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CHAPTER 3
ALTERNATING CURRENT GENERATORS

LEARNING OBJECTIVES

Upon completion of this chapter, you will be able to:

1

2
3
4,
5

10.
11.

12.

Describe the principle of magnetic induction asit appliesto ac generators.

. Describe the differences between the two basic types of ac generators.

. List the advantages and disadvantages of the two types of ac generators.

Describe exciter generators within aternators; discuss construction and purpose.

. Compare the types of rotors used in ac generators, and the applications of each type to different

prime movers.

Explain the factors that determine the maximum power output of an ac generator, and the effect
of these factorsin rating generators.

Explain the operation of multiphase ac generators and compare with single-phase.

Describe the rel ationships between the individual output and resultant vectorial sum voltagesin
multiphase generators.

Explain, using diagrams, the different methods of connecting three-phase aternators and
transformers.

List the factors that determine the frequency and voltage of the aternator output.

Explain the terms voltage control and voltage regulation in ac generators, and list the factors that
affect each quantity.

Describe the purpose and procedure of parallel generator operation.

INTRODUCTION

Most of the electrical power used aboard Navy ships and aircraft aswell asin civilian applicationsis
ac. Asaresult, the ac generator isthe most important means of producing electrical power. Ac generators,
generally called alternators, vary greatly in size depending upon the load to which they supply power. For
example, the alternators in use at hydroel ectric plants, such as Hoover Dam, are tremendous in size,
generating thousands of kilowatts at very high voltage levels. Another example isthe alternator in a
typical automobile, which isvery small by comparison. It weighs only afew pounds and produces
between 100 and 200 watts of power, usually at a potential of 12 volts.

Many of the terms and principles covered in this chapter will be familiar to you. They are the same
as those covered in the chapter on dc generators. Y ou are encouraged to refer back, as needed, and to refer
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to any other source that will help you master the subject of this chapter. No one source meets the
complete needs of everyone.

BASIC AC GENERATORS

Regardless of size, all electrical generators, whether dc or ac, depend upon the principle of magnetic
induction. An emf isinduced in acoil asaresult of (1) acoil cutting through a magnetic field, or (2) a
magnetic field cutting through a coil. Aslong as there is relative motion between a conductor and a
magnetic field, a voltage will be induced in the conductor. That part of a generator that produces the
magnetic field is called the field. That part in which the voltage isinduced is called the armature. For
relative motion to take place between the conductor and the magnetic field, all generators must have two
mechanichpats — arotor and astatar. The ROTor isthe pat that ROTates;the STATor is the patt that
remainsSTATIionary. In adc generdor, thearmature is aways therotor. In alterratas, thearmature may
beeither the rotor or statar.

Q1. Magnetic indudion ocaurswhenthere is relative motion betweenwha two elements?
ROTATING-ARMATURE ALTERNATORS

Therotating-amaturealterrator is similar in congruction to the dc generdor in thatthe armature
rotaes in a stationary magnetic field asshownin figure 3-1, view A. In thedc genemator, the ent
generaedin the armature windings is convertedfrom acto dc by meansof theconmutator.In the
altermatar, the geneatedacis brought to theloadunchanged by meansof slip rings. The rotating armature
is foundonly in aterratas of low powerrating andgeneally is notusedto suppy eledric powerin large
quantties.
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Figure 3-1.—Typesof ac generators.
ROTATING-FIELD ALTERNATORS

Therotating-field alternator has a stationary armature winding and a rotating-field winding as shown
in figure 3-1, view B The advantage of having a stationary armature winding is that the generated voltage
can be connected directly to the load.

A rotating armature requires slip rings and brushes to conduct the current from the armature to the
load. The armature, brushes, and dlip rings are difficult to insulate, and arc-overs and short circuits can
result at high voltages. For this reason, high-voltage alternators are usually of the rotating-field type.
Since the voltage applied to the rotating field is low voltage dc, the problem of high voltage arc-over at
the dip rings does not exist.

The stationary armature, or stator, of thistype of aternator holds the windings that are cut by the
rotating magnetic field. The voltage generated in the armature as aresult of this cutting action isthe ac
power that will be applied to the load.
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The stators of al rotating-field aternators are about the same. The stator consists of alaminated iron
core with the armature windings embedded in this core as shown in figure 3-2. The coreis secured to the
stator frame.

LAMINATED

ARMATURE
WINDINGS

STATOR (IN SLOTS)

ASSEMBLY

Figure 3-2.—Stationary armature windings.
Q2. What isthe part of an alternator in which the output voltage is generated?
Q3. What are the two basic types of alternators?

Q4. What isthe main advantage of the rotating field alternator?

PRACTICAL ALTERNATORS

The alternators described so far in this chapter are ELEMENTARY in nature; they are seldom used
except as examples to aid in understanding practical alternators.

The remainder of this chapter will relate the principles of the elementary alternator to the alternators
actualy in usein the civilian community, as well as aboard Navy ships and aircraft. The following
paragraphs in this chapter will introduce such concepts as prime movers, field excitation, armature
characteristics and limitations, single-phase and polyphase alternators, controls, regulation, and parall€
operation.

FUNCTIONSOF ALTERNATOR COMPONENTS

A typical rotating-field ac generator consists of an alternator and a smaller dc generator built into a
single unit. The output of the alternator section supplies alternating voltage to the load. The only purpose
for the dc exciter generator isto supply the direct current required to maintain the alternator field. This dc
generator is referred to asthe exciter. A typical dternator is shownin figure 3-3, view A; figure 3-3, view
B, isasimplified schematic of the generator.
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Figure 3-3.—Ac generator pictorial and schematic drawings.

The exciter isadc, shunt-wound, self-excited generator. The exciter shunt field (2) creates an area of
intense magnetic flux between its poles. When the exciter armature (3) isrotated in the exciter-field flux,
voltage isinduced in the exciter armature windings. The output from the exciter commutator (4) is
connected through brushes and dlip rings (5) to the aternator field. Since thisisdirect current already
converted by the exciter commutator, the current always flows in one direction through the alternator field
(6). Thus, afixed-polarity magnetic field is maintained at all timesin the aternator field windings. When
the alternator field is rotated, its magnetic flux is passed through and across the aternator armature
windings (7).

The armature is wound for a three-phase output, which will be covered later in this chapter.
Remember, avoltage isinduced in a conductor if it is stationary and a magnetic field is passed across the
conductor, the same as if the field is stationary and the conductor is moved. The aternating voltage in the
ac generator armature windings is connected through fixed terminals to the ac load.

Q5. Mot large alternators have a small dc generator built into them. What isits purpose?
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PRIME MOVERS

All generators, large and small, ac and dc, require a source of mechanical power to turn their rotors.
This source of mechanical energy is called a prime mover.

Prime movers are divided into two classes for generators-high-speed and low-speed. Steam and gas
turbines are high-speed prime movers, while internal-combustion engines, water, and el ectric motors are
considered |ow-speed prime movers.

Thetype of prime mover plays an important part in the design of alternators since the speed at which
the rotor isturned determines certain characteristics of aternator construction and operation.

ALTERNATOR ROTORS

There are two types of rotors used in rotating-field aternators. They are called the turbine-driven and
salient-pole rotors.

Asyou may have guessed, the turbine-driven rotor shown in figure 3-4, view A, is used when the
prime mover is a high-speed turbine. The windings in the turbine-driven rotor are arranged to form two or
four digtinct poles. The windings are firmly embedded in sots to withstand the tremendous centrifugal
forces encountered at high speeds.
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Figure 3-4—Typesof rotors use in alternators.

The salient-pole rotor shown in figure 3-4, view B, is used in low-speed alternators. The salient-pole
rotor often consists of several separately wound pole pieces, bolted to the frame of the rotor.

If you could compare the physical size of the two types of rotors with the same electrica
characteristics, you would see that the salient-pole rotor would have a greater diameter. At the same
number of revolutions per minute, it has agreater centrifugal force than does the turbine-driven rotor. To
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reduce thisforce to asafe level so that the windings will not be thrown out of the machine, the salient
poleis used only in low-speed designs.

ALTERNATOR CHARACTERISTICSAND LIMITATIONS

Alternators are rated according to the voltage they are designed to produce and the maximum current
they are capable of providing. The maximum current that can be supplied by an alternator depends upon
the maximum heating loss that can be sustained in the armature. This heating loss (which is an IR power
loss) actsto heat the conductors, and if excessive, destroys the insulation. Thus, alternators are rated in
terns of this current andin termrs of the voltage outpu — the alternator rating in small unitsisin volt-
anmperesin large unitsit is kilovolt-amperes.

Whenanalternator leavesthe facory, it is alreadydestnedto do a very spedfic job. The speedat
which it is designedto rotate the voltage it will produce,thecurrent limits, andother opeaating
chaactkristics are built in. This informationis usudly stanpedon a naneplae on the caseso thatthe use
will know the limitations.

Q6. How are alternators usually rated?

Q7. What type of prime mover requires a specially designed high-speed alternator?

Q8. Salient-pole rotors may be used in alternators driven by what types of prime movers?
SINGLE-PHASE ALTERNATORS

A generata that produces asingle, coninuously alternating voltage is knownasa SINGLE-PHASE
alterratar. All of the alternatbrs that hawe beendiscusedsofarfit this definition. The stator (armature)
windings are connected in seiies. Theindividud voltages,therefore, addto produce a singe-phaseac
voltage. Figure 3-5 showsa basic dternata with its sinde-phaseoutput voltage.

Figure 3-5.—Single-phasealternator.

The definition of phase as you learned it in studying ac circuits may not help too much right here.
Remember, "out of phase" meant "out of time."

Now, it may be easier to think of the word phase as meaning voltage asin single voltage. The need
for amodified definition of phase in this usage will be easier to see as we go aong.
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Single-phase aternators are found in many applications. They are most often used when the loads
being driven are relatively light. The reason for thiswill be more apparent as we get into multiphase
aternators (also called polyphase).

Power that is used in homes, shops, and ships to operate portable tools and small appliancesis
single-phase power. Single-phase power alternators always generate single-phase power. However, all
single-phase power does not come from single-phase aternators. Thiswill sound more reasonable to you
as we get into the next subjects.

Q9. What does the term single phase indicate?

Q10. Insingle-phase alternators, in order for the voltages induced in all the armature windings to add
together for a single output, how must the windings be connected?

TWO-PHASE ALTERNATORS

Two phase implies two voltages if we apply our new definition of phase. And, it'sthat smple. A
two-phase aternator is designed to produce two completely separate voltages. Each voltage, by itself,
may be considered as a single-phase voltage. Each is generated compl etely independent of the other.
Certain advantages are gained. These and the mechanics of generation will be covered in the following

paragraphs.
Generation of Two-Phase Power

Figure 3-6 shows a simplified two-pole, two-phase alternator. Note that the windings of the two
phass are physicaly atright andes (90°) to each other.You would exped the outputs of ead phaseto
be 90° apat, which they are. The graphshowsthe two phagsto be 90° apat, with A leadingB. Note
tha by usingour original definition of phase(from previous module$, we coud saytha A andB are90°
outof phase.Therewill dwaysbe9(® between the phagsof atwo-phasedternator. This is by desgn.

1 1
490&3(/

Figure 3-6.—Two-phasealternator.
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Now, let’s go back and see the similarities and differences between our original (single-phase)
aternators and this new one (two-phase). Note that the principles applied are not new. This alternator
works the same as the others we have discussed.

The stator in figure 3-6 consists of two single-phase windings completely separated from each other.
Each winding is made up of two windings that are connected in series so that their voltages add. The rotor
isidentical to that used in the single-phase aternator. In the left-hand schematic, the rotor poles are
opposite all the windings of phase A. Therefore, the voltage induced in phase A is maximum, and the
voltage induced in phase B is zero. As the rotor continues rotating counterclockwise, it moves away from
the A windings and approaches the B windings. As aresult, the voltage induced in phase A decreases
from its maximum value, and the voltage induced in phase B increases from zero. In the right-hand
schematic, the rotor poles are opposite the windings of phase B. Now the voltage induced in phase B is
maximum, whereas the voltage induced in phase A has dropped to zero. Notice that a 90-degree rotation
of the rotor corresponds to one-quarter of acycle, or 90 electrical degrees. The waveform picture shows
thevoltagesinducedin phas A andB for onecycle. The two voltagesare 90° ou of phaseNotice that
thetwo outputs, A andB, are indepemert of ead other. Eachoutput is asinge-phasevoltage, justasif
theother did not exist.

The obviousadwantag, sofar, is that we hawe two sepaate output voltages.There is sorre saung in
havng onesetof bearings, onerotor, onehousng, andsoon, to dothework of two. Thereis the
disadantage of having twice asmany stata cail s, which reguire alarger andmore conplex stator.

The large schrematicin figure 3-7 showsfour separate wiresbrougdht out from the A and B stator
windings. This is the same asin figure 3-6. Notice, howeer, that the dotted wire now conneds one erd of
B1 to one endof A2. The effect of making this conredion is to provide a newoutput voltage. This sine-
wavwve voltage, C in the picture, is larger thaneither A or B. It is theresut of addngtheinstananews
valuesof phaseA andphaseB. For this reasonit apparsexadly half way beweenA andB. Therefore, C
must lagA by 45° and kad B by45, asshownin thesmall vecta diagam

TWO-PHASE
THREE-WIRE
ALTERNATOR

Figure 3-7.—Connections of a two-phase three-wire alternator output.
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Now, look at the smaller schematic diagram in figure 3-7. Only three connections have been brought
out from the stator. Electrically, thisis the same as the large diagram above it. Instead of being connected
at the output terminals, the B1-A2 connection was made internally when the stator was wired. A two-
phase aternator connected in this manner is called atwo-phase, three-wire aternator.

The three-wire connection makes possible three different load connections. A and B (across each
phase), and C (across both phases). The output at C is always 1.414 times the voltage of either phase.
These multiple outputs are additional advantages of the two-phase alternator over the single-phase type.

Now, you can understand why single-phase power doesn't always come from single-phase
alternators. It can be generated by two-phase alternators as well as other multiphase (polyphase)
aternators, as you will soon see.

The two-phase alternator discussed in the preceding paragraphs is seldom seen in actual use.
However, the operation of polyphase alternatorsis more easily explained using two phases than three
phases. The three-phase alternator, which will be covered next, is by far the most common of all
alternators in use today, both in military and civilian applications.

Q11. What deter mines the phase relationship between the voltagesin a two-phase ac generator?

Q12. How many voltage outputs are available from a two-phase three-wire alternator?

Q13. What istherelationship of the voltage at C in figure 3-7 to the voltages at A and B?
THREE-PHASE ALTERNATOR

The three-phase alternator, as the name implies, has three single-phase windings spaced such that the
voltage inducedin anyonephas is displacedby 120°fromtheothe two. A schenatic diagamof a
threephasestata showing all the cail s beconmesconplex, andit is difficult to seewhat is actually
happeimg. The simplified schenatic of figure 3-8, view A, showsall the windings of eat phaselumped
togetha asonewinding. Therotor is omittedfor simplicity. The voltage waveforms generaedacioss
eachphaseare drawn on a graph, phasedisplaced12(® from eachother. The threephasedternaor as
shownin this schematic is made up of threesingle-phasealternatas whosegenerated voltagesare out of
phaseby 120°. The threephagsareindepenentof eachother.

10
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Figure 3-8.—Three-phasealternator connections.

Rather than having six leads coming out of the three-phase aternator, the same leads from each
phase may be connected together to form awye (Y) connection, as shown in figure 3-8, view B. It is
called awye connection because, without the neutral, the windings appear asthe letter Y, in this case
sideways or upside down.

The neutral connection is brought out to aterminal when a single-phase load must be supplied.
Single-phase voltage is available from neutral to A, neutral to B, and neutral to C.

In athree-phase, Y -connected alternator, the total voltage, or line voltage, across any two of the three
line leadsis the vector sum of the individual phase voltages. Each line voltage is 1.73 times one of the
phase voltages. Because the windings form only one path for current flow between phases, the line and
phase currents are the same (equal).

A three-phase stator can also be connected so that the phases are connected end-to-end; it is now
delta connected (fig. 3-8, view C). (Delta because it looks like the Greek |etter delta, A.) In the delta
connection, line voltages are equal to phase voltages, but each line current is equal to 1.73 times the phase
current. Both the wye and the delta connections are used in aternators.

Themajority of al alternatorsin usein the Navy today are three-phase machines. They are much
more efficient than either two-phase or single-phase alternators.

Three-Phase Connections

The stator coils of three-phase alternators may be joined together in either wye or delta connections,
as shown in figure 3-9. With these connections only three wires come out of the alternator. This allows
convenient connection to three-phase motors or power distribution transformers. It is necessary to use
three-phase transformers or their electrical equivalent with this type of system.

11
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Figure 3-9.—Three-phasealternator or tr ansformer connections.

A three-phase transformer may be made up of three, single-phase transformers connected in delta,
wye, or a combination of both. If both the primary and secondary are connected in wye, the transformer is
called awye-wye. If both windings are connected in delta, the transformer is called a delta-delta.

Figure 3-10 shows single-phase transformers connected delta-delta for operation in athree-phase
system. Y ou will note that the transformer windings are not angled to illustrate the typical delta (A) as has
been done with aternator windings. Physically, each transformer in the diagram stands alone. Thereis no
angular relationship between the windings of the individual transformers. However, if you follow the
connections, you will see that they form an electrical delta. The primary windings, for example, are
connected to each other to form a closed loop. Each of these junctionsis fed with a phase voltage from a
three-phase alternator. The alternator may be connected either delta or wye depending on load and voltage

requirements, and the design of the system.

THREE-PHASE
INPUT {PRIMARY)

THREE-PHASE OR
SINGLE-PHASE

Ao

Co

OUTPUT (SECONDARY)
 J 0
O
G

Figure 3-10.—Three single-phase transfor mers connected delta-delta.

12
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Figure 3-11 shows three single-phase transformers connected wye-wye. Again, note that the
transformer windings are not angled. Electrically, aY isformed by the connections. The lower
connections of each winding are shorted together. These form the common point of the wye. The opposite
end of each winding isisolated. These ends form the arms of the wye.

THREE-PHASE
INPUT (FRIMARY)

O d =

%
s
é

o)

O

Figure 3-11.—Three single-phase transfor mers connected wye-wye.

The ac power on most shipsis distributed by a three-phase, three-wire, 450-volt system. The single-
phase transformers step the voltage down to 117 volts. These transformers are connected delta-deltaasin
figure 3-10. With a delta-delta configuration, the load may be a three-phase device connected to all
phases; or, it may be a single-phase device connected to only one phase.

At this point, it isimportant to remember that such a distribution system includes everything between
the alternator and the load. Because of the many choices that three-phase systems provide, care must be
taken to ensure that any change of connections does not provide the load with the wrong voltage or the
wrong phase.

Q14. Inathree-phase alternator, what is the phase relationship between the individual output voltages?
Q15. What are the two methods of connecting the outputs from a three-phase alternator to the load?

Q16. Ships generators produce 450-volt, three-phase, ac power; however, most equipment uses 117-
volt, single-phase power What transformers and connections are used to convert 450-volt, three-
phase power to 117-volt, single-phase power?

FREQUENCY

The output frequency of aternator voltage depends upon the speed of rotation of the rotor and the
number of poles. The faster the speed, the higher the frequency. The lower the speed, the lower the
frequency. The more polesthere are on the rotor, the higher the frequency isfor a given speed. When a
rotor has rotated through an angle such that two adjacent rotor poles (a north and a south pole) have
passed one winding, the voltage induced in that winding will have varied through one complete cycle. For
agiven frequency, the more pairs of polesthere are, the lower the speed of rotation. This principleis

13
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illustrated in figure 3-12; atwo-pole generator must rotate at four times the speed of an eight-pole
generator to produce the same frequency of generated voltage. The frequency of any ac generator in hertz
(H2), which isthe number of cycles per second, is related to the number of poles and the speed of
rotation, as expressed by the equation

L
120

where P isthe number of poles, N isthe speed of rotation in revolutions per minute (rpm), and 120 is
aconstant to allow for the conversion of minutes to seconds and from poles to pairs of poles. For
example, a 2-pole, 3600-rpm alternator has afrequency of 60 Hz; determined as follows:

2 #3600
120

= fH0Hz

A 4-pole, 1800-rpm generator also has afrequency of 60 Hz. A 6-pole, 500-rpm generator has a
frequency of

f 3 500
120

= 25Hz

A 12-pole, 4000-rpm generator has a frequency of

12> 4000
120

= 400Hz

Q17. What two factors determine the frequency of the output voltage of an alternator?

Q18. What isthe frequency of the output voltage of an alternator with four polesthat isrotated at 3600
rpm?

14
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BOTH ALTERNATORS ARE ROTATING AT 120 RPM: F= %
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Figure 3-12—Frequency regulation.

VOLTAGE REGULATION

As we have seen before, when the load on a generator is changed, the terminal voltage varies. The
amount of variation depends on the design of the generator.

The voltage regulation of an alternator is the change of voltage from full load to no load, expressed
as a percentage of full-load volts, when the speed and dc field current are held constant.

Epp —Ey %100 = Percent of regulation

Eq

Assume the no-load voltage of an alternator is 250 volts and the full-load voltage is 220 volts. The
percent of regulationis

250-220
220

=100 =13.6%

Remember, the lower the percent of regulation, the better it isin most applications.
Q19. Thevariationin output voltage as the load changes is referred to as what? How is it expressed?
PRINCIPLESOF AC VOLTAGE CONTROL

In an alternator, an aternating voltage isinduced in the armature windings when magnetic fields of
alternating polarity are passed across these windings. The amount of voltage induced in the windings

15
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depends mainly on three things: (1) the number of conductorsin series per winding, (2) the speed
(alternator rpm) at which the magnetic field cuts the winding, and (3) the strength of the magnetic field.
Any of these three factors could be used to control the amount of voltage induced in the alternator
windings.

The number of windings, of course, is fixed when the alternator is manufactured. Also, if the output
frequency is required to be of a constant value, then the speed of the rotating field must be held constant.
This prevents the use of the alternator rpm as a means of controlling the voltage output. Thus, the only
practical method for obtaining voltage control isto control the strength of the rotating magnetic field. The
strength of this electromagnetic field may be varied by changing the amount of current flowing through
thefield coil. Thisis accomplished by varying the amount of voltage applied across the field cod.

Q20. How isoutput voltage controlled in practical alternators?
PARALLEL OPERATION OF ALTERNATORS

Alternators are connected in parallel to (1) increase the output capacity of a system beyond that of a
single unit, (2) serve as additiona reserve power for expected demands, or (3) permit shutting down one
machine and cutting in a standby machine without interrupting power distribution. When alternators are
of sufficient size, and are operating at different frequencies and terminal voltages, severe damage may
result if they are suddenly connected to each other through a common bus. To avoid this, the machines
must be synchronized as closely as possible before connecting them together. This may be accomplished
by connecting one generator to the bus (referred to as bus generator), and then synchronizing the other
(incoming generator) to it before closing the incoming generator’s main power contactor. The generators
are synchronized when the following conditions are set:

1. Equal terminal voltages. Thisis obtained by adjustment of the incoming generator’s field
strength.

2. Equal frequency. Thisis obtained by adjustment of the incoming generator’s prime-mover
Speed.

3. Phase voltagesin proper phase relation. The procedure for synchronizing generatorsis not
discussed in this chapter. At this point, it is enough for you to know that the above must be
accomplished to prevent damage to the machines.

Q21. What generator characteristics must be considered when alternators are synchronized for parallel
operation?

SUMMARY

This chapter has presented an introduction to the subject of alternators. Y ou have studied the
characteristics and applications of different types. The following information provides a summary of the
chapter for your review.

MAGNETIC INDUCTION isthe process of inducing an emf in a coil whenever the coil is placed
in a magnetic field and motion exists between the coil and the magnetic lines of flux. Thisistrueif either
the coil or the magnetic field moves, aslong as the cail is caused to cut across magnetic flux lines.

16
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The ROTATING ARMATURE-ALTERNATOR isessentially aloop rotating through a stationary
magnetic fealties cutting action of the loop through the magnetic field generates ac in the loop. Thisac is

removed from the loop by means of dlip rings and applied to an external load.

FIELD EXCITATION

ARMATURE

AC OUTPUT

The ROTATING-FIELD ALTERNATOR has astationary armature and arotating field. High
voltages can be generated in the armature and applied to the load directly, without the need of dip rings
and brushes. The low dc voltage is applied to the rotor field by means of dip rings, but this does not

introduce any insulation problems.

AC QUTPUT T

I

ARMATURE
Wy
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ROTOR CONSTRUCTION in alternators may be either of two types. The salient-polerotor is
used in dower speed dternators. The turbine driven-type is wound in a manner to allow high-speed use

without flying apart.

SLIP RINGS

T

TURBINE DRIVEN
ROTOR

HIGH SPEED = 1200 RPM SALIENT-POLE
OR MORE ROTOR

LOW SPEED = 1200 RPM

OF LESS
CROSS - SECTION SCHEMATIC
- - o T
, - - - -~ .
. | *" ’=| \l.
— R
Mo * LINES OF : #l,“[ G
e MAGHETIC ———— = g 3
- = FORCE 4 ‘. / ¢
h r

GENERATOR RATINGS are dependent on the amount of current they are capable of providing at
full output voltage; this rating is expressed as the product of the voltage times the current. A 10-volt
aternator capable of supplying 10 amperes of current would be rated at 100 volt-amperes. Larger

aternators are rated in kilovolt-amperes.

EXCITER GENERATORS are small dc generators built into alternators to provide excitation
current to field windings. These dc generators are called exciters.

The SINGLE-PHASE ALTERNATOR has an armature that consists of a number of windings
placed symmetrically around the stator and connected in series. The voltages generated in each winding

add to produce the total voltage across the two output terminals.
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A TWO-PHASE ALTERNATOR consists of two phases whose windings are so placed around the
staor tha the voltagesgeneraedin themare90° out of phase.

TWO-PHASE ALTERNATOR CONNECTIONS may be modified sothat the output of atwo-
phasealternaor is in athreewire mannerwhich actually providesthreeoutputs, two induced phase
voltages,plusavedorial sumvoltage.
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TWO-PHASE
THREEWIRE
ALTERNATOR

In THREE-PHASE AL TERNATORS the windings have voltages generated in them which are
120° out of phase.Threephasealternaors are most often usedto generate ac power.

A B A o C

4 JIAAX

THREE-PHASE
ALTERNATOR

THREE-PHASE ALTERNATOR CONNECTIONS may bedeltaor wye conrecions depending

ontheapgicaion. Theac powe abardshipis usudly taken from theships generdors through ddta

connetions,for the convenienceof step-downtrangormers.

20




AC Generators and Motors - E03-008

NEUTRAL

THREE-PHASE
WYE CONMNECTED

O

— o
THREEPHASE
DELTA CONNECTED

ALTERNATOR FREQUENCY depends upon the speed of rotation and the number of pairs of

rotor poles.

BOTH ALTERNATORS ARE ROTATING AT 120 RPM: F= NP

120

8-POLE LOW SPEED

2-POLE LOW SPEED

VOLTAGE REGULATION isthe changein output voltage of an alternator under varying load

conditions.

VOLTAGE CONTROL in aternatorsis accomplished by varying the current in the field windings,

much as in dc generators.
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Al.

A3.
Ad.
A5.
AG.
AT7.
A8.
A9.
A10.
All.
Al2.
Al3.
Al4.
Al5.
Al6.
Al7.
Al8.
Al9.
A20.
A21.

ANSWERS TO QUESTIONS Q1. THROUGH Q21.
A conductor and a magnetic field.
Armature.
Rotating armature and rotating field.
Output voltage is taken directly from the armature (not through brushes or dlip rings).
To provide dc current for the rotating field.
Kilovolt-amperes (volt amperes).
Steam turbine.
Internal combustion engines, water force and e ectric motors.
One voltage (one output).
In series.
Placement of armature coils.
Three.
Cis1.414 timesgreater than A or B.
Eachphaseisdispaced 12(° fromthe othertwo.
WyeandDelta.
Threesinde-phase,ddta-ddta, step-downtransfamers
Speedf rotation and numberof pdes
120 Hz.
Voltageregulation. Asa percertage.
By varying thevdtage apgiedto the field windings.

Outputvoltage, freqency,and phaserelationshps.
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CHAPTER 4
ALTERNATING CURRENT MOTORS

LEARNING OBJECTIVES
Upon completion of this chapter you will be able to:
1. Listthree basic types of ac motors and describe the characteristics of each type.
2. Describe the characteristics of a series motor that enable it to be used as a universal motor.

3. Explain the relationships of theindividual phases of multiphase voltages as they produce rotating
magnetic fields in ac motors.

4. Describe the placement of stator windings in two-phase, ac motors using rotating fields.

5. List the similarities and differences between the stator windings of two-phase and three-phase ac
motors.

6. State the primary application of synchronous motors, and explain the characteristics that make
them suitable for that application.

7. Describe the features that make the ac induction motor the most widely used of electric motors.

8. Describe the difference between the rotating field of multiphase motors and the "apparent™
rotating field of single-phase motors.

9. Explain the operation of split-phase windings in single-phase ac induction motors.

10. Describe the effects of shaded polesin single-phase, ac induction motors.

INTRODUCTION

Most of the power-generating systems, ashore and afloat, produce ac. For this reason a mgjority of
the motors used throughout the Navy are designed to operate on ac. There are other advantages in the use
of ac motors besides the wide availability of ac power. In general, ac motors cost less than dc motors.
Some types of ac motors do not use brushes and commutators. This eliminates many problems of
maintenance and wear. It also eliminates the problem of dangerous sparking.

An ac motor is particularly well suited for constant-speed applications. Thisis because its speed is
determined by the frequency of the ac voltage applied to the motor terminals.

The dc motor is better suited than an ac motor for some uses, such as those that require variable-
speeds. An ac motor can aso be made with variable speed characteristics but only within certain limits.

Industry builds ac motors in different sizes, shapes, and ratings for many different types of jobs.
These motors are designed for use with either polyphase or single-phase power systems. It is not possible
here to cover all aspects of the subject of ac motors. Only the principles of the most commonly used types
are dealt with in this chapter.
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In this chapter, ac motors will be divided into (1) series, (2) synchronous, and (3) induction motors.
Single-phase and polyphase motors will be discussed. Synchronous motors, for purposes of this chapter,
may be considered as polyphase motors, of constant speed, whose rotors are energized with dc voltage.
Induction mators, single-phase or polyphase, whose rotors are energized by induction, are the most
commonly used ac motor. The series ac motor, in asense, is afamiliar type of motor. It isvery similar to
the dc motor that was covered in chapter 2 and will serve as a bridge between the old and the new.

Q1. What are the three basic types of ac motors?

SERIESAC MOTOR

A series ac motor isthe same electrically as a dc series motor. Refer to figure 4-1 and use the | eft-
hand rule for the polarity of coils. Y ou can see that the instantaneous magnetic polarities of the armature
and field oppose each other, and motor action results. Now, reverse the current by reversing the polarity
of the input. Note that the field magnetic polarity still opposes the armature magnetic polarity. Thisis
because the reversal effects both the armature and the field. The ac input causes these reversals to take
place continuously.

FIELD COIL

SERIES FIELD

ARMATURE

e

S, s
~ »

——

SERIES ARM.
7 )
v

Figure 4-1—Seriesac motor.

The construction of the ac series motor differs dightly from the dc series motor. Special metals,
laminations, and windings are used. They reduce losses caused by eddy currents, hysteresis, and high
reactance. Dc power can be used to drive an ac series motor efficiently, but the oppositeis not true.

The characteristics of a series ac motor are similar to those of a series dc motor. It isavarying-speed
machine. It has low speeds for large loads and high speeds for light loads. The starting torque is very
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high. Series motors are used for driving fans, electric drills, and other small appliances. Since the series ac
motor has the same general characteristics as the series dc motor, a series motor has been designed that
can operate both on ac and dc. This ac/dc motor is called a universal motor. It finds wide use in small
electric appliances. Universal motors operate at lower efficiency than either the ac or dc series motor.
They are built in small sizes only. Universal motors do not operate on polyphase ac power.

Q2. Seriesmotorsare generally used to operate what type of equipment?

Q3. Why are series motors sometimes called universal motors?

ROTATING MAGNETIC FIELDS

The principle of rotating magnetic fields is the key to the operation of most ac motors. Both
synchronous and induction types of motors rely on rotating magnetic fieldsin their stators to cause their
rotorsto turn.

Theideais simple. A magnetic field in a stator can be made to rotate electrically, around and around.
Another magnetic field in the rotor can be made to chase it by being attracted and repelled by the stator
field. Because the rator is freeto turn, it follows the rotating magnetic field in the stator. Let’s see how it
isdone.

Rotating magnetic fields may be set up in two-phase or three-phase machines. To establish arotating
magnetic field in amotor stator, the number of pole pairs must be the same as (or a multiple of) the
number of phasesin the applied voltage. The poles must then be displaced from each other by an angle
egual to the phase angle between the individual phases of the applied voltage.

Q4. What determines the number of field poles required to establish a rotating magnetic field in a
multi phase motor stator?

TWO-PHASE ROTATING MAGNETIC FIELD

A rotating magnetic field is probably most easily seen in atwo-phase stator. The stator of atwo-
phase induction motor is made up of two windings (or a multiple of two). They are placed at right angles
to each other around the stator. The simplified drawing in figure 4-2 illustrates a two-phase stator.
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Figure 4-2—Two-phasemotor stator.

If thevoltagesappiedto phasesl-1A and2-2A are9( out of phae, the current thatflow in the
phass are disgaced fromeachotherby 90°. Sincethe magnetic fieldsgeneatedin the coilsare in phase
with ther resgedive currents the magneticfieldsarealso 9C° ou of pha® with eachother. These two
out-of-phasemagnetic fields, whosecoil axesare atright anglesto each other, addtogether at every
instart during thdr cycle. They produe aresutart field that rotatesone revolution for eachcycle of ac

To andyze therotating magnetic field in atwo-phasestator, refer to figure 4-3. The arrow represens
therotor. For each paint se up on the voltage chart, corsidertha currentflowsin adirecion that will
causehe magnetic pdarity indicated at each pde piece. Note that from onepaint to thenex, the
polaitiesare rotating from onepdle to the nex in a clockwise manner.Oneconmpletecycle of input
voltage prodiwcesa 360-degeerotation of the pole polarities Let's seehow this resut is obtained.
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Figure 4-3—Two-phaserotating field.

The wawefornsin figure4-3 areof thetwo input phaes,disdaced 9° becaseof the way they
weregeneratedin atwo-phasealtemabr. The waveforns are nunberedto match ther asseiatedphase.
Although nat shownin this figure, thewindings for the poles 1-1A and2-2A would beasshownin the
prevMousfigure At position 1, thecurrert flow andmagneticfield in winding 1-1A is at maximum
(be@usethe pha® voltage is maximum). The currert flow and magnetic field in winding 2-2A is zero
(beausethe pha® voltage is zerg). Theresuttart magnetic field is therefare in the diredion of the 1-1A
axis.At the 45-degeepoint (postion 2), theresutart magnetic field lies midwaybetweerwindings 1-1A
and2-2A. The cail currentsandmagneticfields are equalin strengh. At 90° (position 3), the magnetic
field in winding 1-1A is zero. Themagneticfield in winding 2-2A is at maximum. Now theresultart
magneticfield liesalongtheaxis of the 2-2A winding asshown.Theresutantmagnetic field hasrotated
clockwisethrough 90° to get from postion 1 to position 3. Whenthetwo-phasevoltageshave conpleted
onefull cycle (postion 9), theresutart magnetic field has rotatedthrough 360°. Thus, by pladng two
windings at right andes to each other andexciting thesewindings with voltages90° ou of phasea
rotating magnetic field resuts.

Two-phaseamotorsarerarely usedexcept in special-purposeequpment. Theyarediscus&d here to
aidin underdarding rotating fields. You will, howe\er, encounter many singe-phaseandthree-phase
motors.

Q5. What isthe angular displacement between field poles in a two-phase motor stator?
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THREE-PHASE ROTATING FIELDS

The three-phase induction motor a so operates on the principle of arotating magnetic field. The
following discussion shows how the stator windings can be connected to a three-phase ac input and have
aresultant magnetic field that rotates.

Figure 4-4, views A-C show the individua windings for each phase. Figure 4-4, view D, shows how
the three phases are tied together in a'Y -connected stator. The dot in each diagram indicates the common
point of the Y-connection. Y ou can see that the individual phase windings are equally spaced around the
staor. This places the windings 12 apart.

PHASE PHASE
1 2

Figure 4-4—Three-phase,Y-connected stator.

The three-phase input voltage to the stator of figure 4-4 is shown in the graph of figure 4-5. Use the
left-hand rule for determining the electromagnetic polarity of the poles at any given instant. In applying
therule to the coilsin figure 4-4, consider that current flows toward the terminal numbers for positive
voltages, and away from the terminal numbers for negative voltages.
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POIHT 2 POIHT 3

POINT 4 POIHT & POINT & POINT 7

PHASE 2 PHASE 3

Dy,
X

Figure 4-5.—Three-phaser otatin g-field polarities and input voltages.

A

/

The results of this analysis are shown for voltage points 1 through 7 in figure 4-5. At point 1, the
magnetic field in coils 1-1A is maximum with polarities as shown. At the same time, negative voltages
are being felt in the 2-2A and 3-3A windings. These create weaker magnetic fields, which tend to aid the
1-1A field. At point 2, maximum negative voltage is being felt in the 3-3A windings. This creates a strong
magnetic field which, in turn, is aided by the weaker fieldsin 1-1A and 2-2A. As each point on the
voltage graph is analyzed, it can be seen that the resultant magnetic field is rotating in a clockwise
direction. When the three-phase voltage completes one full cycle (point 7), the magnetic field has rotated
through 360° .

Q6. What isthe major difference between a two-phase and a three-phase stator?
ROTOR BEHAVIOR IN A ROTATING FIELD

For purposes of expdaining rotor movement,let's assune tha we canplace a bar magnetin the cener
of the stator diagrans of figure 4-5. Well mountthis magnetsothatit is freeto rotate in this area.Let's
alsoassime thatthe bar magnetis alignedsothat at point 1 its sauth pde is oppasite thelarge N of the
steor field.

Y ou canseetha this alignmentis naural. Unlike pdesattirad, andthetwo fields are dlignedsothat
theyareattracing. Now, go from point 1 through point 7. As before, the stator field rotatesclockwise.
Theba magnet, freeto move, will follow the stator field, be@u< the attradion beweenthetwo fields
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continues to exist. A shaft running through the pivot point of the bar magnet would rotate at the same
speed as therotating field. This speed is known as synchronous speed. The shaft represents the shaft of an
operating maotor to which the load is attached.

Remember, this explanation is an oversimplification. It is meant to show how arotating field can
cause mechanical rotation of a shaft. Such an arrangement would work, but it is not used. There are
limitations to a permanent magnet rotor. Practical motors use other methods, as we shall seein the next

paragraphs.

SYNCHRONOUSMOTORS

The construction of the synchronous motorsis essentially the same as the construction of the salient-
pole aternator. In fact, such an aternator may be run as an ac motor. It is similar to the drawing in figure
4-6. Synchronous motors have the characteristic of constant speed between no load and full load. They
are capable of correcting the low power factor of an inductive load when they are operated under certain
conditions. They are often used to drive dc generators. Synchronous motors are designed in sizes up to
thousands of horsepower. They may be designed as either single-phase or multiphase machines. The
discussion that follows is based on a three-phase design.

Figure 4-6.—Revolving-field synchronous motor.

To understand how the synchronous motor works, assume that the application of three-phase ac
power to the stator causes arotating magnetic field to be set up around the rotor. The rotor is energized
with dc (it acts like a bar magnet). The strong rotating magnetic field attracts the strong rotor field
activated by the dc. Thisresultsin astrong turning force on the rotor shaft. The rotor istherefore able to
turn aload as it rotates in step with the rotating magnetic field.

It works this way once it’s started. However, one of the disadvantages of a synchronous motor is that
it cannot be started from a standstill by applying three-phase ac power to the stator. When ac is applied to
the stator, a high-speed rotating magnetic field appearsimmediately. Thisrotating field rushes past the
rotor poles so quickly that the rotor does not have a chance to get started. In effect, the rotor is repelled
first in one direction and then the other. A synchronous motor in its purest form has no starting torque. It
has torque only when it is running at synchronous speed.

A squirrel-cage type of winding is added to the rotor of a synchronous motor to cause it to start. The
squirrel cage is shown asthe outer part of the rotor in figure 4-7. It is so named because it is shaped and
looks something like aturnable squirrel cage. Simply, the windings are heavy copper bars shorted
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together by copper rings. A low voltage isinduced in these shorted windings by the rotating three-phase
stator field. Because of the short circuit, arelatively large current flowsin the squirrel cage. This causesa
magnetic field that interacts with the rotating field of the stator. Because of the interaction, the rotor
beginsto turn, following the stator field; the motor starts. We will run into squirrel cages again in other
applications, where they will be covered in more detail.

SQUIRREL-CAGE WINDING
OVER SALIENT-POLE WINDINGS

Figure 4-7.—Self-statin g synchronous ac motor.

To start apractical synchronous motor, the stator is energized, but the dc supply to the rotor field is
not energized. The squirrel-cage windings bring the rotor to near synchronous speed. At that point, the dc
field is energized. Thislocks the rotor in step with the rotating stator field. Full torque is devel oped, and
the load is driven. A mechanical switching device that operates on centrifugal force is often used to apply
dc to the rotor as synchronous speed is reached.

The practical synchronous motor has the disadvantage of requiring a dc exciter voltage for the rotor.
This voltage may be obtained either externally or internally, depending on the design of the motor.

Q7. What requirement is the synchronous motor specifically designed to meet?

INDUCTION MOTORS

The induction motor is the most commonly used type of ac motor. Its simple, rugged construction
costs relatively little to manufacture. The induction motor has arotor that is not connected to an external
source of voltage. The induction motor derives its name from the fact that ac voltages are induced in the
rotor circuit by the rotating magnetic field of the stator. In many ways, induction in this motor is similar
to the induction between the primary and secondary windings of atransformer.

Large motors and permanently mounted motors that drive loads at fairly constant speed are often
induction motors. Examples are found in washing machines, refrigerator compressors, bench grinders,
and table saws.

The stator construction of the three-phase induction motor and the three-phase synchronous motor
are amost identical. However, their rotors are completely different (see fig. 4-8). Theinduction rotor is
made of alaminated cylinder with dotsin its surface. The windings in these dots are one of two types
(shown in fig. 4-9). The most common is the squirrel-cage winding. This entire winding is made up of
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heavy copper bars connected together at each end by a metal ring made of copper or brass. No insulation
is required between the core and the bars. Thisis because of the very low voltages generated in the rotor
bars. The other type of winding contains actua coils placed in the rotor slots. The rotor isthen called a
wound rotor.

Figure 4-8.—Induction motor.

METAL RING

LAMINATED
CORE

WOUND ROTOR

Figure 4-9.—Typesof acinduction motor rotors.

Regardless of the type of rotor used, the basic principle is the same. The rotating magnetic field
generated in the stator induces a magnetic field in the rotor. The two fieldsinteract and cause the rotor to
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turn. To obtain maximum interaction between the fields, the air gap between the rotor and stator is very
small.

Asyou know from Lenz's law, any induced emf tries to oppose the changing field that inducesit. In
the case of an induction motor, the changing field is the motion of the resultant stator field. A forceis
exerted on the rotor by the induced emf and the resultant magnetic field. Thisforce tends to cancel the
rel ative motion between the rotor and the stator field. The rotor, as aresult, moves in the same direction
astherotating stator field.

It isimpossible for the rotor of an induction motor to turn at the same speed as the rotating magnetic
field. If the speeds were the same, there would be no relative motion between the stator and rotor fields;
without relative motion there would be no induced voltage in the rotor. In order for relative motion to
exist between the two, the rotor must rotate at a speed slower than that of the rotating magnetic field. The.
difference between the speed of the rotating stator field and the rotor speed is called dip. The smaller the
dlip, the closer the rotor speed approaches the stator field speed.

The speed of the rotor depends upon the torque requirements of the load. The bigger the load, the
stronger the turning force needed to rotate the rotor. The turning force can increase only if the rotor-
induced emf increases. This emf can increase only if the magnetic field cuts through the rotor at a faster
rate. To increase the relative speed between the field and rotor, the rotor must sow down. Therefore, for
heavier loads the induction motor turns slower than for lighter loads. Y ou can see from the previous
statement that slip is directly proportional to the load on the motor. Actually only a dight change in speed
is necessary to produce the usual current changes required for normal changesin load. Thisis because the
rotor windings have such alow resistance. As aresult, induction motors are called constant-speed motors.

Q8. Why isthe ac induction motor used mor e often than other types?

Q9. The speed of the rotor is always somewhat less than the speed of the rotating field. What isthe
difference called?

Q10. What determines the amount of slip in an induction motor?
SINGLE-PHASE INDUCTION MOTORS

There are probably more single-phase ac induction motors in use today than the total of al the other
types put together.

Itislogical that the least expensive, lowest maintenance type of ac motor should be used most often.
The single-phase ac induction motor fits that description.

Unlike polyphase induction motors, the stator field in the single-phase motor does not rotate. Instead
it smply alternates polarity between poles as the ac voltage changes polarity.

Voltage isinduced in the rotor as aresult of magnetic induction, and a magnetic field is produced
around the rotor. Thisfield will always be in opposition to the stator field (Lenz's law applies). The
interaction between the rotor and stator fields will not produce rotation, however. The interaction is
shown by the double-ended arrow in figure 4-10, view A. Because this force is across the rotor and
through the pole pieces, thereis no rotary motion, just a push and/or pull along thisline.
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Np, Sp = ROTOR FIELD
Ns, S5 = STATOR FIELD

L, B. ROTATING L,

Figure 4-10.—Rotor curr ents in a single-phaseacinduction motor.

Now, if therotor is rotated by some outside force (atwist of your hand, or something), the push-pull
aong thelinein figure 4-10, view A, is disturbed. Look at the fields as shown in figure 4-10, view B. At
thisinstant the south pole on the rotor is being attracted by the left-hand pole. The north rotor poleis
beingattraciedto the right-handpole. All of thisisaresut of therotor beingrotated 9P by the outside
force. The pull that now exists between the two fields becomesa rotary force, turning the rotor toward
magnetic correspamderce with the stator. Becausethetwo fieldscortinuoudy alternde, theywill never
actually line up, andthe rotor will continue to turn once started It remainsfor usto learn pradical
methodsof getting the rotor to start.

There arese\erd typesof singe-phasandudion motorsin usetoday Bagcaly theyare idertical
excef for themeansof starting. In this chager we will discussthe sgit-phaseandshadal-pole motors;so
namedbecaus of the methods enployedto get themstated. Once they areup to operating speedall
singe-phaseindudion motorsoperde thesane.

Q11. What type of ac motor is most widely used?
Split-Phase Induction Motors

Onetypeof induction motor, which incorpaatesa starting device, is cdleda spilit-phasdnduction
motor. Split-phasemotorsaredesgnedto useinductance,capaitarce,or resstanceto developastarting
torgue. The principlesare those that you learnedin your studyof altemaing curent

CAPACITOR-START.—Thefirst type of sgit-phasendudion motor thatwill be coveredis the
capador-stat type.Figure 4-11 showsa simplified schenatic of atypicd capadtor-stat motor. The
staor congsts of the main winding anda starting winding (auxliary). The startingwindingis conreded
in paralel with the main winding andis placedphysicaly atright andesto it. A 90-degeeeledrica
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phase difference between the two windings is obtained by connecting the auxiliary winding in series with
a capacitor and starting switch. When the motor isfirst energized, the starting switch is closed. This
places the capacitor in series with the auxiliary winding. The capacitor is of such value that the auxiliary
circuit is effectively aresistive-capacitive circuit (referred to as capacitive reactance and expressed as
Xc). Inthis circuit the currentleadstheline voltage by about45® (becauseX ¢ ébou equds R). The main
winding hasenoudp resistarceindudance (referedto as indudive readane andexpresedasX,) to
causehe currert to lagtheline voltage by abou 45° (because X | aboutequds R). The curentsin each
windingare therefore 90° ou of phase- soarethe magneticfieldstha are geneated The effect is that
thetwo windings ad like a two-phasestator andproducetherotating field requredto start the motor.

MAIN
WINDING

!

AC
SINGLE- AUXILIARY

PHASE  WINDING
SUPPLY

Po—l
CAPACITOR

Figure 4-11.—Capacitor-start, acinduction motor.

When nearly full speed is obtained, a centrifugal device (the starting switch) cuts out the starting
winding. The motor then runs as a plain single-phase induction motor. Since the auxiliary winding is only
alight winding, the motor does not devel op sufficient torque to start heavy loads. Split-phase motors,
therefore, come only in small sizes.

RESI STANCE-START.—Anothertype of sgit-phasendudion motor is the resstancestat motor.
This motor also hasa starting winding (shownin fig. 4-12) in addition to the main winding. It is switched
in andoutof thecircdit just asit wasin the capadtor-stat motor. The starting winding is positionedat
right andes to the main winding. The eledrical phaseshift betweenthe currertsin the two windings is
obtanedby making theimpedancesf the windings uneqid. The main windinghasa high indudance and
alow redstane. The curen, therefare, lags the voltage by alarge ande. The statingwindingis
designedto hawe afairly low inductanceanda high resigance Herethe currert lags the voltage by a
smallerande. For exanple, suppeethe currentin the main winding lags the voltage by 70°. The current
in the auxliary windinglags the voltage by 40°. The currerts are,therdore, out of phaseby 30°. The
magnetic fields are out of phase by the sane amount. Although the ided angular phesediffererceis 9P
for maximum stating torque the 30-degeephag differencestill generaes arotating field. This suppies
enoud torqueto start the motor. Whenthe motor comesupto speed,a speed-contrdl ed switch
discaneds thestarting winding from theline, andthe motor cortinuesto run as aninduction motor. The
stating torqueis nat asgreatasit is in the capaitor-stat.
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Figure 4-12—Resistarce-sart acinduction motor.

Q12. How do split-phase induction motors become sdlf-starting?
Shaded-Pole I nduction Motors

The shaded-pol e induction motor is another single-phase motor. It uses a unique method to start the
rotor turning. The effect of a moving magnetic field is produced by constructing the stator in a special
way. Thismotor has projecting pole pieces just like some dc motors. In addition, portions of the pole
piece surfaces are surrounded by a copper strap called a shading coil. A pole piece with the strap in place
isshown in figure 4-13. The strap causes the field to move back and forth across the face of the pole
piece. Note the numbered sequence and points on the magnetization curve in the figure. Asthe alternating
stator field startsincreasing from zero (1), the lines of force expand across the face of the pole piece and
cut through the strap. A voltage isinduced in the strap. The current that results generates afield that
opposes the cutting action (and decreases the strength) of the main field. This produces the following
actons Asthefieldincressesfrom zeroto a maximum at 90°, alarge pottion of the magnetic lines of
force are concernratedin theunstadedpottion of the pole (1). At 90° the field reachesits maximum
value. Sincethelinesof force hawe stoppedexparding no enf isinducel in the strap,andno oppasing
magneticfield is geneated. As aresult, themainfield is uniformly distributedaciossthepole (2). From
90° to 18(°, themain fidd starts deaeasing or cdlapsinginward. The field generatedin the strap
oppossthe cdlapsng field. The effect is to conceriratethe lines of forcein the shadedportion of the
poleface (3). You canseetha from0° to 180°, the main field hasshifted acrossthe pde face fromthe
unshaedto the shadedportion. From180° to 36(° , the main field goesthrough the sane chang asit did
from 0° to 18 ; howeer, it is nowin the opposte diredion (4). The diredion of thefield does nat affect
theway theshaedpde works. Themotion of thefield is the same duringthe secondhalf-cycle asit was
duringthe first half of the cycle.
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Figure 4-13—Shaded polesasusedin shaded-pole ac induction motors.

The motion of the field back and forth between shaded and unshaded portions produces a weak
torqueto start the motor. Because of the weak starting torque, shaded-pole motors are built only in small
sizes. They drive such devices as fans, clocks, blowers, and electric razors.

Q13. Why are shaded-pole motors used to drive only very small devices?
Speed of Single-Phase Induction Motors

The speed of induction motors is dependent on motor design. The synchronous speed (the speed at
which the stator field rotates) is determined by the frequency of the input ac power and the number of
polesin the stator. The greater the number of poles, the slower the synchronous speed. The higher the
frequency of applied voltage, the higher the synchronous speed. Remember, however, that neither
frequency nor number of poles are variables. They are both fixed by the manufacturer.

The relationship between poles, frequency, and synchronous speed is as follows:

_ 120f

n (rpm) ;

where n is the synchronous speed in rpm, f is the frequency of applied voltage in hertz, and p isthe
number of polesin the stator.

Let’s use an example of a 4-pole motor, built to operate on 60 hertz. The synchronous speed is
determined as follows:
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120f
n =
P
120> a0
n =
4
n =1800 rpm

Common synchronous speeds for 60-hertz motors are 3600, 1800, 1200, and 900 rpm, depending on
the number of polesin the original design.

As we have seen before, the rator is never able to reach synchronous speed. If it did, there would be
no voltage induced in the rotor. No torque would be developed. The motor would not operate. The
difference between rotor speed and synchronous speed is called dlip. The difference between these two
speedsis not great. For example, arotor speed of 3400 to 3500 rpm can be expected from a synchronous
speed of 3600 rpm.

SUMMARY

This chapter introduced you to the basic principles concerning ac motors. While many variations of
types exist, the three types presented provide you with background for further study if you require more
extensive knowledge of the subject. The following information provides a summary of the major subjects
of this chapter for your review.

Thethree AC MOTOR TYPES presented are the series, synchronous, and induction ac motors.

AC SERIESMOTORS are nearly identical to the dc series motors. Special construction techniques
allow ac series motors to be used as UNIVERSAL MOTORS, operating on either ac or dc power.

FIELD COIL

ARMATURE

ROTATING FIEL DS are developed by applying multiphase voltages to stator windings, which
consist of multiple field coils. This rotating magnetic field causes the rotor to be pushed and pulled
because of interaction between it and the rotor’'s own field.

TWO-PHASE ROTATING FIELDS require two pairs of field coils disgacedby 90° . They must
beenagizedby voltagestha alsohaw aphasedisgdacenentof 90° .
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THREE-PHASE ROTATING FIEL DS require threepairs of windings 12 apart, erergzedby
voltagesthatalso hawe a 120-degeephasedisdacenent.

SYNCHRONOUS MOTORS are specfficdly desgnedto maintain corstant speedwith the rotor
synchronow to therotating field. Synchronas motorsrecuire modificaion (suchassqurrel-cage
windings) to be sdf- stating.

WOUND ROTOR
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INDUCTION M OTORS are the most commonly used of all electric motors due to their simplicity
and low cost. Induction motors may be single-phase or multiphase. They do not require electrical rotor
connection. Split-phase motors with special starting windings, and shaded-pole motors, are types of
single-phase induction motors.

SYNCHRONOUS SPEED isthe speed of stator field rotation. It is determined by the number of
poles and the frequency of the input voltage. Thus, for a given motor, synchronous speed is constant.

SLIP isthe difference between actua rotor speed and the synchronous speed in induction motors.
Slip must exist for there to be torque at the rotor shaft.

ANSWERS TO QUESTIONS Q1. THROUGH Q13.
Al.  Series, synchronous, induction.
A2. To power small appliances.
A3. They operate on either ac or dc.
Ad4.  The number of phasesin the applied voltage.
A5, 90°.
A6. Numberandlocationof field pdes.
A7. Constahspeedrequred by somédoads.
A8. Theyare simpleandinexpensveto make.
A9. Slip.
A10. Load.
All. Sinde-phaseinduction maor.

Al2. Byusingcombnations of inducanceand capadtanceto apply out-of phas currentsin starting
windings.

Al3. Theyhavevery weak starting torques.
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