows a conductor moving with a velocity of 5.0 m/s
to the right in the preseace of a magnetic field. The flux density is 0.5 T into the page, and
the wire 1s 1.0 m in length, oriented as shown., What are the magnitude and polarity of the
resulting induced voltage?

Solution
The direction of the quantity v X B in this example is up. Therefore, the voltage on the con-
ductor will be built up positive at the top with respect to the bottom of the wire. The direc-
tion of vector | is up, so that it makes the smallest angle with respect to the vector v X B.
Since v is perpendicular to B and since v X B is parallel to 1, the magnitude of the
induced voltage reduces to

Cig ™ (VX B)e] {(1-45)
= (vB sin 90°) f ¢cos O°
= vBI
= (5.0 mV/s 0.5 TX1.0 m)
= 25V

Thus the induced voltage is 2.5 V, positive at the top of the wire.

Exampile 1.9, Figure 118 shows a conductor moving with a velocity of 10 m/s
to the right in a magnetic field. The flux density is 0.3 T, out of the page, and the wire is
1.0 m mn length, oriented as shown. What are the magnitude and polarity of the resulting
induced voltage?

Solution
The direction of the quantity v X B is down. The wire is not oriented on an up-down line,
so choose the direction of 1 as shown to make the smallest possible angle with the direction
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FIGURE 118
The conductor of Example 1-9.

of v X B. The voliage is positive at the botlom of the wire with respect 10 the top of the
wire, The magnitude of the voltage is

Cg = (v X B)-1 (1-45)
= (VR sin 90°) | cos 30°
= (1.0 m/sX0.5 T)(1.0 m) cos 30°
= 4,33V

The induction of voltages in a wire moving in a magoetic field is funda-
mental to the operation of all types of generators. For this reason, it is called gen-
erator action.
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FIGURE 1-19

A linear dc machipe. The magnetic field points into the page.

1.8 THE LINEAR DC MACHINE—A SIMPLE
EXAMPLE

A linear dc machine is about the simplest and easiest-to-understand version of a
de machine, yet it operates according (o the same principles and exhibits the same
behavior as real generators and motors. It thus serves as a good starting point in
the study of machines.

A linear de machine is shown in Figure 1-19. It consists of a battery and a
resistance connected through a switch to a pair of smooth, frictionless raiis. Along
the bed of this “railroad track™ is a constant, uniform-density magnetic tield di-
rected into the page. A bar of conducting metal 1s lying across the tracks.

How does such a strange device behave? Its behavior can be determined
from an application of four basic equations to the machine. These equations are

1. The equation for the force on a wire in the presence of a magnetic field:

F=ilXB) (1-43)

where  F = force on wire
i = magnitude of current in wire
I = length of wire, with direction of | defined to be in the direction
of current flow
B = magnetic flux density vector
2. The equation for the voitage induced on a wire moving in a magnetic fickd:

ey = (VX B)el (1-45)

where  e,4 = voltage induced in wire
v = velocity of the wire
B = magnelic flux density vector
I = length of conducior in the magnetic field
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FIGURE 120
Starting a linear dc machine.

3. Kirchhoff’s volitage law for this machine. From Figure 1-19 this law gives
VB - (R - Cipg ™ 0

Vp=e¢,  +iIR=0 {1-46)

4. Newton's law for the bar across the tracks:

Fnet — ma (1-7)

We will now explore the fundamental behavior of this simple dc machine
using these four equations as tools.

Starting the Linear DC Machine

Figure 120 shows the linear d¢ machine under starting conditions. To start this
machine, simply close the switch. Now a current flows in the bar, which is given
by Kirchhoff’s voliage law:
Vg™ €ing
R 1-47

7 (1-47)
Since the bar is initially al rest, e,4 = 0, 50 { = Vy/R. The current flows down
through the bar across the (racks. But from Equation (1-43), a current flowing
through a wire in the presence of a magnetic field induces a force on the wire. Be-
cause of the geometry of the machine, this force is

F.,=ilB  1otheright (1-48)

1
Therefore, the bar will accelerate 10 the right (by Newton’s law), However,
when the velocity of the bar begins to increase, a voltage appears across the bar.
The voltage is given by Equation (1-45), which reduces for this geomelry to
e, = VBI positive upward (1-49)

The voltage now reduces the current flowing in the bar, since by Kirch-
hoff’s voltage law
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v(n}

Val
Bi

{a)

in {h)

Y%B FIGURE 1-21

The linear d¢ machine on starting,

{a) Velocity v(¢) as a function of time;

({b) induced voltage €,,,{#}: (C) current i(th
td) (d) induced force Fi (1),

VB - e-de

i = 7

(1-47)
As e, increases, the current { decreases.

The result of this action is that eventually the bar will reach a constant
steady-state speed where the net force on the bar is zero. This will occur when e,
has risen all the way up to equal the voltage Vp. At that time, the bar will be mov-
ing at a speed given by

Vsmeiwﬁvmﬂl
_ e 1-50
vs_ﬁ (_ )

The bar will continue to coast along at this no-load speed forever unless some ex-
ternal force disturbs it, When the motor is started, the velocity v, induced voltage
€aa» current ¢, and induced force F;,, are as sketched in Figure 1-21.

To summarize, at starting, the linear dc machine behaves as follows:

1. Closing the swiich produces a current flow i = Vg/R.
2. The current flow produces a force on the bar given by F = ilB.
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FIGURE 122
The linear d¢ machine as a motor.

3. The bar accelerates o the right. producing an induced voltage e,y as it
speeds up.

4. This induced voltage reduces the current flow { = (Vy — e, T)/R.

5. The induced force is thus decreased (F = § 4 IB) until eventually F = 0,
Al that point, ¢4 = Vg, = 0, and the bar moves at a constant no-load speed
v,, = Vg/ Bl

This is precisely the behavior observed in real motors on starting.

The Linear DC Machine as a Motor

Assume that the linear machine is initially running at the no-load steady-state con-
ditions described above. What will happen to this machine if an external load is
applicd 1o it? To find out, let’s examine Figure 1-22. Here, a force ¥, is applied
to the bar opposile the direction of motion. Since the bar was initially al steady
state, application of the force F,y will result in a net force on the bar in the direc-
tion opposite the direction of motion (F, = Fi.4 — Fiua). The effect of this force
will be to slow the bar. But just as soon as the bar begins to slow down, the in-
duced voltage on the bar drops (e,,4 = v{BI). As the induced voltage decreases,
the current flow in the bar rises:

il = e 00 (1-47)

Therefore, the induced force rises too (Fy = i1/B). The overall result of this
chain of events is that the induced force rises until it is equal and opposite to the
load force, and the bar again travels in steady state, but at a fower speed. When a
load is attached to the bar, the velocity v, induced vollage €,,4, current /, and in-
duced force Fj4 are as sketched in Figure 1-23,

There is now an induced force in the direction of motion of the bar, and
power is being converted from electrical form to mechanical form to kKeep the bar
moving. The power being converted is



40 ELECTRIC MACHINERY FUNDAMENTALS

v(H
Vo ..
T&}“ \
0 i i | :
{a)
€ina (D
O i 3 1 ’
i(n {b}
£l
Bi
{) i i |
!
Fing(D te)
FIGURE 1-23
Floaa ' The linear de machine operating 4t no-load
conditions and then loaded as a motor,
0 : : . (a) Velocity v(¢) as a function of time;
I (b) induced voitage e,,,{1), (c) current i(1h
) (i) induced force Fipgft).
PconvzeindizFindv (]_5}}

An amount of electric power equal to ¢,47 is consumed in the bar and is replaced
by mechanical power equal to F4v. Stnce power is converted from electrical to
mechanical form, this bar is operating as a motor.

To summarize this behavior:

1. Aforce K, is applied opposite to the direction of motion, which causes a net
force F,,, opposite to the direction of motion,

2. The resulting acceleration a = F,, /m is negative, so the bar slows down (W),

3. The voltage e,y = v4 Bl falls, and 50 i = (V3 — e, s ¥R increases.

4. The induced force F,, = iTIB increases until |F ind( = |Fpu
speed v.

5. An amount of electric power equal to e, is now being converted to me-
chanical power equal to F,4v, and the machine is acting as a motor.

at a lower

A real de motor behaves in a precisely analogous tashion when it is loaded:
As a load is added to its shafi, the motor begins 1o slow down, which reduces its in-
ternal voltage, increasing its current flow. The increased current flow increases ifs
induced torque, and the induced torque will equal the load torque of the molor ata
new, slower speed.
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FIGURE 1-24
The linear dc machine as a generator.

Note that the power converted from electrical form to mechanical form by
this linear motor was given by the equation P,,, = Fj,4v. The power converled
from electrical form to mechanical form in a real rotating motor is given by the
equation

. (1-52)

where the induced torque 7, 18 the rolational analog of the induced foree Fiy, and
the angular velocity w 1s the rotational analog of the linear velocity v,

The Linear DC Machine as a Generator

Suppose that the linear machine is again operating under no-load steady-state con-
ditions. This time, apply a force in the direction of motion and sce what happens.
Figure 1-24 shows the lincar machine with an applied force F,,, in the di-
rection of motion. Now the applied force will cause the bar 1o accelerate in the
direction of motion, and the velocity v of the bar will increase. As the velocity
increases, e,y = vTBI will increase and will be larger than the battery voltage V.
With e,,4 > V. the current reverses direction and 18 now given by the equation

.G Vs

1= T

Since this current now flows up through the bar. il induces a force in the bar
given hy

{1-53)

Fog=iB  totheleft (1-54)

The direction of the induced force is given by the right-hand rule. This induced
torce opposes the applied force on the bar.

Finally, the induced force will be equal and opposite to the applied force.
and the bar will be moving at a higher speed than before. Notice that now fhe bat-
tery is charging. The lincar machine is now serving as a generalor, converting me-
chanical power F v into electnic power ¢;,4i.

To summarize this behavior:
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1. Aforce F, is applied in the direction of motion, F . is in the direction of
molion.

2. Acceleration @ = F,,/m is positive, so the bar speeds up (v1).

3. The voliage e,y = vTBI increases, and so i = (e,, T-V,)¥R increases.

4. The induced force F, , = iTIB increases until |F,| = |F,,| ata higher
speed v.

5. An amount of mechanical power equal to F4v is now being converted to
electric power e,,4i, and the machine is acting as a generalor.

Again, a real do generator behaves in precisely this manner: A torque s ap-
plied to the shaft in the direction of motion, the speed of the shaft increases, the in-
ternal voltage increases, and current flows out of the generator to the loads. The
amount of mechanical power converted (o electrical form in the real rotating gen-
eralor is again given by Equation (1-52):

Pconv = Tinglo (1_52)

It is interesting that the same machine acts as both motor and generator. The
only difference between the two is whether the externally applied forces are in the
direction of motion (generator) or opposite to the direction of motion {motor).
Electrically, when ¢,y = Vj, the machine acis as a generator, and when g, < Vy,
the machine acts as a motor. Whether the machine is a motor or a generator, both
induced force (motor action) and induced voltage {generator action) are present al
all times. This is generally true of all machines—both actions are present, and it is
only the relative directions of the external forces with respect to the direction of
motion that determine whether the overall machine behaves as a molor or as a
generator.

Another very interesting tact should be noted: This machine was a genera-
tor when it moved rapidly and a motor when it moved more slowly, but whether it
was a motor or a generator, it always moved in the same direction. Many begin-
ning machinery students expect a machine to turn one way as a generator and the
other way as a motor. This does not occur. Instead, there is merely a small change
in operating speed and a reversal of current flow.,

Starting Problems with the Linear Machine

A linear machine is shown in Figure 1-25. This machine is supplied by a 250-V
dc source, and its internal resistance R is given as about 0.10 €). (The resistor R
models the internal resistance of a real do machine, and this is a fairly reasonable
internal resistance for a medium-size dc motor, )

Providing actual numbers in this figure highlights a major problem with ma-
chines (and their simple linear model), At starting conditions, the speed of the bar
i3 zero, 50 ¢,y = 0. The current flow at starling is

san ™ BT 0T Q)
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FIGURE 1-238
The linear dc machine with component values tlustrating the problem of excessive starting current,
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FIGURE 1-26

A linear de machine with an extra series resistor inserted 1o control the starting current,

This current is very high, often in excess of 10 times the rated current of the ma-
chine. Such currenis can cause severe damage to a motor. Both real ac and real de
machines suffer from similar high-current problems on starting.

How can such damage be prevented? The easiest methaod for this simple lin-
¢ar machine 18 (o insert an extra resistance into the circuit during starting (o it
the current flow until e, builds up enough to limit it. Figure 1-26 shows a starl-
ing resistance inserted into the machine circuitry.

The same problem exists in real de machines, and #t is handied in precisely
the same fashion—a resistor is inserted into the motor armature circuit during
starting. The control of high starting current in real ac machines is handled in a
different fashion, which will be described in Chapter &.

Example 1-19. The linear dc machine shown in Figure 1-27a has a battery volt-
age of 120V, an internal resistance of 0.3 (), and a magnetic flux density of 0.1 T,

{a) What is this machine’s maximum starting current? What is its steady-state
velocity at no load?

(b) Suppose that a 30-N force pointing to the right were applied 1o the bar. What
would the steady-state speed be? How much power would the bar be producing
or consurning? How much power would the battery be producing or consuming?
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FIGURE 1-27

The linear dc machine of Example 1-10. (a) Starting conditions: (b} operating as a generator:
{c) operating as a motor.

Explain the difference between these two figures. Is this machine acting as a
motor or as a generator?

{¢) Now suppose a 30-N force pointing to the left were applied to the bar. What would
the new steady-state speed be? Is this machine a motor or a generator now?

(d) Assume that a force pointing to the left is applied to the bar, Calculate speed of
the bar as a function of the force for values from 0 N to 50 N in 10-N steps. Plot
the velocity of the bar versus the applied force.

{e} Assume that the bar is unloaded and that it suddenly runs into a region where the
magnetic field is weakened 10 0.08 T. How fast will the bar go now?

Solution
{a) Atstarting conditions, the velocity of the bar is 0, so ¢, = 0. Therefore,

Vo~ €pa 120V-0V

= 7 = 030 = 400 A




(&)

{c)
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When the machine reaches steady state, F,, = O and ¢ = O. Therefore,

VB = e,y = v BI
Ve
Vssmﬁ

_ 1ov ‘

= OIT0m - 1oms

Refer to Figure 1-27b, If a 30-N force to the right is applied to the bar, the final
steady state will occur when the induced force F,, is equal and opposite to the
applied force F,, 50 that the net force on the bar is zero:
Fyp = Fisa = 4B
Therefore,
Fiag 30N

"TTB T (10mK0.1T)
=30A flowing up through the bar
The mduced voltage e;,s on the bar must be
Epg = Vg + IR
= {20V + (30AX0.3 Q) = {29V
and the final steady-state speed must be
Zing

vﬁs - Brl

__ i’V
= 0IT(0m -~ 12 ms

The bar is producing P = (129 VY30 A) = 3870 W of power, and the battery is
consuming P = (120 VY30 A) = 3600 W. The difference between these two num-
bers is the 270 W of losses in the resistor. This machine is acting as a generator.
Refer to Figure 1-25¢. This time, the force is apphed to the lefi, and the induced
force is 1o the right. At steady state,

Fop = Figg = ilB
_Fia 30N
IB (10m)0.17T)
= 30 A flowing down through the bar

{

The induced voltage e,4 on the bar must be
s = Vp — iR
=120V — B0AXO3I) =111V
and the final speed must be
= BI
_ 11V
(G.1 T10 m)

This machine is now acting as a reotor, converting electric energy from the bat-
tery into mechanical energy of motion on the bar,

¥

= 111 mfs
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{d) This task is ideally suited for MATLLAB. We can take advaniage of MATLAB's
vectorized calculations to determine the velocity of the bar for each value of
force. The MATL.AB code to perform this calculation is just a version of the
steps that were performed by hand in part ¢. The program shown below calcu-
lates the current, induced voltage, and velocity in that ordes, and then plots the
velocity versus the force on the bar.

& M-file: exl _10.m
% ¥-file to calculate and plot the velcocity of
% a linear motor as a function of load.

VB = 120; % Battery voltage (V)
r = 0.3; %2 Resistance (chms}
1= 1; & Bar length (m)

B~ 0.6; % Flux density (T}

% Select the forces to apply to the bar

F o= 0:10:50; % Force (N}

% Calculate the currentg flowing in the motor.
=98 .7 41 * B}; & current {A)

% Calculate the induced woltages on the bar.
eind = VB -~ 1 .* 1; ¢ Induced voltage (V)

% Calculate the velocities of the bhar.
v bar = eind ./ (1 * B); % Velocity {(m/s)

% Plot the velocity of the bar wersus force.
plot(F, v bar);

title (‘Plot of Velocity versus Applied Force');
xlabel {('Force (N)'};

yiabel ('Velocity (m/s})'};

axis ([0 50 0 200]);

The resulting plot is shown in Figure 1-28, Note that the bar slows down more
and more as load increases.

{e) If the bar is initially unloaded, then e,y = Vp. If the bar suddenly hits a region
of weaker magnetic field, a transient will occur. Once the transient is over,
though, ¢,y will again equal V.

This fact can be used to determine the final speed of the bar. The initial speed was
120 m/s. The final speed is

VB = ¢4 = v Bl
Vss i '§}"
10V
= 008 T)(10m) ~ 1o0ms

Thus, when the flux in the linear motor weakens, the bar speeds up. The same behavior oc-
curs in real dc motors: When the field flux of a dc motor weakens, # turns faster. Here,
again, the linear machine behaves in much the same way as a real dc motor.
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Plot of velocity versus force for a linear dc machine.

1.9 REAL, REACTIVE, AND APPARENT
POWER IN AC CIRCUITS

In a de circuit such as the one shown in Figure 1-29a, the power supplied to the
de load is simply the product of the voltage across the load and the current flow-
ing through it

P=VI (1-55)

Unfortunately, the situation in sinusoidal ac circuits is more complex, be-
cause there can be a phase difference between the ac voltage and the ac current
supplied to the load. The instantaneous power supplied to an ac load will still be
the product of the instantaneous voltage and the instantancous current, but the av-
erage power supplied to the load will be affected by the phase angle between the
voltage and the current. We will now explore the effects of this phase difference
on the average power supplied to an ac load.

Figure 1-29b shows a single-phase voltage source supplying power (o a
single-phase load with impedance Z = Z£ 8 £). If we assume that the load is in-
ductive, then the impedance angle @ of the load will be positive, and the current
will lag the voltage by & degrees.

The voltage applied to this load is

W = \/2Vcos wt {1-56)
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(a) A dc voltage source supplying a
load with resistance R. {b) An ac
voltage source supplying a load with
(b} impedance Z = Z £ ¢ Q.

where Vis the rms value of the voltage applied to the load, and the resulting cur-
rent flow is

i = /21 cos{wt — & (1-57)

where / is the rms value of the current flowing through the load.
The instantaneous power supplied to this foad at any time s

pn) = ity = 2VI cos wi cos{wt — @) (1-58)

The angle @ in this equation is the impedance angle of the load. For inductive
loads, the impedance angle is positive, and the current waveform lags the voliage
waveform by 6 degrees.

If we apply trigonometric identities to Equation (1-38), it can be manipu-
lated into an expression of the form

pity = Vicos (1 + cos 2wr) + VIsin 6 sin 2ef {1-59)

The first term of this equation represents the power supplied to the ioad by the
component of current that is in phase with the voltage, while the second term rep-
resents the power supplied to the load by the component of current that is 90° our
of phase with the voltage. The components of this cquation are plotied in Figure
1-30.

Note that the first term of the instantaneous power expression is always pos-
itive, but it produces pulses of power instead of a constant value. The average
value of this term is

P = VIicos @ (16}

which is the average or real power (P) supplied to the load by term 1 of the Equa-
tion (1--59). The units of real power are walts (W), where | W = 1V X 1 A,
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The components of power supplied to a single.phase load versus time. The first component represents
the power supplied by the component of current i phase with the voltage. while the second term
represents the power suppiied by the component of current %0° out of phase with the voltage.

Note that the second term of the instantaneous power expression is positive
half of the time and negative half of the time, so that the average power supplied
by this term is zero. This term represents power that is first transferred from the
source {0 the load, and then returned from the load to the source. The power that
continually bounces back and forth between the source and the load is known as re-
active power ({2). Reactive power represents the energy that is first stored and then
released in the magnetic field of an inductor, or in the electric field of a capacitor.

The reactive power of a load is given by

Q= VIsing {1-61)

where @ is the impedance angle of the load. By convention, @ is positive for in-
ductive loads and negative for capacitive loads, because the impedance angle @ is
posilive for inductive loads and negative for capacitive loads. The units of reac-
tive power are volt-amperes reactive (var), where  var = 1 V X I A, Even though
the dimensional units are the same as for walts, reactive power is traditionally
given a unigue name 1o distinguish it from power actually supplied to a load.
The apparent power (S) supplied (o a load is defined as the product of the
voltage across the load and the current through the load. This 1s the power that
“appears” to be supplied to the load if the phase angle differences between volt-
age and current are ignored. Therefore, the apparent power of a load is given by
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S§= VI (1-62)

The units of apparent power are volt-amperes (VA), where | VA= I VX T A As
with reactive power, apparent power is given a distinctive set of units to avoid
confusing it with real and reactive power.

Alternative Forms of the Power Equations

If a load has a constant impedance, then Ohm’s law can be used to derive alterna-
tive expressions for the real, reactive, and apparent powers supplied 1o the load.
Since the magnitude of the vollage across the load is given by

V= IZ (1-63)

substituting Equation (1-63) into Eqguations (1--60) to (1-62) produces equations
for real, reactive, and apparent power expressed in terms of current and impedance:

P=1Zcos 0 {1-64)
Q=1Zsin @ (1-65)
s=1Z (1-66)

where | Z| is the magnitude of the load impedance Z.
Since the impedance of the load Z can be expressed as

Z=R+jX=|Z|cos 8+ j|Z|sin 6
we see from this equation that R = |Z| cos Gand X = lZ I sin 6, so the real and
reactive powers of & foad can also be expressed as
P=IR (1-67)
Q=1IX {1-68)

where R is the resistance and X is the reactance of load Z.

Complex Power
For simplicity in compuier calculations, real and reactive power are sometimes
represented together as a complex power S, where
S=P+jQ {1-69)
The complex power S supplied to a load can be calculated from the equation
S = VI* (1-70)

where the asterisk represents the complex conjugate operator.

To understand this equation, let’s suppose that the voltage applied to a load
is ¥ = V £ o and the current through the load is I = I £ B. Then the complex
power supplied to the toad is
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An inductive load has a positive impedance angle 8. This load produces 4 lagging current, and it
consumes both real power P and reactive power ) from the source,

S=VI¥ = (Vials—p) = VI dia— )
= VI cos(a ~ B) + jVIsin{a ~ B)

The impedance angle 8 is the difference between the angle of the voltage and the

angle of the current (8 = a — B), so this equation reduces to
S = Vicos 0+ jVIsin §
= P+ jo

The Relationships between Impedance Angle,
Current Angle, and Power

As we know from basic circuit theory, an inductive load (Figure 1-31) has a pos-
itive impedance angle 8, since the reactance of an inductor is positive. If the im-
pedance angle @ of a load is positive, the phase angle of the current flowing
through the load will lag the phase angle of the voltage across the load by 8.

V_ veace ¥V

'SZ% 210 T2l
Also, if the impedance angle 8 of a load is positive, the reactive power consumed
by the load will be positive (Equation [-65), and the load is said to be consuming
both real and reactive power from the source.

In contrast, a capacitive load (Figure 1-32) has a negative impedance
angle @, since the reactance of a capacitor is negative, If the impedance angle #of
a load is negative, the phase angle of the current flowing through the load will
lead the phase angle of the voltage across the load by 8. Also, if the impedance an-
gle € of a load is negative, the reactive power @ consumed by the load will be
negative (Equation 1-65). In this case, we say that the load is consuming real
power from the source and supplying reactive power (o the source.

0

The Power Triangle

The real, reactive, and apparent powers supplied to a load are related by the power
triangle. A power triangle is shown in Figure 1-33. The angle in the lower left
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A capacitive load has a negative impedance angle #. This load produces a leading current, and it
¢consumes real power P from the source and while supplying reactive power £ o the source,

P
) cos @ = 5
Q= Ssing sm):%
g ung=L FIGURE 1-33
P=§cosd £ The power triangle.

corner is the impedance angle 8. The adjacent side of this triangle is the real
power P supplied to the load, the opposite side of the triangle is the reactive power
@ supplied 1o the load, and the hypotenuse of the triangle is the apparent power S
of the load.

The quantity cos 0 is usually kaown as the power factor of a load. The
power factor is defined as the fraction of the apparent power § that is actually sup-
plying real power to a load. Thus,

PF = cos § {(1-71)

where 6 is the impedance angle of the load.

Note that cos 8 = cos (—8), so the power factor produced by an impedance
angle of +30° is exactly the same as the power factor produced by an impedance
angle of —30°, Because we can’t el whether a load is inductive or capacitive
from the power factor alone, it is custormary to state whether the current is leading
or lagging the voltage whenever a power factor is quoted.,

The power triangle makes the relationships among real power, reaclive
power, apparent power, and the power factor clear, and provides a convenient way
to calculate various power-related quantities if some of them are known,

Example 1--11. Fipure 1--34 shows an ac voltage source supplyiag power 1o a load
with impedance Z = 204 —30° {}. Calculate the current I supplied to the load, the power
factor of the load, and the real, reactive, apparent, and complex power supplied to the load.
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V=120£40V 2 Z=20. -30°0)

FIGURE 1-34
The circuit of Example 1-11.

Solution
The current supplied to this foad is

1= 12020V (00 A

The power factor of the load is
PF = cos § = cos (~30%) = 0.866 leading (1-71)

{Note that this is a capacitive load, so the impedance angle @ is negative, and the current
leads the voltage.)
The real power supplied to the load is

P=Vicos @ (160}
P=(20VH6A)cos(—30°) =623.5W

The reactive power supplied to the foad is

Q= Visin 0 (1-61)
@ = (120 V)(6 A) sin (—30°) = —360 VAR
The apparent power supplied to the load is
S = VI {1-62)
Q= (120 V)6 A) = T20 VA
The complex power supplied (o the load is
5=V {1-70)
= (120£0° V(6L ~30° Ay*
= (120£0° VI6L30° A) = 720£30° VA
= 623.5 — j360 VA

1.10  SUMMARY

This chapter has reviewed briefly the mechanics of systems rotating about a sin-
gle axis and introduced the sources and effects of magnetic lields important in the
understanding of transformers, motors, and generators.

Historically, the English system of units has been used to measure the
mechanical quantities associated with machines in English-speaking countries.
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Recently, the ST units have superseded the English sysiem almost everywhere in
the world except in the United States, but rapid progress is being made even there.
Since S1 is becoming almost universal, most (but not all) of the examples in this
book use this system of units for mechanical measurements. Electrical quantities
are always measured in ST units.

In the section on mechanics, the concepts of angular position, angular veloc-
ity, angular acceleration, torque, Newton’s law, work, and power were explained
for the special case of rotation about a single axis. Some fundamental relationships
{such as the power and speed equations) were given in both SI and English units.

The production of a magnetic field by a current was explained, and the spe-
cial properties of ferromagnetic materials were explored in detail. The shape of the
magnetization curve and the concept of hysteresis were explained in terms of the
domain theory of ferromagnetic materials, and eddy current losses were discussed.

Faraday’s law states that a voltage will be generated in a coil of wire thal is
proportional to the time rate of change in the fiux passing through it. Faraday’s
law is the basis of transformer action, which is explored in detail in Chapter 3.

A current-carrying wire present in a magnetic field, if it is oriented properly,
will have a force induced on it. This behavior is the basis of motor action in all
real machines.

A wire moving through a magnetic field with the proper orienlation will
have a voltage induced in it. This behavior is the basis of generator action in all
real machines.

A simple linear dc machine consisting of a bar moving in a magnetic field
illustrates many of the features of real motors and generators. When a load is at-
tached to 1, it slows down and operates as a motor, converting electric energy into
mechanical energy. When a force pulls the bar faster than its no-load steady-state
speed, it acls as a generator, converting mechanical energy into electric energy.

In ac circuits, the real power P is the average power supplied by a source (o
a load. The reactive power @ is the component of power that is exchanged back
and forth between a source and a load. By convention, posilive reactive power is
consumed by inductive foads (+&) and negative reactive power is consumed (or
positive reactive power is supplied) by capacitive loads (—6). The apparent power
S is the power that “appears” to be supplied to the load if only the magnitudes of
the voltages and currents are considered,

QUESTIONS

1-1. What is torque? What role does torque play n the rotational motion of machines?
1-2. What is Ampere’s law?
1-3. What is magnetizing intensity? What is magnetic flux deansity? How are they related?

1-4. How does the magnetic circuit concept aid in the design of transformer and machine
cores?

1-5. What is reluctance?

1-6. What is a ferromagnetic material? Why is the permeability of ferromagnetic mate-
rials so high?
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How does the relative permeability of a ferromagnetic material vary with magaeto-
motive force?

What is hysteresis? Explain hysteresis in terms of magnetic domain theory.

What are eddy current losses? What can be done to minimize eddy current losses in
a core?

Why are all cores exposed to ac flux variations laminated?

What is Faraday's law?

What conditions are necessary for a magnetic field to produce a force on a wire?
What conditions are necessary for a magnetic field to produce a voltage in a wire?
Why is the linear machine a good example of the behavior observed in real dc
machines?

The linear machine in Figure 1--19 is running at steady state. What would happen to
the bar if the voltage in the battery were increased? Explain in detail.

Just how does a decrease 1n flux produce an increase in speed in a linear machine?
Will current be leading or lagging voltage in an inductive load? Will the reactive
power of the foad be positive or negative?

What are real, reactive, and apparent power? What units are they measured in? How
are they related?

What is power factor?

PROBLEMS

l-vi..

1-2.

1-3.

A motor’s shafl is spinning at a speed of 3000 r/min. What is the shaft speed in
radians per second?

A flywheel with a moment of inertia of 2 kg » m? is initially at rest. If a torque of
5 N + m (counterclockwise) is suddenly applied to the flywheel, what will be the
speed of the flywheel after 5 s7 Express that speed in both radians per second and
revolutions per minute,

A force of 10N is applied to a cylinder, as shown in Figure P1-1. What are the mag-
nitude and direction of the torque produced on the cylinder? What is the angular ac-
celeration « of the cylinder?

r=025m
J=Skgem?

FetON

FIGURE Pi-1
The cylinder of Problem 1-3.
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1-4. Amotor is supplying 60 N » m of torque 1o its load. If the motor’s shaft is turning at

1-3.

1-8.

1800 r/min, what is the mechanical power supplied to the load in watis? In horse-
power?

A ferromagnetic core is shown in Figure P1-2. The depth of the core 1s 3 cm. The
other dimensions of the core are as shown in the figure. Find the value of the current
that will produce a flux of .005 Wb, With this current, what is the flux density at
the top of the core? What is the flux density at the right side of the core? Assume
that the relative permeability of the core is 1000,

=— 0 cm »I 20¢cm IScm

i5¢cm

e
- — -

_______ > 400 tms 15 cm

.

15¢m

Core depth = 5cm

FIGURE P1.2
The core of Problems -5 and 116,

A ferromagnetic core with a relative permeability of 1500 is showa in Figure P13,
The dimensions are as shown in the diagram, and the depth of the core is 7cm, The
air gaps on the left and right sides of the core are 0.070 and 0.050 ¢m, respectively.
Because of fringing effects, the effective area of the air gaps is 5 percent larger than
their physical size. If there are 400 turns in the coil wrapped arcund the center leg
of the core and if the current in the coil is 1.0 A, what is the flux in each of the lefi,
center, and right legs of the core? What is the flux density in each air gap?

. Atwo-legged core is shown in Figure P1-4. The winding on the left leg of the core

() has 400 wirns, and the winding on the right (N,) has 300 turns. The coils are
wound in the directions shown in the figure. If the dimensions are as shown, then
what flux wouid be produced by currents £, = 0.5 Aand i) = 0.75 A? Assume g, =
1000 and constant.

A core with three legs is shown in Figure P15, Its depth is 3 em, and there are 200
turns oa the lefumost leg. The relative permeability of the core can be assumed to be
1500 and constant. What flux exists in each of the three legs of the core? What is the

flux density in each of the legs? Assume a 4 percent increase in the effective area of
the air gap due to fringing effects.
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The core of Problem 1-6.
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The core of Problems 17 and 112,
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QC“‘I 25 em I 15 cm I 25 em ;9"’“
]
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.
2A ]
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o e ]
QTm
Core depth = Scm
FIGURE P1-3

The core of Problem 1-8.

1-9. The wire shown in Figure P1-6 is carrying 5.0 A in the presence of a magnetic field.
Calculate the magnitude and direction of the force induced on the wire.

-
—_—
——
fe=1m
—r
—r
Wmm-w

B=025T,

fm 5.0A .

to the right

FIGURE P16
A current-carrying wire in a
magnetic field (Problem {-9).

I-10. The wire shown in Figure P1-7 15 moving in the presence of a magnetic field. With
the information given in the figure, determine the magnitude and direction of the in-

duced voltage in the wire.

f~11. Repeat Problem 110 for the wire in Figure P1--8,
i-12. The core shown in Figure P14 is made of a steel whose magnetization carve is
shown in Figure P1-9. Repeat Problem 17, but this time do #0f assume a constant
value of g, How much flux is produced in the core by the currents specified? What
is the relative permeability of this core under these conditions? Was the assumption
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X X X
X X X
X X X
X X X
X X X

x  FIGUREK P17
A wire movingina

magnetic field (Problem
B =025 T, into the page 1—10).

l":lmls

i '—m ————

———————- R | Y 4 S 3
— ——

I=0G5m
———— ——————— -
— ——

FIGURE P1-8
A wire moving in 2 magnetic fiekd
b KT (Problem -1},

in Problem 1--7 that the relative permeability was equal to 1000 a good assumption

for these conditions? Is it a good assumption in general?

A core with three legs is shown in Figure P1-10, lts depth is 8 cm, and there are 400

turns on the center leg. The remaining dimensions are shown in the figure, The core

is composed of a steel having the magnetization curve shown in Figure 1-10c. An-

swer the following questions about this core:

(a) What current is required 10 produce a flux density of 0.5 T in the central leg of
the core?

(k) What current is required 1o produce a flux density of 1.0 T in the central leg of
the core? Is it twice the current in part (a)?

{c} What are the reluctances of the central and right legs of the core uader the con-
ditions in part (a)?

{d) What are the reluctances of the central and right legs of the core uader the con-
ditions in part (b)?

{e} What conclusion can you make about reluctances in real magnetic cores?

A two-legged magnetic core with an air gap is shown in Figure P1-11. The depth of

the core 13 § cm, the iength of the air gap in the core is 0.06 ¢m, and the number of

turns on the coil is 1000. The magnetization curve of the core material is shown in
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The magnetization curve for the core material of Problems 1-12 and 1-14.
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FIGURE P1-10
The core of Problem 1-13,

Figure P1-9. Assume a § percent increase in effective air-gap area to account for
fringing. How much current is required to produce an air-gap flux density of 0.5 T?
What are the flux densities of the four sides of the core at that current? What is the
total flux present in the air gap?
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FIGURE Pl1-13
The core of Problem 1-14.

A transformer core with an effective mean path length of 10 in has a 300-tumn coil

wrapped around one leg. Its cross-sectional area is 0.25 in?, and its magnetization

curve is shown ia Figure 1-10c. If current of 0.25 A is flowing in the coil, what is
the total flux in the core? What is the flux density?

The core shown in Figure P1-2 has the flux ¢ shown in Figure P1-12. Sketch the

voltage present at the terminals of the coil.

Figure P 113 shows the core of a simple dc motor, The magnetization curve for the

metal in this core is given by Figure 1-10c¢ and d. Assume that the cross-sectional

area of each air gap is 18 cm? and that the width of each air gap is 0.05 cm. The ef-
fective diameter of the rotor core is 4 cm.

(a) It is desired to build a machine with as great a flux density as possible while
avoiding excessive saturation in the core. What would be a reasonable maxi-
mum flux density for this core?

{b) What would be the total flux 1n the core at the flux density of part {a;?

{c} The maximum possible field current for this machine is I A, Select a reasonable
number of turns of wire to provide the desired flux density while not exceeding
the maximum available current.

Assume that the voliage applied to a load is V = 208 ~30° V and the current flow-

ing through the load is | == 32 15° A,

{a) Calculate the complex power S consumed by this load.

(B) Is this load inductive or capacitive?

(c} Calculate the power factor of this load.
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FIGURE P1-12
Plot of flux ¢ as a function of time for Problem 1-16.
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FIGURE P1-13
The core of Problem 117,

{d} Calculate the reactive power consumed or supplied by this load. Does the load
consume reactive power from the source or supply it to the source?

Figure Pi-14 shows a simple single-phase ac power system with three loads, The

voltage source is V = 12020°V, and the impedances of the three loads are

Z,=5.30°Q Z,=5£45°Q Z,=5.-90°Q

Answer the following questions about this power system.,

fa} Assume that the switch shown in the figure is open, and calculate the current I,
the power factor, and the real, reactive, and apparent power being supplied by
the load.
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(b) Assume that the switch shown in the figure is closed, and calculate the current
L the power factor, and the real, reactive, and apparent power being supplied by
the load.

{c} What happened to the current flowing from the source when the switch closed?
Why?

——— /

+
~ )V z, z z;

FIGURE P1-14
Fhe circuit of Problem |19,

Demonstrate that Equation (1-59) can be derived from Equation (1--38) using the
simple rigonometric identities:

pir) = v)i(t) = 2VT cos e cos{wt — &) {1-58)
P = Vicos 6 (1 + cos 2wr) + Visin 8 sin 2wt (1-59)

The linear machine shown in Figure P1-13 has a magnetic flux density of 0.3 T

directed into the page, a resistance of 0.25 {), a bar length / = 1.0 m, and a battery

voltage of 100 V.

() Whatis the initial force on the bar at starting? What is the initial current flow?

(b) Whatis the no-load steady-state speed of the bar?

(¢} If the bar is foaded with a force of 25 N opposite to the direction of motion,
what is the new steady-state speed? What is the efficiency of the machire under
these circumstances?

=11
25 i
gy

B=05T
X X {1 x X

ngIOOV....m Im

/x X Ux X

FIGHRE P1-15
‘The linear machine in Problem 1-21.

A linear machine has the following characteristics:
B = 0.33 T into page R=10508
{=05m V=120V
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() If this bar has a load of 10 N attached to it opposite 1o the direction of motion,
what is the steady-state speed of the bar?

(&) If the bar runs off info a region where the flux density fails t0 0.30 T, what hap-
pens 1o the bar? What is its final steady-state speed?

(¢} Suppose Vp is now decreased to B0 V with everything else remaining as in
part b. What is the new steady-state speed of the bar?

(d) From the resuits for parts b and ¢, what are two methods of controlling the
speed of a linear machine (or a real de motor)?
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