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Nomenclature

ratio of transformation -
current A
number of turns -
power

power factor
reactive power
resistance
apparent power
time
transformer
voltage
reactance
impedance

|
SESSIIES
&

L NN<HTLuOE, vz~e
VDOV B

mbols
impedance angle rad
power factor angle rad
armature angular speed rad/s

0 & as

ubscripts
line
inductor
phase
pri primary
pu  per unit
sec secondary
t total

1. BENEFITS OF THREE-PHASE POWER

RS

Three-phase energy distribution systems use fewer and
smaller conductors and, therefore, are more efficient
than multiple single-phase systems providing the same
power. Three-phase motors provide a uniform torque,
not a pulsating torque as do single-phase motors.
Three-phase induction motors do not require additional
starting windings or associated switches. When recti-
fied, three-phase voltage has a smoother waveform and
less ripple to be filtered out.

2. GENERATION OF
THREE-PHASE POTENTIAL

The symbolic representation of an AC generator that
produces three equal sinusoidal voltages is shown in
Fig. 34.1(a). The generated voltage is known as the
phase voltage, Vp, or coil voltage. (Three-phase volt-
ages are almost always stated as effective values.) Due
primarily to the location of the windings, the three sinu-
soids are 120° apart in phase as shown in Fig. 34.1(b).
If V, is chosen as the reference voltage, then Eqs. 34.1
through 34.3 represent the phasor forms of the three si-
nusoids. At any moment, the vector sum of these three
voltages is zero.

V, =V, £0° 34.1

Vy =V, £-120° 34.2

V. =V, £-240° 34.3
Va

winding

magnet

{b) ABC (positive) sequence
Figure 34.1 Three-Phase Voltage
Equations 34.1 through 34.3 define an ABC or positive

sequence. That is, V, reaches its peak before Vy, and
V3, peaks before V.. With a CBA (also written as
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34-2 ELECTRICAL ENGINEERING REFERENCE MANUAL

ACB) or negative sequence, obtained by rotating the
field magnet in the opposite direction, the order of the
delivered sinusoids is reversed (i.e., V¢, Vi, V,).

Although a six-conductor transmission line could be
used to transmit the three voltages, it is more efficient
to interconnect the windings. The two methods are
commonly referred to as delta (mesh) and wye (star)
connections.

Figure 34.2(a) illustrates delta source connections. The
voltage across any two of the lines is known as the line
voltage (system wvoltage) and is equal to the phase volt-
age. Any of the coils can be selected as the reference
as long as the sequence is maintained. For a positive
(ABC) sequence,

Vea =V, £0° 34.4
Vas = Vp /—120° 34.5
Vie = Vp £ —240° 34.6
-a O +a
+C L -b AT
v
v
—C '+b B
v
cl

(a) delta

(b) wye

Figure 34.2 Delta and Wye Source Connections

Wye-connected sources are illustrated in Fig. 34.2(b).
While the line-to-neutral voltages are equal to the phase
voltage, the line voltages are greater—+/3 times the
phase voltage. The grounded wire (neutral) is needed
to carry current only if the system is unbalanced.! (See
Sec. 34-3.) For an ABC sequence, the line voltages are

Vag = V3V, £30° 34.7
Vie = V3V, £—90° 34.8
Veoa = V3V, £-210° 34.9

IThe neutral wire is usually kept to provide for minor imbalance.

Although the magnitude of the line voltage depends on
whether the generator coils are delta- or wye-connected,
each connection results in three equal sinusoidal volt-
ages, each 120° out of phase with one another.

3. DISTRIBUTION SYSTEMS

Three-phase power is delivered by three-wire and four-
wire systems. A four-wire system consists of three
power conductors and a neutral conductor. A three-
wire system contains only the three power conductors.

Utility power distribution starts with generation. The
generator is connected through step-up subtransmission
transformers that supply transmission lines. The ac-
tual transmission line voltage depends on the distance
between the subtransmission transformers and the user.
Distribution substation transformers reduce the voltage
from the transmission line level to approximately 35 kV.
The primary distribution system delivers power to dis-
tribution transformers that reduce voltage still further,
to between 120 and 600 V.

4. BALANCED LOADS

Three impedances are required to fully load a three-
phase voltage source. The impedances in a three-phase
system are balanced when they are identical in magni-
tude and angle. The voltages and line currents, as well
as the real, apparent (kVA), and reactive powers, are all
identical in a balanced system. Also, the power factor
is the same for each phase. Therefore, balanced systems
can be analyzed on a per-phase basis. Such calculations
are known as one-line analyses.

Figure 34.3 illustrates the vector diagram for a balanced
delta three-phase system. The phase voltages, V, are
separated by 120° phase angles, as are the phase cur-
rents, I. The phase difference angle, ¢, between a phase
voltage and its respective phase current depends on
the phase impedance. With delta-connected balanced
loads, the phase and line currents differ in phase by 30°.

Figure 34.3 Positive ABC Balanced Delta
Load Vector Diagram
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Rotating
AC Machinery

1. Rotating Machines . . ... ... ... .... 40-1 Y  admittance S
2. Torque and Power . . .. ... ........ 40-2 z total number of conductors -
3. Service Factor . . ... ... ... ...... 40-2 Z  impedance Q
4. Motor Classifications . . . . ... ... ... 40-2
5. Power Losses . . . ... ... ......... 40-2 Symbols
6. Regulation . .................. 40-3 0 torque angle rad
7. No-Load Conditions . . ... ......... 40-3 7 efficiency -
8. Production of AC Potential . . .. ... ... 40-3 0 phase difference angle rad
9. Armature Windings . . . .. ... ... ... 40-5 ) magnetic flux Wb
10. Practical Alternators . . .. ......... 40-5 w electrical frequency rad/s
11. Synchronous Motors . . . ... ... ... .. 40-6 Q armature rotational speed rad/s
12. Synchronous Machine
Equivalent Circuit . . . . ... ... .... 40-6 Subscripts
13. Induction Motors . . . . . . .. .. ... .. 40-7 a armature
14. Induction Motor adj adjusted
Equivalent Circuit . . ... ... ...... 40-8 b blocked rotor
15. Operating Characteristics Cu  copper
of Induction Motors . . . . ... ...... 40-8 E  emf
16. Testing Induction Motors . . . . .. ... .. 40-9 / field
17. Starting Induction Motors . . . ... ... 40-10 fl full load
18. Speed Control for Induction Motors . . . . 40-10 g generated
19. Power Transfer in Induction Motors . . . . 40-10 l line
L load
Nomenclature m maximum
a number of parallel armature paths — n neutral
a ratio of transformation == nl no load
A area m? P phase
B magnetic flux density T T rotor
B susceptance S S synchronous
B generated emf \% st stator
f electrical frequency Hz t total
G conductance S T torque
I current A
k constant various
n rotational speed rpm
N number of series armature paths -
P L w Rotating machines are broadly categorized as AC and | e
q num’t?er of loops < DC machines. Both categories include machines that oy 2
Q rea(.:mve power VAR use power (i.e., motors) and those that generate power s <
" Tadius o (alternators and generators). Most machines can be &8
R resistance Q anc gener ; =
oy constructed in either single-phase or polyphase config-
5 slip o urations, although single-phase machines may be out-
S apparent power VA — . :
; classed in terms of economics and efficiency.
SR speed regulation -
t time S Types of small AC motors include split-phase, repul-
T period S sion-induction, universal, capacitor, and series motors.
T torque N-m Large AC motors are almost always three-phase, but
|4 line voltage Vv it is necessary to analyze only one phase of the motor.
VR voltage regulation — Torque and power are divided evenly among the three
X reactance Q phases. Machines can be wye- or delta-wired or both.
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40-2 ELECTRICAL ENGINEERING REFERENCE MANUAL

Wye connections have several benefits:

e A neutral (ground) wire is intrinsically part of the
circuit.

e Higher-order (harmonic) terms are not shorted
out.

e Starting current is lower.

Nevertheless, high horsepower motors are usually run
in delta. To avoid large starting currents, the motor
can be started in wye and switched over to delta.

It is common to refer to line-to-line voltage as the ter-
minal voltage, V.

V' [delta-wired]

Vo=q V. (wye-wired] 40.1
V3

XLy = % 40.2

B, = % 40.3

Sp = % 40.4

Torque and power are operating parameters. It takes
power to turn an alternator or generator. A motor con-
verts electrical power into mechanical power. In the SI
system, power is given in kilowatts (kW). One horse-
power is equivalent to 745.7 watts. The relationship
between torque and power is

5252 Phorsepower

Nypm

Tt = 40.5

1000 Pew _ 9549 Pew
Q - Trpm

TNem = 40.6

There are many important torque parameters for mo-
tors. The starting torque (also known as static torque,
breakaway torque, and locked-rotor torque) is the turn-
ing effort exerted in starting a load from rest. Pull-up
torque (acceleration torque) is the minimum torque de-
veloped during the period of acceleration from rest to
full speed. Pull-in torque (as developed in synchronous
motors) is the maximum torque that brings the motor
back to synchronous speed. (Nominal pull-in torque
is the torque that is developed at 95% of synchronous
speed.) The steady-state torque must be provided to the
load on a continuous basis. It establishes the tempera-
ture increase that the motor must be able to withstand
without deterioration. The rated torque is developed
at rated speed and rated horsepower. The maximum
torque a motor can develop at its synchronous speed

is the pull-out torque. Breakdown torque is the max-
imum torque the motor can develop without stalling
(i.e., without coming rapidly to a complete stop).

Equation 40.7 is the general torque expression for a
rotating machine with N coils of cross-sectional area
A each carrying current I through a magnetic field of
strength B.

T = NBAI coswt 40.7

3. SERVICE FACTOR

The horsepower and torque ratings listed on the name-
plate of a motor can be provided on a continuous basis
without overheating. Motors can be operated at slightly
higher loads without exceeding a safe temperature rise,
but the higher temperature has a deteriorating effect on
the winding insulation. A general rule of thumb is that
a motor loses two or three hours of useful life for each
hour run at the factored load. The ratio of the safe to
standard loads is the service factor, usually expressed
as a decimal. Service factors vary from 1.15 to 1.4, with
the lower values going to larger, more efficient motors.

. safe load
service factor = ——— 40.8
nameplate load

4. MOTOR CLASSIFICATIONS

The National Electrical Manufacturers Association
(NEMA) has categorized motors in several ways: speed
classification (constant-, adjustable-, multi-, varying-
speed, etc.); service classification (general, definite, and
special purpose); and motor class. Motor class is a
primary indicator of the maximum motor operating
temperature, which, in turn, depends on the type of
insulation used on the conductors. The classes are:
Class A, 105°C; Class B, 130°C; Class F, 155°C; and
Class H, 180°C.

5. POWER LOSSES'

The losses for all rotating machines can be divided into
four categories. Copper losses, Pcy, are real power
losses due to wire and winding resistance. In a DC
machine, copper losses occur in the armature and field
windings as well as from the brush contact resistance.
In an AC machine, copper losses occur in the armature
and exciter field windings. There are no brush losses in
an induction machine.

Poy=)» I’R 40.9

Core losses, including hysteresis and eddy current los-
ses, are constant losses that are independent of the load

LThe subject of transformer losses covered in Sec. 36-3 is equiva-
lent in concept.
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ROTATING AC MACHINERY 40-3

and, for that reason, are also known as open-circuit and
no-load losses. In DC and synchronous AC machines,
core losses occur in the armature iron. In induction
machines, core losses occur in the stator iron.

Mechanical losses (also known as rotational losses) in-
clude brush and bearing friction and windage (air fric-
tion). (Windage is a no-load loss but is not an electrical
core loss.) Mechanical losses are determined by measur-
ing the power input at rated speed and no load.

Stray losses are due to nonuniform current distribution
in the conductors. Stray losses are approximately 1%
for DC machines and zero for AC machines.

Real power only is used to compute the efficiency of a
rotating machine.

output

input
output
output + losses

input — losses

= 40.10
input
6. REGULATION
The voltage regulation, VR, is
no-load voltage
— full-load voltage
= 1 40.11
VR full-load voltage 2k T 0
The speed regulation, SR, is
no-load speed
SR — full-load speed % 100% 1058

full-load speed

7. NO-LOAD CONDITIONS

The meaning of the term no load is different for gen-
erators and motors. For unloaded shunt-wired alterna-
tors and generators, there is no electrical load connected
across the output terminals, so although the field cur-
rent flows, the line current, I, is zero. For unloaded
shunt-wired motors, the work performed is zero, but
line current is still drawn to keep the motor turning.
All of the current is field current, however, and (ne-
glecting mechanical losses) the armature current, I, is
Z€ero.

I'=0; I;#0; I.,=1If
I#£0;, Ip=1I, I,=0

40.13
40.14

[generator]

[motor]

8. PRODUCTION OF AC POTENTIAL

A potential of alternating polarity is produced by an al-
ternator (AC generator). A permanent magnet or DC
electromagnet produces a constant magnetic field. Fig-
ure 40.1 illustrates how several loops of wire can be
combined into a rotating induction coil or armature to
produce a continuously varying potential in a dynamo
(coil dynamo). Three-phase alternators have three sets
of independent windings. A single-phase AC alternator
has only one set of windings.

The induced voltage, E, is commonly called electromo-
tive force (emf). In an elementary alternator, emf is
the desired end result and is picked off by stationary
brushes making contact with slip rings on the rotating
shaft.? In a motor, emf is also produced but is referred
to as back emf (counter emf) since it opposes the input
current.

rotating
conductor poles
collector S
rings \\
<
mn _l e
U 1N
0 iy YRt
Q
\ /
brushes s
-, [* N
-

Figure 40.1 Elementary Two-Pole, Single-Coil Dynamo

Assuming the magnetic field flux density under each
pole face, B, is uniform, the maximum flux linked by a
coil with N turns and area A is NAB. Since the coil ro-
tates, the flux linkage is a function of the projected coil
area. The instantaneous induced voltage is predicted
by Faraday’s law. Care must be taken to distinguish
between the armature speed, n (in rpm), the angular
armature speed, 2 (in rad/s), and the linear and angu-
lar voltage frequencies, f and w (in Hz and rad/s, re-
spectively). Note the distinction in Eq. 40.15 between
the rotational speeds of the armature (Q = 27n/60)
and the electrical waveform (w = 27 f).

V(t) = Vipsinwt = wNAB sinwt

p : pfd
<§> QNAB sin ( <7> t) 40.15
mnpNAB | P
—0 sin < < 5 t

2Practical alternators, described in Sec. 40-10, use slip rings to
feed the field, not to transfer the generated voltage.

Il

PROFESSIONAL PUBLICATIONS, INC.

LIBERTY EXHIBIT 1015, Page 52

Power—

>
o
()
=
e
($)
©
=




40-4

ELECTRICAL ENGINEERING REFERENCE MANUAL

_ Vs  wNAB pQNAB
V2 VR 202
__ nmnpNAB
O 60V2

14

[effective] 40.16

Table 40.1 summarizes the most frequently used formu-
las for a single-phase AC alternator.

Alternators are characterized by the number of mag-
netic poles, p. (Both north and south poles are counted
to distinguish the quantity from the number of pole
pairs.) The coil pitch (pole pitch) is the angle between
the poles, or 360° divided by p. A two-pole alterna-

Ezxample 40.1

A four-pole alternator produces a 60 Hz potential.
What is the (a) mechanical speed of the armature,
(b) angular velocity of the potential, and (c) angular
velocity of the armature?

Solution

(a) From Eq. 40.17, the rotational speed is

pole-s
_120f (120 min

) (60 Hz)

S

p

4 poles

tor produces one complete sinusoidal cycle per revolu-
tion. An alternator with p poles produces (Y/2)p cycles
per revolution. Since the armature normally turns at
a constant speed known as the synchronous speed, ng,
the electrical frequency, f, of the generated potential is
given by Eq. 40.18. The actual rotational speed, n, is

= 1800 rpm

(b) The angular velocity of the 60 Hz potential is

known as the mechanical frequency. - — (27r Cra? ) (60 Hz) = 377 rad/s
ycle
120f 602 60w synchronous
g e speed | 4017
p 2 ™
(c) From Eq. 40.15, the angular velocity of the armature
1 w  png is
s B ead® o PN 40.1
f T 27 120 — o] rev
T (27r —) (1800 =)
Since the coils in an alternator have inductance as well T . = =
as resistance (see Sec. 40-14), the rated capacity of an p 60 60 .

AC machine is stated as apparent power at some rated

voltage and power factor. = 188.5 rad/s

Table 40.1 Single-Phase AC Alternator Formulas

in terms of n | in terms of 2 | in terms of f | in terms of w
Q 12
n (rpm) - Sl 12 L,
0 p p
™ A f 2w
Q (mechanical rad i - kelr A =
(mechanical rad/s) 30 p 7
pn P2 B w
f (Hz) 120 i 2
. mpn pQ “
w (electrical rad/s —_— — 2nf =
) 60 2 |
single-phase V, (V) ”p"éZAB QPZAB o fNAB wNAB
sispleplnse Vig £V) mpnNAB QpNAB 2n fNAB wNAB
602 2v2 V2 V2 |
NA B
single-phase Vyye (V) i 30 i 2p JZA 4fNAB ZwI;I’AB ‘
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ROTATING AC MACHINERY 40-5

Example 40.2

The rotor of a single-phase, four-pole alternator rotates
at 1200 rpm. The effective diameter and length of the
20-turn (loop) coil are 0.12 m and 0.24 m, respectively.
The magnetic flux density is 1.2 T. What is the effective
voltage produced?

Solution

The coil area is

A = 2rl = (0.12 m)(0.24 m) = 0.0288 m?

From Eq. 40.16, the effective voltage is

_ prnNAB
60v/2
rad

(4)(1200 rpm) (27r —)

14

x (20)(0.0288 m?)(1.2 T)
(2\/5)"(60585)

=122.8V

9. ARMATURE WINDINGS

An armature winding consists of several coils of continu-
ous wire formed into ¢ loops. Each loop in an armature
contributes two conductors, also known as bars. The
number of conductors, z, is

Z%=2q 40.19

Voltage is induced only in conductors and inductors
that are parallel to the armature shaft (i.e., that cut
magnetic flux lines). The number of series paths, N,
between positive and negative brush sets depends on
how the coils are wound and connected to the commu-
tator.

N=2=1"1 40.20
a

The number of parallel armature paths between each
pair of brushes, a, equals the number of poles, p, in a
lap-wound armature (simplez-lap armature or multiple-
drum armature).® (The number of poles is also equal to
the number of brushes.) The coil connections are made
to adjacent commutator segments. This type of winding
is commonly used in DC machines and induction motors
and, to a lesser extent, in AC generators.

3 Auxiliary windings are used in shaded pole motors; split-phase
motors have two separate windings; capacitor motors have capac-
itors in series with an auxiliary winding,.

In a wave-wound armature (two-circuit or series-drum
armature), a = 2 and the coil connections are on com-
mutator segments on opposite sides of the armature re-
gardless of the number of poles. Only two brushes are
needed, although more can be used. This configuration
is commonly used in DC armatures requiring the gen-
eration or use of higher voltages than lap windings can
tolerate.

A multiplez winding has two or more distinct coils con-
nected in parallel. The number of parallel current
paths, a, in the armature can be determined by the type
of winding and the number of poles, p, as indicated in
Table 40.2.

Table 40.2 Multiplex Winding Current Paths

type lap winding wave winding
simplex a=p =2
duplex a=2p a=4
triplex a=3p a=6
quadriplex a=4p a=28

10. PRACTICAL ALTERNATORS

There are several reasons why large alternators are not
designed with a stationary magnetic field and rotating
coil as shown in Fig. 40.1.

e The rotating coils must be well insulated to pre-
vent shorting with the high voltages that are in-
duced.

e Structural bracing is required to counteract the
large centrifugal force that results from rotating
many coils of wire.

e It is difficult to make efficient high-voltage, high-
power connections through slip rings.

terminal
voltage V

DI

magnetization
current

((%9////

N

Figure 40.2 Practical Alternator

For these reasons, practical alternators reverse the
locations of the field and induction coils so that the
low-voltage field revolves and the high-voltage field is
induced in stationary coils. The magnetic field is pro-
duced by field windings whose DC magnetization cur-
rent is supplied through brushes and slip rings. Such an
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40-6 ELECTRICAL ENGINEERING REFERENCE MANUAL

armature containing field coils is known as a rotor. The
stationary induction coils are placed in slots a small dis-
tance from the rotor and are known as the stator. The
closer the stator and rotor are, the smaller the magne-
tization current required.

With cylindrical rotors (wound rotors), the field wind-
ings are embedded in an externally smooth-surfaced
cylindrical rotor. This makes them suitable for high-
speed (i.e., greater than 1800 rpm) operation since win-
dage losses are reduced. The poles of salient-pole rotors,
on the other hand, resemble exposed wound electromag-
nets. This is adequate for 1800 rpm and less.

11. SYNCHRONOUS MOTORS

Synchronous motors are essentially dynamo alternators
operating in reverse. Alternating current is supplied to
the stationary stator windings. DC current is applied
to the field windings in the rotor through brushes and
slip rings as in an alternator.* The field current inter-
acts with the stator field, causing the armature to turn.
Since the stator field frequency is fixed, the motor runs
only at a single synchronous speed (see Eq. 40.17).

Important features of synchronous motors are as fol-
lows.

e They turn at constant speeds, regardless of the
load. (The speed may momentarily change when
the load is changed.) Stalling occurs when a mo-
tor’s countertorque is exceeded.

e The power factor can be adjusted manually with-
out losing synchronization by varying the field cur-
rent. A unity power factor occurs with normal
excitation current. The power factor is leading
(lagging) when the current is more (less) than nor-
mal, and this is known as being over- (under-)
excited.

e They can draw leading currents and be used for
power factor correction, in which case they are
known as synchronous capacitors (synchronous
condensers).

Since the starting torque is zero, it is necessary to bring
a synchronous motor up to speed by some other means.
The most common method is to include auxiliary wind-
ings in the pole faces so that the motor can be started
as an induction motor. At synchronous speed, the aux-
iliary windings draw no current. If the motor speed
becomes nonsynchronous, the auxiliary windings draw
power to resynchronize the rotor.

Since synchronous motors run at only one speed, curves
of horsepower (or other characteristics) versus speed are
not used. Instead, motors are categorized on the basis
of speed, torque, and horsepower at a specific power
factor.

4The magnetization energy can also be generated through induc-
tion. In that case, the rotor includes diodes to rectify the induced
AC potential.

12. SYNCHRONOUS MACHINE
EQUIVALENT CIRCUIT

Figure 40.3 illustrates a simple equivalent circuit for a
synchronous machine. The vector voltage relationship
is defined by Egs. 40.21 and 40.22, which introduce the
equivalent synchronous inductance, X, of each phase.
Vp is the phase voltage. The series armature resistance,
R,, is small and normally disregarded.

E=Vy+ (Rs+3X,)1a

~V, +jXI, [alternator] . 40.21
V, =E+ (Ry + jXs)Ia
~E + jX I, [motor] 40.22
R,~0 Xs
I

Figure 40.3 Synchronous Motor Equivalent Circuit

Equation 40.23 gives the real power generated per
phase. For a motor, the power factor is determined
by E and Iy. For an alternator, the power factor deter-
mines F and Iy. (Equation 40.23 mixes variables with
different units.)

8

E
P,=T,2=VIcosf = (‘; ) sin d 40.23

Equation 40.24 gives the torque produced per phase. ®,
and ®g; are the internal rotor and stator fluxes, respec-
tively. The torque angle, 6 (also known as the power
angle and displacement angle), is the phase difference
angle between the applied voltage, V', and the generated
emf, F. It is positive for an alternator and negative for
a motor. Torque is maximum when § = 90°, a condi-
tion equivalent to a unity power factor and known as
pull-out torque. The pull-out power is found by setting
d = 90° in Eq. 40.23.

Tp = kr®, g sind 40.24
The apparent power per phase is

S=VI= i 40.25
cos 6

Exzample 40.3

A six-pole motor is connected to a three-phase, 240 V
(rms), 60 Hz line. Its stator windings are connected in
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a wye configuration. The motor has a synchronous re-
actance of 3 Q per phase and is rated at 10 kVA at its
synchronous speed and 100% power factor. What are
the (a) synchronous speed, (b) phase voltage, (c) line
current, (d) voltage drop across the synchronous reac-
tance, (e) generated back emf, and (f) torque angle?

Solution

(a) Equation 40.17 gives the synchronous speed.

12 12
ng = ;))f = ( 0)(20 L)) = 1200 rpm

(b) Since the windings are in a wye configuration, the
phase voltage is

Vo 240V
Vo=——="""=1386V
P V3 V3

(c) The line current is the same as the phase current,
which can be calculated from the apparent power. Each
phase draws one-third of the kVA. The real power is

P,= (g) cos

W
(10,000 VA) <1 V—A>
= = 3333 W
3
P, 3333W
I,=-2 = =24.05 A
PT Y, T 1386V

(d) The voltage drop across each winding is

V, = I,X, = (24.05 A)(3 Q) =72.15 V

(e) The back emf is
E=V,—jIX =138.6—572.15
= 156.3/—-27.50°

(f) The torque angle was found in part (e) to be § =
—27.50°.

13. INDUCTION MOTORS

Induction motors are essentially constant-speed devices
that receive power through induction—there are no
brushes or slip rings. A motor can be considered as a
rotating transformer secondary (the rotor) with a sta-
tionary primary (the stator). The stator field rotates
at the synchronous speed given in Eq. 40.17. An emf
is induced as the stator field moves past the rotor con-
ductors. Since the rotor windings have reactance, the
rotor field lags the induced emf.

In order to have a change in flux linkage, the rotor must
turn at less than the synchronous speed. The difference
in speed is small but essential. Percent slip, s, typically
2 to 5%, is the percentage difference in speed between
the rotor and stator fields. Slip can be expressed as
either a decimal or a fraction (e.g., 0.05 slip or 5% slip).
Percent slip and percent synchronism are complements
(i.e., add to 100%). Slip in rpm is the difference between
actual and synchronous speeds.
ng—mn $s—0

8§ = = 40.26
N 2,

The stator is identical to that in an alternator or syn-
chronous motor. In a wound rotor, the rotor is similar
to an armature winding in a dynamo.® However, in a
squirrel-cage rotor there are no wire windings at all.%
The squirrel-cage rotor consists of copper or aluminum
bars embedded in slots in the cylindrical iron core of
the rotor. The ends of the bars are shorted by con-
ductive rings, as illustrated in Fig. 40.4, to form loops.
The rotor and its components, connections, and lines
constitute the rotor circuit or secondary circuit.

Figure 40.4 Squirrel-Cage Rotor Induction Motor

Example 40.4

An induction motor developing 10 hp is connected to a
three-phase, 240 V (rms), 60 Hz power line. The stator
windings are connected in a wye configuration. The
synchronous speed is 1800 rpm, but the motor turns at
1738 rpm when loaded. Its energy efficiency is 80% and
power factor (pf) is 70%. Calculate the (a) slip, (b)
number of poles, (c) line current drawn, and (d) phase
voltage.

Solution
(a) From Eq. 40.26, the slip is
ns —n 1800 rpm — 1738 rpm

8§ = =

= (0.03444
N 1800 rpm

(b) The number of poles is calculated from the syn-
chronous speed.

_ 120/ _ (120)(60) _,
P=. T 1800

5Windings can be incorporated in the rotor to obtain better speed
control or high torque.

61f the slip rings of a wound rotor are shorted, the motor behaves
like a squirrel-cage motor.

PROFESSIONAL PUBLICATIONS, INC.

LIBERTY EXHIBIT 1015, Page 56

>
| ©
o c
S c
O O
a ©
=




40-8

ELECTRICAL ENGINEERING REFERENCE MANUAL

(c) The total real power input is

W
1 i
(10 hp) <7457 =

P= )=9321W

0.8

The power per phase is

P 9321W

P==
»= 3 3

= 3107 W

Since the phase and line currents are identical in wye-
connected loads (see Sec. 49-6), the line current is

P, 3107 W
Y=l = el = (240 V) (0.70) S
(d) The voltage across each phase is
24
V=V 20V a6y

Vi VB

14. INDUCTION MOTOR
EQUIVALENT CIRCUIT

Figure 40.5(a) illustrates the equivalent circuit for an
induction motor.” It is very similar to the equivalent cir-
cuit for a transformer. R; and X; represent the equiv-
alent stator resistance and reactance, respectively. Gp
and By represent the stator core loss and susceptance,
respectively, as determined from no-load testing. The
dashed line represents the air gap across which energy is
transferred to the rotor. Ry and X, are the equivalent
rotor resistance and reactance, respectively. There is no
element to model the rotor core loss, which is negligible.
Rotational losses are included in the stator core loss el-
ement, G. Any equivalent load resistance is included in
the rotor resistance. The ratio of transformation, a, is
taken as 1.0 for a squirrel-cage motor.?

Using an adjusted voltage, V,qj, simplifies the model,
as shown in Fig. 40.5(b). The relationship between the
applied terminal voltage, V;, and the adjusted voltage
is

Vagj = Vi —In(Ry + jX4) 40.27

Vadj = Vi — Iny/R2 + X2 40.28

7This equivalent circuit cannot be used for a double squirrel-cage
motor.

8With a phase-wound rotor, the brushes can be lifted from the
slip rings. The ratio of transformation, a, can be determined
as the ratio of applied voltage to voltage across the slip rings.
This cannot be done with a squirrel-cage motor, so the equivalent
circuit parameters are redefined with the ratio of transformation.

The total series resistance per phase, R, is

R=R,+ % 40.29

Equation 40.30 gives the torque-speed relationship pre-
dicted by this model.

12 V2. R
T, = gfta - 40.30
Swg Ry
Swy <<R1 + ?) —I—X2>
T, = 3T, 40.31
air gap
R, X | a?R, 2%

—>1n,+—12—> —

+

QM o

V1 Gnl Bnl

|
|
t
|
|
|
Ig +IB !
|

fmh:?'

|
(a) traditional model

B Ryt 50 4 e 2%

—
I In|+ 1—2> —T)
Vadgj G By <D Q
_13R,
T sy

(b) simplified model (a= 1)

Figure 40.5 Equivalent Circuits of an Induction Motor

15. OPERATING CHARACTERISTICS OF
INDUCTION MOTORS

Under normal operating conditions, slip is small (less
than 0.05) and Eq. 40.32 predicts that the torque will
be directly proportional to slip, s, and inversely pro-
portional to the rotor resistance, Ry. At low speeds,
the reactive term is larger than the resistive term in
Eq. 40.33.

V2is
PR [high speed, per phase] 40.32
s412
2.R
T15)
~ adJXz [low speed, per phase] 40.33
SWg

PROFESSIONAL PUBLICATIONS, INC.

LIBERTY EXHIBIT 1015, Page 5



ROTATING AC MACHINERY 40-9

The starting torque per phase is proportional to ro-
tor winding resistance and terminal voltage and can be
found by setting s equal to one in Eq. 40.33.

Va2dj Ry

Tstarting ~ m [starting, per phase] 40.34
s

The maximum torque (known as breakdown torque) is
independent of the rotor circuit resistance, but the ro-
tor resistance does affect the speed at which the max-
imum torque occurs. A large rotor circuit resistance
only causes the maximum torque to occur at a larger
slip. Maximum torque varies directly with the square
of the stator voltage.

2
_ Vad j
Thax =

2ws(R1 + v/ R% + X?)
Ry

Smax T = \/W

Figure 40.6 illustrates typical characteristic curves of an
induction motor. Such curves are conventionally pro-
vided for the motor running at its optimum efficiency
and power factor. Curves can be provided for polyphase
or single-phase operation.

[per phase] 40.35

40.36

maximum
torque

rated
torque (T,)

|
|
|
|
|
|
|
|
|
|
|
|
|
|

|
0.5 1.0 1.5 2.0 2.5

tor uel
Ll =

Figure 40.6 Characteristic Curves for an Induction Motor

16. TESTING INDUCTION MOTORS

Performance of induction motors is evaluated in a man-
ner analogous to transformer testing. The no-load
motor test (running-light test) corresponds to an open-
circuit transformer test. This test determines the values
of B and G in the equivalent circuit. The blocked-rotor
test corresponds to a closed-circuit transformer test and
determines the values of R and X.

In a no-load test, the motor is run at the rated voltage
without load. The line voltage, V, line current, I, and
power per phase, P, are measured.

nl

ad]j Inl

no-load power factor = cos 8, = 40.37

Referring to Fig. 40.5, the magnetization (quadrature)
current, Ig, and the in-phase component of the exciting
current, I, are

Ip = I, 8in 0y 40.38
Ig = I, cos By 40.39
The stator parameters are
P,
G = =2 40.40
Vadj
I\’
Bu =¥ -6a=-y/ () -
nl
I
e 40.41
Vadj

In a blocked-rotor test, the rotor is blocked. A (low)
voltage is applied and measured so that the rated cur-
rent flows. The phase current, I, power per phase, Py,
and phase voltage, V}, are measured.

The phase current lags the phase voltage by the follow-
ing angle.

P,

COSs eb = m

40.42

The stator reactance, X1, is usually assumed to be one-
half of X, the remainder being the rotor reactance.
However, since performance depends greatly on Ry, the
division of R must be less arbitrary. One approach is to
measure the DC resistance between the terminals and
use this as an approximate value of 2R .9 (This assumes
wye-connected motor windings.) The remainder of R is
given to Ry.

X=X1+X;,=2X, = Vi’
IbSIIleb
=+Z2%2—- R2 40.43
P
R=R1+Rz=—§ 40.44
Ib
Vi
Z = — 40.4
I, 0.45

9This value is corrected empirically, but the correction is beyond
the scope of this book.
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17. STARTING INDUCTION MOTORS

Induction motors draw their maximum current when
starting (i.e., when slip, s, is one). The starting torque
for a polyphase motor varies directly with the square of
the stator voltage but also depends on the rotor resis-
tance and reactance. (Starting torque for a single-phase
induction motor is zero. Therefore, single-phase induc-
tion motors must be brought up to speed by some other
means.)!? For a given stator voltage, there is a par-
ticular rotor resistance that maximizes starting torque.
Increasing or decreasing resistance from this optimum
value decreases the starting torque. Starting current
can be calculated from Eq. 40.46 by setting s equal to
one.

Istarting =h=IL+1
Via:
= In + ——-1%—— 40.46
R1 + T +jX

The blocked- (locked-) rotor current is the current drawn
by the motor with the rotor held stationary. It is a
worst-case starting current since the rotor begins to
move immediately upon starting, reducing the current
drawn. Free-rotor starting current is approximately
75% of the blocked-rotor current.

18. SPEED CONTROL FOR
INDUCTION MOTORS

The rotational speed of an induction motor depends on
the number of poles, line voltage, supply frequency, and
rotor circuit resistance. For a given machine, the num-
ber of poles cannot be varied without excessive complex-
ity in winding switching and increased manufacturing
cost. Since the breakdown torque is proportional to the
square of the voltage, reducing the voltage may stall
the motor. As a result, voltage speed control is rarely
used. Changing the supply frequency is also impracti-
cal in most instances. Introducing a resistance in series
with the rotor decreases the motor speed but is possible
only in wound-rotor motors.

Speed control is commonly accomplished by introducing
a foreign voltage in the secondary (rotor) circuit. If
the foreign voltage opposes the voltage induced in the
secondary circuit, the motor speed will be reduced and
vice versa.

If two induction motors are available, one can be used to
control the other by connecting them in cascade. The
shafts are rigidly connected and the rotor and stator
windings are interconnected. The two armatures can
also be constructed on a single shaft.

10Polyphase induction motors will run but will not start on a sin-
gle phase. There is a danger of current overload if synchronization
is lost during single-phase operation. Protective elements (e.g.,
circuit breakers) are used to limit current.

19. POWER TRANSFER IN
INDUCTION MOTORS

Figure 40.7 illustrates the power transfer in an induc-
tion motor. Equations 40.47 through 40.52 are per
phase.

input power = V11 cos 0 40.47

stator copper losses = I Ry 40.48
. I2R,

rotor input power = 40.49

rotor copper losses = I%Rz 40.50

1 —
electrical power delivered = I22R2 <T8> 40.51

shaft output power = T'Q 40.52

Core losses are constant (see Sec. 40-5). Copper losses
are proportional to the square of the delivered power.

(air
gap)
rotor electrical
input power
power delivered

input
power

"o

stator stator
core copper
losses losses

shaft (rotor)

|
|
|
|
| > output
: L i power
:
|
|
|

rotor friction
copper  and windage
losses losses

Figure 40.7 Induction Motor Power Transfer

Example 40.5

A 15 hp induction motor with six poles operates at 80%
efficiency on a three-phase, 240 V (rms), 60 Hz line. The
following losses are observed for full-load operation:

stator copper loss 540 W
friction/windage loss 975 W
core loss 675 W

What are the (a) speed and (b) torque when the motor
delivers half power?
Solution

(a) The full-load output power is

P = (15 hp) <745.7 hﬂp> =11,186 W

The input power is

Py 11,186 W
P, = = = 13,982 W
N 0.80
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The full-load rotor copper loss is

rotor copper loss = 13,982 W — 11,186 W
— 540 W — 975 W — 675 W

=606 W [full power]
The output power at half load is
1 W
P= (5) (15 hp) ( 745.7 Ip = 5593 W

At half load, the friction and core losses are unchanged.
From Egs. 40.50 and 40.51, the ratio of actual to full-
load copper losses is equal to the square of the ratio of
actual to full-load output power.

2

rotor copper loss = (%) (606 W) =152 W

2

stator copper loss = ()" (540 W) = 135 W

The rotor input power is

P, =5593 W+ 975 W+ 152 W = 6720 W

The synchronous speed is

L _120f _ (120)(60)
s = p = 6

= 1200 rpm

The slip at half power is found from Eq. 40.49.

" ] 152 W
__ rotor copper loss = 0.0226

5= rotor input power 6720 W

The speed at half load is

n = ns(1l — s) = (1200 rpm)(1 — 0.0226)
= 1173 rpm

(b) The torque is found from Eq. 40.5.

_ 5252P _ (5252) (5) (15 hp)

& n 1173 rpm

= 33.6 ft-1bf
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250.126]. The sizing of eqllipmenngt Symbol itse)f [Sec

s v n Tl 3 TINER I o S

Table 65.1 Equipment Grounding
(NEC Table 250.122)

rating or setting of
automatic overcurrent
device in circuit ahead
of equipment, conduit,

size

aluminym
etc., not exceeding oty a?lr
(amperes) copper e perdag
15 14
20 12 }g
30 10 .
40 10 8
60 10 5
100 8 .
200 6 .
300 4 g
400 3 1
500 2 1/0
S0 1/0 3/0
1000 2/0 4/0
1200 3/0 250
1600 4/0 350
2000 250 400
2500 350 600
A
5000 700 1200
1200
6000 800

with Sec. 250.4(B)(4), the

— O be sized larger than this

equipment grounding conductor shall
table.

“See installation restrictions in Sec. 250.120.

) :cal Code® Hand-
Reprinted with issi National Electr_:cal .
book, th edition, copyrighn f!'0m2002 National Fire Protection As_not
2 3”. t © ) h.iS matel'la-l is

tion, Quincy, ights reserved. T g
the complete and obéiAémJAuporellgt?on of the NFPA, which 15 r¢P
%ented by the standard in its entirety- _—

istered tr
National Electrical Code® and NEC® are 830 ey,

. jation,
?,g,;g; National Fire Protection Associ®

rods are used, they mys m 857

The wiring methods covered in the Code are f
WIring l'n.sta.llations, but do not include internal :c;-maf)l-l
ment wiring [Sec. 300.1(B)]. All conductors in the same
Circuit should be contained together [Sec. 300.3(B)].
n genen:a.l, conductors for systems over 600 V are not
Iixed with those for systems under 600 V [Sec. 300.3(C)
(2)]. Directly buried conduit must be at least 18 in
(45.7 cm) from the surface [Sec. 300.5(D)(1)].

Conductor application and insulation codes, such as
THHN for heat-resistant thermoplastic, are given in
NEC Table 310.13. The appropriate letter designations
are explained, the type of insulation is specified, and
the design applications are listed.

Conductor ampacities are determined using App. 65.B
(NEC Table 310.16) and numerous other NEC tables
given in Sec. 310.15. The loads used to determine the
ampacities are calculated in accordance with Article 220
of the Code. Derating, that is, lowering the allowed
ampere rating, of a conductor can occur due to tempera-
ture limitations of the terminal connections [Sec. 110.14
(C)], coordination with system overcurrent protection
[Sec. 240.4], carrying more than three current-carryi
conductors in a raceway or cable [Sec. 310.15(B)(2)(a)
and NEC Table 310.15(B)(2)(a)], the ambient oper-
ating environment [NEC Table Correction Factors at
the bottom of each table], and a variety of other con-
ditions [NEC App. B]. Under engineering supervision,
conductor ampacities may be calculated using the for-
mula given in Section 310.15(C) for which sample cal-
culations are given in NEC App. B.

Example 65.5

A single AWG 10 TW copper conductor is conside_red
for use in an environment expected to have an ambient
temperature of 100°F. What is the maximum ampac-

ity?

Solution

i i 0°C

ble sized at AWG 10, loc_ated in the 6
AIEXD (c:; App. 65.B, has an ampacity of 30 A before
gorating. The correction factor given at the bottom
o? the table for 100°F (38°C) is 0.82. The allowable

ampacity is

Atotal = AratedF correction

= (30 A)(0.82) =246 A
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