CHAPTER

10

SINGLE-PHASE AND
SPECIAL-PURPOSE
MOTORS

hapters 4 through 7 were devoted to the operation of the two major classes of

ac machines (synchronous and induction) on three-phase power systems,
Motors and generators of these types are by far the most common ones in larger
commercial and industrial settings. However, most homes and small businesses
do not have three-phase power available. For such locations, all motors must run
from single-phase power sources. This chapter deals with the theory and operation
of two major types of single-phase moftors: the universal motor and the single-
phase induction motor, The universal motor, which is a straightforward extension
of the series de motor, is described in Section 10.1.

The single-phase induction motor is described in Sections 10.2 to 10.5. The
major problem associated with the design of single-phase induction motors is that,
unlike three-phase power sources, a single-phase source does not produce a rotat-
ing magnetic field. Instead, the magnetic field produced by a single-phase source
remains stationary in position and pulses with lime. Since there is no net rotating
magnetic fiekd, conventional induction motors cannol fuaction, and special de-
$igns are necessary.

In addition, there are a number of special-purpose motors which have not
been previously covered. These include reluctance motors, hysteresis motors,
stepper motors, and brushless dc motors. They are included in Section 10.6.

633
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FIGURE 10-1
— Equivalent circuit of a universal motor.

10.1 THE UNIVERSAL MOTOR

Perhaps the simplest approach to the design of a motor that will operate on a
single-phase ac power source is to take a de machine and run it from an ac supply.
Recall from Chapter 8 that the induced torque of a d¢ motor is given by

Tina = Kla (8-49)

If the polarity of the voltage applied (o a shunt or series d¢ molor is reversed, both
the direction of the f{ield flux and the direction of the armature current reverse, and
the resulting induced torque continues in the same direction as before. Therefore,
it should be possible to achieve a pulsating but unidirectional torque from a de
motor connected to an ac power supply.

Such a design is practical only for the series dc motor (see Figure 10-1),
since the armature current and the field current in the machine must reverse at ex-
actly the same time. For shunt dc motors, the very high field inductance lends to
delay the reversal of the field current and thus 1o unacceplably reduce the average
induced torque of the motor.

In order for a series dc motor to function effectively on ac, its field poles
and stator frame must be completely laminated. If they were not compietely lam-
inated, their core losses would be enormous. When the poles and stator are lami-
nated, this motor is often called a universal moror, since it can run from either an
ac or a dc source.

When the motor is running from an ac source, the commultation will be
much poorer than it would be with a dc source. The extra sparking at the brushes
is caused by transformer action inducing voltages in the coils undergoing com-
mutation. These sparks significantly shorten brush life and can be a source of
radio-frequency interference in certain environments.

A typical torque—speed characteristic of a universal motor is shown in Fig-
ure 10-2. It differs from the torque—speed characteristic of the same machine op-
erating from a dc voltage source for two reasons:

1. The armature and field windings have quite a large reactance at 50 or 60 Hz.
A significant part of the input voltage is dropped across these reactances, and
therefore By is smaller for a given input voltage during ac operation than it is
during dc operation. Since E, = K¢w, the motor is slower for a given
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Series DC motor

Lniversal motor FIGURE 16-2
(AC supply) Comparison of the torque—speed
gt characteristic of a uaiversal motor

when operating from ac and d¢
* Tind  power supplies.

armature current and induced torgue on alternating current than it would be
on direct current.

2. In addition, the peak voltage of an ac system is V2 limes its rms value, so
magnetic saturation could occur near the peak current in the machine. This
saturation couid significantly lower the rms flux of the motor for a given cur-
rent evel, tending to reduce the machine’s induced torque. Recall that a de-
crease in flux mcreases the speed of a de machine, so this effect may partially
offset the speed decrease caused by the first effect.

Applications of Universal Motors

The universal motor has the sharply drooping torque-speed characteristic of a d¢
series motor, 50 it 18 not suitable for constant-speed applications. However, it is
compact and gives more torque per ampere than any other single-phase motor. It
is therefore used where light weight and high torque are important.

Typical applications for this motor are vacuum cleaners, drills, similar
portable tools, and kitchen appliances,

Speed Control of Universal Motors

As with de series motors, the best way to control the speed of a universal motor is
to vary its rms input voltage. The higher the rms input voltage, the greater the re-
sulting speed of the motor. Typical torque-speed characteristics of a universal mo-
tor as a function of voltage are shown in Figure 10--3.

It practice, the average vollage applied 1o such a motor is varied with one
of the SCR or TRIAC circuits introduced in Chapter 3. Two such speed control
circuits are shown in Figure 104, The variable resistors shown in these figures
are the speed adjustment knobs of the motors (e.g., such a resistor wouid be the
trigger of a variable-speed drill).
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FIGURE 16-3
The effect of changing terminal voltage on the torque-speed characteristic of a universal motor.
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Sample universal motor speed-control circuits. (a) Half-wave: (b) full-wave.
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FIGURE 198

Construction of a single-phase induction
motor. The rotor is the same as in a three-
phase induction motor, but the stator has
only a single distributed phase,

10.2 INTRODUCTION TO SINGLE-PHASE
INDUCTION MOTORS

Another common single-phase motor is the single-phase version of the induction
molor. An induction motor with a squirrel-cage rotor and a single-phase stator is
shown in Figure 10-5.

Single-phase induction motors suffer from a severe handicap. Since there is
only one phase on the stator winding, the magnetic field in a single-phase induc-
tion motor does not rotate. Instead, it pulses, getting first larger and then smaller.
but always remaining in the same direction. Because there is no rotating stator
magnetic field. a single-phase induction motor has no starting torque.

This fact is easy to see from an examination of the motor when its rotor is
stationary. The stator flux of the machine first increases and then decreases, but it
always points in the same direction, Since the stator magnetic field does not ro-
tate, there is no relative motion between the stator field and the bars of the rotor.
Therefore, there is no induced voltage due to relative motion in the rotor, no rotor
current flow due Lo relative molion, and no induced torque. Actually, a voltage is
induced in the rotor bars by transformer action (d¢/dr), and since the bars are
shorl-circuited, current flows in the rotlor, However, this magnetic field is lined up
with the stator magnetic field, and it produces no net torque on the rotor,

Tina = kBg X By {4--38)
= kBpBs sin y
= kBgBs sin 180° = 0

At stall conditions, the molor looks Fike a transformer with a short-circuited sec-
ondary winding (se¢ Figure 10-6).
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FIGURE 10-6

The single-phase induction motor at
starting conditions, The stator winding
induces opposing voltages and currents into
the rotor circuit, resulting in a rotor
magnetic field lined up with the stator
magnetic field, 1,y = 0.

The fact that single-phase induction motors have no intrinsic starting torque
was a serious impediment to early development of the induction motor. When in-
duction motors were first being developed in the late 1880s and early 1890s, the
first available ac power systems were 133-Hz, single-phase. With the materials
and technigues then available, it was impossible to build a motor that worked
well. The induction motor did not become an off-the-shelf working product until
three-phase, 25-Hz power systems were developed in the mid- 1890s.

However, once the rotor begins to turn, an induced torgue will be produced
in it. There are two basic theories which explain why a torque is produced in the
rotor once it is turping. One is called the double-revolving-field theory of single-
phase induction motors, and the other is called the cross-field theory of single-
phase induction motors, Each of these approaches will be described below,

The Double-Revolving-Field Theory of
Single-Phase Induction Motors

The double-revolving-field theory of single-phase induction motoss basically
states that a stationary pulsating magnetic field can be resolved into (wo rotating
magnetic fields, each of equal magnitude bul rotating in opposHe directions. The
induction motor responds 1o cach magnetic field separately, and the net torque in
the machine will be the sum of the torques due to each of the two magnetic fields.

Figure 10-7 shows how a stationary pulsating magnetic field can be re-
solved into two equal and oppositely rotating magnetic fields. The flux density of
the stationary magnetic field is given by

B (r) = (B, cos wi) ) (10-1)

A clockwise-rotating magnetic field can be expressed as
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FIGURE 10-7

The resolution of a single pulsating magnetic field into two magaetic fields of equal magnitude by
rotation in opposite directions. Notice that at all times the vector sum of the two magnetic fields les
in the vertical plane.

Bew(h) = (é«w B, cos wr)'i - (% B, sin w:ﬁ (10-2)
and a counterclock wise-rotating magnetic field can be expressed as
Bocw(h) = (% B, cos w:)i + (% B, sin wrﬁ (10-3)

Notice that the sum of the clockwise and counterclockwise magnetic fields is
equal 1o the stationary pulsating magnetic field By

Bs(t) = Bew(!) + Becw(?) (10-4)

The torque-speed characteristic of a three-phase induction motor in re-
sponse to its single rotating magnetic field is shown in Figure 10-8a. A single-
phase induction motor responds 10 each of the lwo magneltic fields present within
it, so the net induced torque in the motor is the difference between the two
torque—speed curves. This net torque is shown in Figure 10-8b, Notice that there
is no net torque at zero speed, so this motor has no starting torque.

The torque—speed characteristic shown in Figure 10-8b is net quite an ac-
curate description of the {forque in a single-phase motor. It was formed by the
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{a) The torque—speed characteristic of a three-phase Induction motorn, (&) The torgue-speed
characteristic curves of the two equal and oppositely rotating stator magnetic fields,

superposition of two three-phase characteristics and ignored the fact that both
magnetic fields are present simultanecusty in the single-phase motor.

If power is applied to a three-phase motor while it is forced to turn back-
ward, its rotor currents will be very high (see Figure 10-9a). However, the rotor
frequency is also very high, making the rotor’s reactance much much larger than
its resistance. Since the rotor’s reactance is so very high, the rotor current lags the
rotor voltage by almost 90°, producing a magnetic field that is nearly 180° from
the stator magnetic field (see Figure 10-10). The induced lorque in the motor is
proportional 10 the sine of the angle between the two fields, and the sine of an an-
gle near 180° is a very smali number. The motor’s torgue would be very simall, ex-
cept that the extremely high rotor currents partially offset the effect of the mag-
netic field angles (see Figure 10-9b).

On the other hand, in a single-phase motor, both the forward and the reverse
magnetic fields are present and both are produced by the same current. The {forward
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The torque-speed characteristic of a
three-phase induction motor is
/ proportionat to both the strength of the
rotor magnetic field and the sine of the
angile between the fields. When the
rotor is turned backward, fp and fg are
T very high, but the angle between the

foyne fields is very large, and that angle
(¢} timits the torgue of the motor,

and reverse magnetic fields in the motor each contribute a component to the total
voltage in the stator and, in a sense, are in series with each other. Because both
magneltic fields are present, the forward-rotating magnetic field (which has a high
effective rotor resistance Ry/s) will limil the stator current flow in the motor (which
produces both the forward and reverse fields). Since the current supplying the re-
verse stator magnetic field is imited 1o a small value and since the reverse rotor
magnetic field is at a very large angle with respect to the reverse stator magnetic
field, the torque due to the reverse magnetic fields is very small near synchronous
speed. A more accurate torque—speed characteristic for the single-phase induction
motor is shown in Figure 101 1.

In addition to the average net torque shown in Figure 10-11, there are torque
pulsations at twice the stator frequency. These torque pulsations are caused when
the forward and reverse magnetic fields cross each other twice each cycle. Al-
though these torgue pulsations produce no average torque, they do increase vibra-
tion, and they make single-phase induction motors noisier than three-phase motors
of the same size. There is no way to eliminate these pulsations, since instantancous
power always comes in pulses in a single-phase circuil. A motor designer must al-
low for this inherent vibration in the mechanical design of single-phase motors.
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FIGURE 16-10
When the rotor of the motor is forced to turn backward, the angle ¥ between Bg and By approaches
180°,

FIGURE 16-11

The torque-speed characteristic of a single-phase incluction motor, taking into account the current
limitation on the backward-rotating magnetic fleld caused by the presence of the forward-rotating
magnetic field.
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The Cross-Field Theory of
Single-Phase Induction Motors

The cross-field theory of single-phase induction motors looks at the induction mo-
tor from a totally different point of view. This theory is concerned with the volt-
ages and currents that the stationary stator magnetic field can induce in the bars of
the rotor when the rotor is moving.

Consider a single-phase induction motor with a rotor which has been
brought up {0 speed by some external method. Such a motor is shown in Figure
10-12a. Voltages are induced in the bars of this rotor. with the peak voltage oc-
curring in the windings passing directly under the stator windings. These rotor
voltages produce a current flow in the rotor, but because of the rotor’s high reac-
tance, the current lags the voltage by almost 90°. Since the rotor is rotating at
nearly synchronous speed, that 90° time lag in current produces an almost 90° an-
gular shift between the plane of peak rotor vollage and the plane of peak current.
The resulting rotor magnetic field s shown in Figure 10-12b.

The rotor magnetic field is somewhat smalier than the stator magnetic field,
because of the losses in the rotor, but they differ by nearly 90° in both space and
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FIGURE 10-12
{a) The development of induced torgue in a single-phase induction motor. as explained by the cross-
field theory. If the stator fleld is pulsing, it will induce voltages in the rotor bars, as shown by the marks
inside the rotor. However, the rotor current is delayed by nearly 90° behind the rotor voltage, and if the
rotor is turning, the rotor current will peak at an angle ditferent from that of the rotor voltage.
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FIGURE 10-12 (concluded)
{b) This delayed rotor current produces a rotor magnetic field at an angle different from the angle of
the stator magnetic field.
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FIGURE 16-13
{a} The magnitudes of the magnetic flelds as a function of time,

time. 1f these two magnetic fields are added at different times, one sees that the to-
tal magnetic field in the motor is rotating in a counterclockwise direction (see Fig-
ure 10~13). With a rotating magnetic field present in the motor, the induction
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FIGURE 10-13 (concluded)
{b) The vector sum of the rotor and stator magnetic fields at various times, showing a net magnetic
field which rotates in a counterclockwise direction,

motor will develop a net torque in the direction of motion, and that torgue will
keep the rotor turning.

If the motor’s rotor had originally been turned in a clockwise direclion, the
resulting torque would be clockwise and would again kKeep the rotor turning.
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10.3 STARTING SINGLE-PHASE
INDUCTION MOTORS

As previously explained, a single-phase induction motor has no intrinsic starting
torque. There are three technigues commonly used to start these motors, and
single-phase induction motors are classified according to the methods used to pro-
duce their starting torque. These starting technigues differ in cosl and in the
amount of starting torque produced, and an engineer normally uses the least ex-
pensive technique that meets the torque requirements in any given application.
The three major starting techniques are

1. Split-phase windings
2. Capacitor-type windings
3. Shaded stator poles

All three starting techniques are methods of making one of the two revolv-
ing magnetic fields in the motor stronger than the other and so giving the motor
an initial nudge in one direction or the other.

Split-Phase Windings

A split-phase motor is a single-phase induction motor with two stator windings, a
main stator winding (M) and an auxiliary starting winding (A) (see Figure 10-14).
These two windings are set 90 electrical degrees apart along the stator of the
molor, and the auxiliary winding is designed 10 be switched out of the circuit at
some set speed by a centrifugal switch, The auxiliary winding is designed {o have

|
4+ 0 #
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R Centrifugal
M § switch
.
Vac 3
b T Xy~ Xy
Auxiliary winding
e . 2 A A AT —
.;:XA Rﬁ !A
&Y
L v
1y |
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FIGURE 16-14
{2} A split-phase induction motor. (b) The currents in the motor at starting conditions.
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a higher resistance/reactance ratio than the main winding, so that the cusrent in the
auxiliary winding leads the current in the main winding. This higher R/X ratio is
usually accomplished by using smaller wire for the auxiliary winding. Smaller
wire is permissible in the auxiliary winding because it is used only for stariing and
therefore does not have to take full current continuously.

To understand the function of the auxibary winding, refer to Figure 1015,
Siace the current in the auxiliary winding leads the current in the main winding,

Auxtliary
winding

Main winding

'Bd

Tind

IN0%
0%
1005

Main plus
starting winding

Main syae
winding
alone

(€}

FIGURE 10-15
{a) Relationship of main and auxiliary magnetic fields. (b) 1, peaks before Ly, producing a net
counterclockwise rotation of the magnetic fields, (¢) The resulting torque-speed characteristic,
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FIGURE 1816
Cutaway view of a split-phase motor, showing the main and auxiliary windings and the centrifugal
switch. (Courtesy of Westinghouse Electric Corporation.)

the magnetic field B, peaks before the main magnetic field B,,. Since B, peaks
first and then By, there is a net counterclock wise rotation in the magnetic field. In
other words, the auxiliary winding makes one of the oppositely rotating stator
magnetic fields larger than the other one and provides a net starting torque for the
motor. A typical forque~-speed characteristic ts shown in Figure 10-15¢,

A cutaway diagram of a split-phase motor is shown in Figure 1016, 1t is
easy to see the main and auxiliary windings (the auxiliary windings are the
smaller-diameter wires) and the centrifugal switch that cuts the auxiliary windings
out of the circuit when the motor approaches operating speed.

Split-phase motors have a moderate starting torque with a fairly low start-
ing current, They are used for applications which do not require very high starting
torques, such as fans, blowers, and centrifugal pumps. They are available for sizes
in the fractional-horsepower range and are quite inexpensive.

In a split-phase induction motor. the current in the auxihiary windings always
peaks before the current in the main winding, and therefore the magnetic field from
the auxiliary winding always peaks before the magnetic field from the main wind-
ing. The direction of rotation of the motor is determined by whether the space an-
gle of the magnetic field from the auxiliary winding is 90” ahead or 90° behind the
angle of the main winding. Since that angle can be changed from 90° ahead to 90°
behind just by switching the connections on the auxitiary winding, the direction of
rolation of the motor can be reversed by switching the connections of the auxiliary
winding while leaving the main winding’s connections unchanged.
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FIGURE 10-17
(a) A capacitor-start induction motor. {b} Current angles at starting in this motor,

Capacitor-Start Motors

For some applications, the starting torque supplied by a split-phase motor is insuf-
ficient to start the load on a motor’s shaft. In those cases, capacitor-start motors
may be used (Figure 10-17). In a capacitor-start motor, a capacitor is placed in se-
ries with the auxiliary winding of the motor. By proper selection of capacitor size,
the magnetomotive force of the starting current in the auxiliary winding can be ad-
justed 10 be equal to the magnetomotive force of the current in the main winding,
and the phase angle of the current in the auxiliary winding can be made o lead the
current in the main winding by 90°, Since the two windings are physically sepa-
rated by 90°, a 90° phase difference in current will yield a single uniform rotating
stator magnetic field, and the motor will behave just as though it were starting from
a three-phase power source. In this case, (he starting torque of the motor can be
more than 300 percent of its rated value (see Figure 10-18),

Capacitor-start molors are more expensive than split-phase motors, and they
are used in applications where a high starting torque is absolutely required. Typi-
cal applications for such motors are compressors, pumps, air conditioners, and
other picces of equipment that must start under a toad. (See Figure 10-19.)



650  ELECTRIC MACHINERY FUNDAMENTALS

Ting
Main and auxiliary winding

400% / \/
300% ™

o
i
~

3
§
f
100% o |
§
i
§

Main winding only

FIGURE 18-18
Torque—speed characteristic of a capacitor-start induction motor.

Permanent Split-Capacitor and Capacitor-Start,
Capacitor-Run Motors

The starting capacitor does such a good job of improving the torque-speed char-
acteristic of an induction motor that an auxiliary winding with a smaller capacitor
is sometimes left permanently in the motor circuit. If the capacitor’s value is cho-
sen correctly, such a motor will have a perfectly uniform rotating magnetic field
at some specific foad, and it will behave just ike a three-phase induclion motor at
that point. Such a design is called a permanent split-capacitor or capacitor-start-
and-run motor (Figure 10-20). Permanent split-capacitor motors are simpler than
capacitor-start motors, since the starting switch is pot needed. At normal loads,
they are more efficient and have a higher power factor and a smoother torque than
ordinary single-phase induction motors.

However, permanent split-capacitor motors have a lower starting forgue than
capacitor-start motors, since the capacitor must be sized to balance the currents in
the main and auxiliary windings at normal-load conditions. Since the starting cur-
rent is much greater than the normal-load current, a capacitor thal balances the
phases under normal loads leaves them very unbalanced under starting conditions.

If both the largest possible starting torque and the best running conditions
are needed, two capacitors can be used with the auxiliary winding, Motors with
two capacitors are called capacitor-start, capacitor-run, or two-value capacitor
motors (Figure 10-21). The larger capacitor is present in the circuit only during
starting, when it ensures that the currents in the main and auxiliary windings are
roughly balanced, yielding very high starting torques. When the motor gets up to
speed, the centrifugal switch opens, and the permanent capacitor is left by iself in
the auxiliary winding circuit. The permanent capacitor is just farge enough to bal-
ance the currents al normal motor loads, so the motor again operates efficiently
with a high torgue and power factor. The permanent capacitor in such a motor is
typically about 10 to 20 percent of the size of the starting capacitor,
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FIGURE 10-19
{a) A capacitor-start induction motor. (Courtesy of Emerson Electric Company.} (b) Exploded view
of a capacitor-start induction motor, (Courtesy of Westinghouse Electric Corporation.)

The direction of rotation of any capacitor-type moltor may be reversed by
switching the connections of its auxiliary windings.
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FIGURE 16-20
{a) A permanent split-capacitor induction motor. (b} Torque—speed characteristic of this motor.

Shaded-Pole Motors

A shaded-pole induction motor is an induction motor with only a main winding.
Instead of having an auxiliary winding, it has salient poles, and one portion of
each pole is surrounded by a short-circuited coil called a shading coil (see Figure
10-22a). A time-varying {lux is induced in the poles by the main winding., When
the pole flux varies, #t induces a voltage and a current in the shading coil which
opposes the original change in flux. This opposition retards the ux changes un-
der the shaded portions of the coils and therefore produces a slight imbalance be-
tween the two oppositely rotating stator magnetic fields. The net rotation is in the
direction from the unshaded (o the shaded portion of the pole face. The
torque—speed characteristic of a shaded-pole motor is shown in Figure 10-22b,
Shaded poles produce less starting torque than any other type of induction
molor starting system. They are much less efficient and have a much higher slip
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FIGURE 10-21

{a) A capacitor-start, capacitor-run induction motor. (b} Torque—speed characteristic of this motor.

than other types of single-phase induction motors. Such poles are used only in
very small motors (¥ hp and less) with very low starting torque requirements.
Where it is possible to use them, shaded-pole motors are the cheapest design
available.

Because shaded-pole motors rely on a shading coil for their starting torque,
there is no easy way to reverse the direction of rotation of such a motor. To
achieve reversal, it is necessary 1o install iwo shading coils on each pole face and
to selectively short one or the other of them. See Figures 10-23 and 10-24.

Comparison of Single-Phase Induction Motors
Single-phase induction motors may be ranked from best to worst in terms of their

starting and running characteristics:

L. Capacitor-start, capacitor-run motor
2. Capacitor-start motor
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FIGURE 16-22
{2} A basic shaded-pole induction motor. (b) The resulting torque—speed characteristic.
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FIGURK 16-23
Cutaway view of a shaded-pole induction motor, (Courtesy of Westinghouse Electric Corporation.)



SINGE.E-PHASE AND SPECIAL-PURPOSE MOTORS

I Phase, shaded pole
speciai purpose 42 frame
stator assembly + rotor assembly

Lk el redacier AR PRaE ihermal meerioed proEEolT

ST

™~
%, ‘i' i
Lhak-- e O f"
thaeulg ks Zaae
crnl
k1]
| Pl
shadipdd ek A2 Iruries
winlip] dakn

U el Eermal
v omd pEsTET

e O L A

th)

FIGURE 1024
Close-up views of the construction of a four-pole shaded-pole induction motor. { Couresy of
Westinghouse Electric Corporation.)

3. Permanent split-capacitor motor
4. Split-phase motor
5. Shaded-pole motor
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Naturally, the best motor is also the most expensive, and the worst motor is the
least expensive. Also, not all these starting techniques are available in all motor
size ranges. It is up to the design engineer to select the cheapest available motor
for any given application that will do the job.

104 SPEED CONTROL OF SINGLE-PHASE
INDUCTION MOTORS

In general, the speed of single-phase induction motors may be controlied in the
same manner as the speed of polyphase induction motors. For squirrel-cage rotor
motors, the following techniques are available:

1. Vary the stator frequency.
2. Change the number of poles.
3. Change the applied terminal voltage V7.

In practical designs involving fairly high-slip motors, the usual approach to
speed control is to vary the terminal voltage of the motor. The volage applied to
a motor may be varied in one of three ways:

1. An autotransformer may be used to continually adjust the line vollage. This
1s the most expensive method of voltage speed control and is used only when
very smooth speed control is needed.

2. An SCR or TRIAC circuit may be used to reduce the rms voliage applied to
the motor by ac phase control. This approach chops up the ac waveform as
described in Chapter 3 and somewhat increases the motor’s noise and vibra-
tion. Solid-state control circuits are considerably cheaper than autotranstorm-
ers and so are becoming more and more common.

3. Aresistor may be inserted in series with the motor’s stator circuit, This is the
cheapest method of voltage control, but H has the disadvantage that consider-
able power is lost in the resistor, reducing the overall power conversion
efficiency.

Another technique is also used with very high-slip motors such as shaded-
pole motors. Instead of using a separate autotransformer to vary the voltage ap-
plied to the stator of the motor, the stator winding itself can be used as an auto-
transformer. Figure 10-25 shows a schematic representation of a main stator
winding, with a number of taps along i1s length. Since the stator winding is
wrapped about an iron core, it behaves as an autotransformer.

When the full line voltage V 1s applied across the entire main winding, then
the induction motor operates normaily. Suppose instead that the full fine voltage is
applied {o tap 2, the center tap of the winding. Then an identical voltage will be in-
duced in the upper half of the winding by transformer action, and the total winding
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FIGURE 10-26

The torque-speed characteristic of a shaded-pole induction motor as the terminal voltage is changed.
Increases in Vy may be accomplished either by actually raising the voltage across the whole winding
or by switching o a lower tap on the stator winding.

voltage will be twice the applied line voltage. The total voltage applied to the wind-
ing has effectively been doubled.

Therefore, the smaller the fraction of the total coil that the line voltage is
applied across, the greater the total voltage will be across the whole winding, and
the higher the speed of the motor will be for a given load (see Figure 10--26).

This is the standard approach used to control the speed of single-phase mo-
tors in many fan and blower applications. Such speed control has the advantage
that it is quite inexpensive, since the only components necessary are taps on the
main motor winding and an ordinary multiposition switch. It also has the advan-
tage that the autotransformer effect does not consume power the way series resis-
tors would.
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10.5 THE CIRCUIT MODEL OF A
SINGLE-PHASE INDUCTION MOTOR

As previously described, an understanding of the induced torque in a single-phase
induction motor can be achieved through either the double-revolving-field theory
or the cross-field theory of single-phase motors. Either approach can lead o an
equivalent circuit of the motor, and the torque—speed characteristic can be derived
through either method,

This section is restricted 1o an examination of an equivalent circuit based on
the double-revolving-field theory—in fact, to only a special case of that theory.
We will develop an equivalent circuit of the main winding of a single-phase in-
duction motor when it is operating alone. The technique of symmetrical compo-
nents is necessary o analyze a single-phase motor with both main and auxiliary
windings present, and since symmetrical components are beyond the scope of this
book, that case will not be discussed. For a more detailed analysis of single-phase
molors, see Reference 4.

The best way to begin the analysis of a single-phase induction motor is to
consider the motor when it is stalled. At that time, the motor appears to be just a
single-phase transformer with its secondary circuit shorted out, and so its equiva-
lent circuit is that of a transformer. This equivalent circuit is shown in Figure
10-27a. In this figure, Ry and X, are the resistance and reactance of the stator
winding, X, is the magnetizing reactance, and R; and X, are the referred values of
the rotor’s resistance and reactance, The core fosses of the machine are not shown
and will be lumped together with the mechanical and stray losses as a part of the
motor’s rotational losses.

Now recall that the pulsating air-gap flux in the motor at stall conditions can
be resolved into two equal and opposite magnetic fields within the motor, Since
these fields are of equal size, cach one contributes an equal share to the resistive
and reactive voltage drops in the rotor circuit. It is possible to split the rotor
equivalent circuit into two sections, each one corresponding to the elfects of one
of the magnetic ficlds. The motor equivalent circuit with the effects of the forward
and reverse magnetic ficlds separated 1s shown in Figure 10-27b,

Now suppose that the motor’s rotor begins to turn with the help of an auxil-
iary winding and that the winding is switched out again after the motor comes up
to speed. As derived in Chapter 7, the effective rotor resistance of an induction
molor depends on the amount of relative motion between the rotor and the stator
magnetic fields. However, there are two magnetic fields in this motor, and the
amount of relative motion differs for each of them,

For the forward magnetic ficld, the per-unit difference between the rotor
speed and the speed of the magnetic field is the slip s, where slip is defined in the
same manner as it was for three-phase induction motors. The rotor resistance in
the part of the circuit associated with the forward magnetic field is thus O.5R./s.

The forward magnetic field rotates at speed n,,,. and the reverse magnelic
field rotates at speed —n,,,.. Therefore, the total per-unil difference in speed (on a
base of n,,..) between the forward and reverse magnetic fields is 2. Since the rotor
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{a) The equivalent circuit of a single-phase induction motor at standstill, Only its main windings are
energized. (b) The equivalent circuit with the effects of the forward and reverse magnetic fields
separated.

is turning at a speed s slower than the forward magnetic field, the total per-unit dif-
ference in speed between the rotor and the reverse magnelic lield is 2 — 5. There-
fore, the effective rotor resistance in the part of the circuit associated with the re-
verse magnetic field is 0.3R/(2 — ).

The final induction motor equivalent circuit is shown in Figure 10-28.

Circuit Analysis with the Single-Phase Induction
Motor Equivalent Circuit

The single-phase induction motor equivalent circuit in Figure 1028 is similar to
the three-phase equivalent circuit, excepl thal there are both forward and back-
ward components of power and torque present. The same general power and
torque relationships that applied for three-phase motors also apply for either the
forward or the backward components of the single-phase motor, and the net power
and torque in the machine is the difference between the forward and reverse
components.

The power-tlow diagram of an induction moftor 1s repeated in Figure 10-29
for easy reference.,



660 ELECTRIC MACHINERY FUNDAMENTALS

R, X, JO.5X3

+o———AM

. R |
Eir  052p 1 9 JO5Xn § 05— ¢ Forward

5

JO.5X,

Eig  05Zp 7 < 03Xy, § 0.5;% > Reverse

e £

FIGURE 16-28
The equivalent circult of a single-phase induction motor running at speed with only its main
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FIGURE 16-29
The power-flow diagram of a single-phase induction motor,

To make the calculation of the input current flow into the motor simpler, it
is customary to define impedances Zp and Zg, where Zp 1 a single impedance
equivalent to all the forward magnetic field impedance elements and Zp is a sin-
gle impedance equivalent {o all the backward magnetic field impedance elements
(see Figure 10-30). These impedances are given by

(Ryfs + JXX jXp)
(RS + jX,) + jX,

Zp = Rp + jXp = (10-5)
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In terms of Zg and Zy, the current flowing in the induction motor’s stator winding is

. \4
R 4+ jX, +05Z+ 052,

I, {(10-7)

The per-phase air-gap power of a three-phase induction motor 18 the power
consumed in the rotor circuit resistance 0.58,/s. Similarly, the forward air-gap
power of a single-phase induction motor is the power consumed by 0.5K,/s, and
the reverse air-gap power of the motor is the power consumed by 0.58,/(2 — ).
Therefore, the air-gap power of the motor could be calculated by determining the
power in the forward resistor 0.5K,/s, determining the power in the reverse resis-
tor 0.5R,/(2 ~ 3}, and subftracting one from the other.

The most difficult part of this calculation is the determination of the sepa-
rate currents tlowing in the two resistors. Fortunately, a simplification of this cal-
culation is possible. Notice that the only resistor within the circuit elements com-
posing the equivalent impedance Z is the resistor Ry/s. Since Zp is equivalent to
that circuit, any power consumed by Z, must also be consumed by the original cir-
cuil, and since Ry/s is the only resistor in the original circuit, its power consump-
tion must equal that of impedance Zg. Therefore, the air-gap power for the forward
magnetic field can be expressed as
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Pr=1X05Rp) (10-8)
Similarly, the air-gap power for the reverse magnetic field can be expressed as

Pz = I1(0.5 Ry) (10-9)
The advantage of these two equations is that only the one current f; needs to be

calculated to determine both powers.
The total air-gap power in a single-phase induction motor is thus

Fic = Pacr — Pags (10-10)
The induced torque in a three-phase induction motor can be found from the
equation
P
= A0 (10-11)
where P, is the net air-gap power given by Equation (10-10).

The rotor copper losses can be found as the sum of the rotor copper losses
due to the forward field and the rotor copper losses due to the reverse field.

Bacr = Beerr + Prors (10-12)

The rotor copper losses in a three-phase induction motor were equal 1o the per-
unil relative motion between the rotor and the stator field (the slip) imes the air-
gap power of the machine. Similarly, the forward rotor copper losses of a single-
phase induction motor are given by

Bucrr = SPagr (10--13)
and (he reverse rotor copper losses of the molor are given by
Pecra = $Pags (10-14)

Since these two power losses in the rotor are at different frequencies, the total ro-
tor power loss is just their sum.

The power converted from electrical to mechanical form in a single-phase
induction motor is given by the same equation as P.,, for three-phase induction
motors. This equation is

Prcav = TingWm (10-15)
Since w,, = (1 — ), this equation can be reexpressed as
Poone = Tall ~ Sha, (10--16)
From Equation (16-11). Pig = Tyayyue. SO Py €an also be expressed as
Progw = (1 — 8} Ppg (10-17)

As in the three-phase induction molor, the shaft output power is not equal to
P, v since the rotational losses must still be subtracted. In the single-phase in-
duction motor model used here, the core losses, mechanical losses, and stray
losses must be subtracted from B, in order to get P,
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Example 10-1. A J¥i-hp, 110-V, 60-Hz, six-pole, split-phase induction motor has
the following impedances:

R =150Q X, =2.109Q Xy = 5820
R, =313Q X, =1.56Q

The core losses of this motor are 35 W, and the friction, windage, and stray losses are 16 W,
The motor is operating at the rated vollage and frequency with iis starting winding open, and
the motor’s ship is 5 percent. Fiad the following quantities in the motor at these conditions:

{a) Speed in revolutions per minute
{b) Stator current in amperes

{c) Stator power factor

(d) Py,

(e) Pyg

(N Feow

{8) Tina

(h) Poy

(i} Thoad

(/) Efficiency

Solution
The forward and reverse impedances of this motor at a slip of 5 percent are

(Ryfs + jX X jXpp)
(Ryfs + jX,) + X,

__(3.13Q/0.05 + j1.56 Q)(j58.2 )
T (3130005 + j1.56 ) + j58.20Q

L (626£1.43° 0)(j58.2 Q)
6260 +1560) + 5820

= 39.0/50,5° {) = 254 + j30.7 {}

[RA2 = 8)+ JX,1Xy)
BRI — )+ 51 + jXy
(313 /195 + 1,56 0)( j58.2 1)

T (3137195 + jL.56€)) + j58.2 0

| (224244.2°Q)(j58.2 )
610 +/1560) + 5820

= 2,18/45.9° () = 151 + j1.56 £}

Zp = Rg + jXp = (10-6)

These values will be used to determine the motor current, power, and torque.

{a) The synchronous speed of this motor is

_ 120F, _ 12060 Hz) _ ‘
Aopne =P = 6pole 1200 r/min

Since the motor is operating at 5 percent slip, its mechanical speed is

i, = {1 — Iy
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My = (1~ Q.05 1200 r/min) == 1140 r/min
(b} The stator current in this motor is

\
TR+ X, +05Z; + 052, (10-7

_ 110£0° V
1530 + /2100 + 0.5(25.4 O + j30.7 Q) + 0.5(1.51 £ + j1.56 )

11020°V_ _ _11040°V
4980 + /18230 236,506 O

L

= 4.66,~50.6° A

(¢} The stator power factor of this motor is
PF == ¢os (—50.6°) == 0,635 lagging
{d) The input power to this motor is
Py= Vicos 8

= (110 V(4.66 A)0.635) = 325 W

(e} The forward-wave air-gap power is
Pigr= 1705 Rp) (10-8)
= (4.66 A)(12.7 ) = 2758 W
and the reverse-wave air-gap power is

Pigs = 13(0.5 Ry) (10-9)
w (4,66 A)2(0.735V) = 164 W

Therefore, the total air-gap power of this motor is

Pic = Bgr— Faca (10-10)
=27158W ~ 16,4 W =2504W

{f} The power converted from electrical to mechanical form is

Prgowe = (1 = 5) Pag (10-17
w (]~ 0.05(259.4 W) = 246 W

{g) The induced torque in the motor is given by
Tpg =~ (10-11)

~ 2504 W
T (1200 r/min)(1 min/60 s)(2r rad/t)

= 206 Nem

{h) The output power is given by
Pow = Peoav = Pt ™ Peony = Pose — Prech — Patray
wm 2UOW — 35W — 16 W = 105 W
(i) The load torque of the motor is given by
P

ot
Tions = g,
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_ 195 W
(1140 o/minX1 min/60 s)(2 rad/r)

= [ 63 N e*m

(/) Finally, the efficiency of the motor at these conditions is

Fouy 195W
w2 0 100% = X 100% = 60%
L ° T 35w

10.6 OTHER TYPES OF MOTORS

Two other types of motors—seluctance motors and hysteresis motors—are used in
certain special-purpose applications. These motors differ in rotor construction
from the ones previously described, but use the same stator design. Like induction
molors, they can be built with ¢ither single- or three-phase stators, A third type of
special-purpose molor is the stepper motor, A stepper motor requires a polyphase
stator, but it does not require a three-phase power supply. The final special-
purpose motor discussed is the brushless dc motor, which as the name suggests
runs on a de power supply.

Reluctance Motors

A reluctance motor is a motor which depends on reluctance torque for its opera-
tion. Reluctance torque is the torque induced in an iron object {such as a pin) in
the presence of an external magnetic field, which causes the object 1o line up with
the external magnetic field. This torque occurs because the external field induces
an internal magnetic field in the iron of the object, and a torque appears between
the two fields, twisting the object around to line up with the external field. In or-
der for a4 refuctance torque to be produced in an object, it must be ¢longated along
axes at angles corresponding to the angles between adjacent poles of the external
magnetic fieid.

A simple schematic of a two-pole reluctance motor is shown in Figure
10--31. It can be shown that the forque applied to the rotor of this motor is pro-
portional {0 sin 28, where dis the electrical angle between the rotor and the stator
magnetic fields, Therefore, the reluctance torque of a motor is maximum when the
angle between the rotor and the stator magnetic fields is 45°,

A simple reluctance motor of the sort showa in Figure 10-31 is a syachro-
nous motor, since the rotor will be locked into the stator magnetic fields as long
as the pullout torque of the motor is not exceeded. Like a normnal synchronous mo-
tor, it has no starting torque and will not start by itself.

A self-starting reluctance motor that will operate at synchronous speed
until its maximum reluctance torque is exceeded can be built by modifying the
rotor of an induction motor as shown in Figure 1032, In this figure, the rotor has
salient poles for steady-state operation as a reluctance motor and also has cage or
amortisseur windings for starting. The stator of such a motor may be either of
single- or three-phase construction. The torque—speed characteristic of this mo-
tor, which is sometimes called a synchronous induction motor, is shown in Fig-
ure 10-33.
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FIGURE 196-31
The basic concept of a reluctance motor.

FIGURE 10-32
The rotor design of a “synchronous induction™ or self-starting
refuctance motor.

An interesting variation on the idea of the reluctance motor is the Syn-
crospeed motor, which is manufactured in the United States by MagneTek, Inc.
The rotor of this motor is shown in Figure 10-34, It uses “flux guides” 1o increase
the coupling between adjacent pole faces and therefore {o increase the maximum-
reluctance torque of the motor. With (hese flux guides, the maximum-reluctance
torque is increased to about 150 percent of the rated torque, as compared to just
over 100 percent of the rated torque for a conventional reluctance motor.

Hysteresis Motors

Another special-purpose motor employs the phenomenon of hysteresis o produce
a mechanical torque. The rotor of a hysteresis motor is a smooth cylinder of mag-
netic material with no teeth, protrusions, or windings. The stator of the motor can
be either single- or three-phase; but if it is single-phase, a permanent capacitor
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{a) The aluminum casting of a Synchrospeed motor rotor. (b) A rotor Jamination from the motor,
Notice the flux guides connecting the adjacent poles, These guides increase the reluctance torqoe of
the motor. (Courtesy of MagneTek, Inc.)

should be used with an auxiliary winding to provide as smooth a magnetic field as
possible, since this greatly reduces the tosses of the motor.

Figure 10-35 shows the basic operation of a hysieresis motor. When a
three-phase (or single-phase with auxiliary winding) current 1s applied 1o the sta-
tor of the motor, a rotating magnetic field appears within the machine. This rotat-
ing magnetic ficld magnetizes the metal of the rotor and induces poles within it

When the motor is operating below synchronous speed, there are two
sources of torque within it. Most of the torque is produced by hysteresis. When the
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FIGURE 1635

The construction of a hysteresis motor, The main component of torgue in this motor is proportional
to the angle between the rotor and stator magnetic fields.

magnetic field of the stator sweeps around the sucface of the rotor, the rolor flux
cannot follow it exactly, because the metal of the rotor has a large hysteresis loss.
The greater the intrinsic hysteresis loss of the rotor material, the greater the angle
by which the rotor magnetic field lags the stator magnetic field. Since the rotor
and stator magnetic ficlds are at different angles, a finite torque will be produced
in the motor. In addition, the stator magnetic field will produce eddy currents in
the rotor, and these eddy currents produce a magnetic field of their own, further
increasing the torque on the rotor, The greater the relative motion between the ro-
tor and the stator magnetic field, the greater the eddy currents and eddy-current
torques.

When the motor reaches synchronous speed, the stator flux ceases to sweep
across the rotor, and the rotor acts like a permanent magnet. The induced torque in
the motor is then proportional to the angle between the rotor and the stator mag-
netic field, up to a maximum angle set by the hysteresis in the rotor.

The torque~speed characteristic of a hysteresis motor is shown in Figure
10--36. Since the amount of hysteresis within a particular rotor is a function of
only the stator fiux density and the material from which it is made, the hysteresis
torque of the motor is approximately constant for any speed from zero (O A, The
eddy-current torque is roughly proportional to the slip of the motor, These two
facts taken together account for the shape of the hysteresis motor’s torque—speed
characteristic.
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FIGURE 10-.37
A small hysteresis motor with a shaded-pole stator, suitable for running an electric clock. Note the
shaded stator poles. (Stepher J. Chapman)

Since the torque of a hysleresis motor at any subsynchronous speed is
greater than ils maximum synchronous torgue, a hysteresis motor can accelerate
any load that it can carry during normal operation,

A very small hysteresis motor can be built with shaded-pole stator con-
struction {o create a tiny self-starting low-power syachronous motor. Such a mo-
tor is shown in Figure 10-37. It is commonly used as the driving mechanism in
electric clocks. An electric clock 13 therefore synchronized to the line Irequency of
the power system, and the resulting clock is just as accurate (or as inaccurate) as
the frequency of the power system to which it is tied.
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Stepper Motors

A stepper motor is a special type of synchronous motor which is designed to ro-
tate a specific number of degrees for every eleciric pulse received by its control
unit. Typical steps are 7.5 or 15° per pulse. These motors are used in many comdrol
systems, since the position of a shaft or other piece of machinery can be controlled
precisely with them.

A simple stepper motor and its associated control unit are shown in Figure
10-38. To understand the operation of the stepper motor, examine Figure 10-39.
This figure shows a two-pole three-phase stator with a permanent-magnet rotor. If
a de voltage is applied to phase @ of the stator and no voltage s applied to phases
b and ¢, then a torque will be induced in the rotor which causes it to line up with
the stator magnetic ficld By, as shown in Figure 10--3%b.

Now assume that phase a is turned off and that a negative de voltage is ap-
plied to phase ¢. The new stator magnetic field is rotated 60° with respect 1o the
previous magnetic field, and the rotor of the motor follows it around. By continu-
ing this pattern, it is possible to construct a table showing the rotor position as a
function of the voltage applied to the stator of the motor. It the voltage produced
by the control unit changes with each input pulse in the order shown in Table
101, then the stepper motor will advance by 60° with each input pulse.

It is easy to build a stepper motor with finer step size by increasing the num-
ber of poles on the motor. From Equation (4-31) the number of mechanical de-
grees corresponding to a given number of electrical degrees is

8, = %ee (10-18)

Since each step in Table 10-1 corresponds Lo 60 electrical degrees, the number of
mechanical degrees moved per step decreases with increasing numbers of poles.
For example, if the stepper motor has eight poles, then the mechanical angle of the
motor’s shaft will change by 15° per step.

The speed of a stepper motor can be related to the number of pulses into its
control unit per unit time by using Equation (10-18). Equation (10-18) gives the
mechanical angle of a stepper motor as a function of the electrical angle. I both
sides of this equation are differentiated with respect to time, then we have a rela-
tionship between the electrical and mechanical rotational speeds of the motor:

Wy, ::ﬁ"“’e (10-19a)

or n {10-19b)

2
m= ph

Pe
Since Lhere are six input pulses per electrical revolution, the relationship between
the speed of the motor in revolutions per minute and the number of pulses per
minute becomes

|

P = 35 Mputses (10-20)

where 7, i$ Lhe number of pulses per minute.
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(a) A simple three-phase stepper motor and its associated control unit, The inputs 10 the control unit
consist of a de power source and a conirol signal consisting of a train of pulses. (b) A sketch of the
output voltage from the control unit as a series of control pulses are input, {¢) A table showing the

ouput voltage from the ocontrol unit as a function of pulse number,
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(&) {h}

{c}

FIGURK 18-39

Operation of a stepper motor. (a} A voltage V is applied to phase a of the stator, causing a current to
flow in phase g and producing a stator magnetic field B;. The interaction of B, and B, produces a
counterciockwise forque on the rotor, (b) When the rotor lines up with the stator magnstic fieid. the
net torque falls to zero. (¢} A voltage — V is applied to phase ¢ of the stator, causing 3 current to flow
in phase ¢ and producing a stator magnetic field By, The interaction of By, and By produces a
counterclockwise forque on the rotor. causing the rotor lo Hne up with the new position of the
magnetic field,

There are two basic types of stepper moltors, differing only in rotor con-
struction: permanent-magnet type and reluctance fype. The permanent-magnel
type of stepper moter has a permanent-magnet rotor, while the reluctance-type
stepper motor has a ferromagnetic rotor which is not a permanent magnet. (The
rotor of the reluctance motor described previously in this section is the reluctance
type.) In general, the permanent-magnet stepper motor can produce more torque
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TABLE H-1
Rotor position as a function of voltage in a two-pole stepper meotor
Phase voltages

Input pulse number a b ¢ Rotor pesition
i 0 0 0°

2 o -V 60°

3 v 0 120°

4 - o 0 180°

5 0 1% 240°

6 -V 0 300°

than the reluctance type, since the permanent-magnet stepper motor has torque
from both the permanent rotor magnetic field and reluctance effects.

Reluctance-type stepper motors are often built with a four-phase stator
winding instead of the three-phase stator winding described above. A four-phase
stator winding reduces the steps between pulses from 60 electrical degrees to
45 electrical degrees. As mentioned earlier, the torque in a reluctance motor varies
as sin 20, so the reluctance torque between steps witl be maximum for an angle of
437, Therefore. a given reluctance-type stepper motor can produce more torque
with a four-phase stator winding than with a three-phase stator winding.

Equation (10--20) can be generalized to apply to all stepper motors, regard-
less of the number of phases on their stator windings. In general, it a stator has N
phases, it takes 2N pulses per electrical revolution in that motor. Therefore, the re-
lationship between the speed of the motor in revolutions per minute and the num-
ber of pulses per minute becomes

1
Mo = NP Mpuises (10-21)

Stepper motors are very useful in control and positioning systems because
the computer doing the controlling can know both the exact speed and position of
the stepper motor without needing feedback information from the shaft of the mo-
tor. For example, if a control system sends 1200 pulses per minute (o the two-pole
slepper motor shown in Figure 10-38, then the speed of the motor will be exactly

My = # Moutses (10-20)

- | /e
= W 1200 pulses/min)
= 200 r/min

Furthermore, if the initial position of the shaft is known, then the computer can de-
termine the exact angle of the rotor shaft at any future time by simply counting the
total number of pulses which it has sent o the control unit of the stepper motor.
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Example 10-2. A three-phase permanent-magnet stepper motor required for one
particular application must be capable of controlling the position of a shaft in steps of 7.5°,
and it must be capable of ruaning al speeds of up to 300 /min,

{a) How many poles must this motor have?

{b) Atwhatrate must control pulses be received in the motor’s control unit if it is to
be driven at 300 r/min?

Solation
{a) In a three-phase stepper motor, each pulse advances the rotor’s position by
60 electrical degrees. This advance must correspond to 7.5 mechanical degrees.
Solving Equation (10-18) for P yielkds
L '60‘*} -
P == 26_9; Gl Z(W = }6 poles

(&) Solving Equation (10-21) for npy., yields

nm - NPﬂm
= (3 phases) 16 polesi300 r/min)
= 240 pulses/s
Brushless DC Motors

Conventional dc motors have traditionally been used in applications where dc
power sources are available, such as on aircraft and automobiles. However, small
de motors of these types have a number of disadvantages. The principal disad-
vantage is excessive sparking and brush wear. Small, fast dc motors are too small
to use compensating windings and interpoles, so armature reaction and L di/dr ef-
fects tend 10 produce sparking on their commutator brushes. In addition, the high
rotational speed of these motors causes increased brush wear and requires regular
mainienance every few thousand hours. If the motors must work in a low-pressure
environment (such as at high altitudes in an aircraft), brush wear can be so bad
that the brushes require replacement after less than an hour of eperation!

In some applications, the regular maintenance required by the brushes of
these de motors may be unacceptable. Consider for example a d¢ motor in an ar-
tificial heart—regular maintenance would require opening the patient’s chest. In
other applications, the sparks at the brushes may create an explosion danger, or
unacceptable RF noise. For all of these cases, there is a need for a small, fast de
motor that is highly reliable and has low noise and long life.

Such motors have been developed in the last 25 years by combining a small
motor much like a permanent magnetic stepper motor with a rotor position sensor
and a solid-state electronic switching circuit. These motors are called brushiess de
motors because they run from a de power source but do not have commutators and
brushes. A sketch of a small brushless de motor is shown in Figure 1040, and a
photograph of a typical brushless d¢ motor ts shown in Figure 10-41. The rotor is
similar to that of a permanent magnel stepper motor, except that it is nonsalient. The
stator can have three or more phases (there are four phases in the example shown).
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FIGURE 10-40

{a) A simple brushless de motor and its associated control unit. The inputs to the control unit consist
of a dc power source and a signal proportional to the current rotor position. (b) The voltages applied

to the stator codls,
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{a)

(b}

FIGURE 16-41

{a) Typical brushless dc motors, (b) Exploded view showing the permanent magnet rotor and a three-
phase {6-pole) stator. (Courtesy of Carsen Technologies, Inc.)

The basic components of a brushless dc motor are

1. A permanent magnet rotor

2. A stator with a three-, four-, or more phase winding

3. Arotor position sensor

4. An electronic circuit to conirol the phases of the rotor winding

A brushiess dc motor functions by energizing one stator coil at a time with
a constant de voltage. When a coil 1s turned on, it produces a stator magnetic field
B, and a torque is produced on the rotor given by

Td = kBg X Bg

which tends to align the rotor with the stator magnetic field. At the time shown in
Figure 10—40a, the stator magnetic ticld B¢ points to the left while the permanent
magnet rotor magnetic field B, points up, producing a counterclockwise torque on
the rotor. As a result the rotor will turn to the left.
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If coil @ remained energized all of the time, the rotor would turn until the
two magnetic fields are aligned, and then it would stop, just like a stepper motor.
The key to the operation of a brushless d¢ motor is that it includes a position sen-
sor, so that the controi circuit will know when the rotor is almost aligned with the
stator magnetic field. At that time coil a will be turped off and coil & will be turned
on, causing the rotor to again experience a counterclockwise torque, and to con-
tinue rotating. This process continues indetinitely with the coils turmed on in the
ordera. b, c.d, —a, —b, —c¢, —d, etc., so that the motor turns continuously.

The electronics of the control circuit can be used 1o control both the speed
and direction of the motor. The net effect of this design is a motor that runs from a
de power source, with full control over both the speed and the direction of rotation,

Brushiess dc motors are available only in small sizes, up to 20 W or so, but
they have many advantages in the size range over which they are available. Some
of the major advantages include:

1. Relatively high efficiency.

2. Long life and high reliability.

3. Little or no maintenance.

4. Very little RF noise compared to a dc motor with brushes,
8. Very high speeds are possible (greater than 50,000 /min).

The principal disadvantage is that a brushless dc motor is more expensive than a
comparable brush d¢ motor,

10.7 SUMMARY

The ac motors described in previous chapiers required three-phase power to func-
tion. Since most residences and small businesses have only single-phase power
sources, these motors cannot be used. A series of motors capable of running from
a single-phase power source was described in this chapier.

The first motor described was the universal motor. A universal motor is a se-
ries dc motor adapied to run from an ac supply, and its torque-speed characteris-
tic is similar to that of a series dc motor. The universal moltor has a very high
torque, but its speed regulation is very poor.

Single-phase induction motors have no intrinsic starting torque, but once
they are brought up 1o speed, their torque—speed characteristics are almost as good
as those of three-phase motors of comparable size. Starting 1s accomplished by the
addition of an auxiliary winding with a current whose phase angle differs from
that of the main winding or by shading portions of the stator poles.

The starting torque of a single-phase induction motor depends on the phase
angle between the current in the primary winding and the current in the auxiliary
winding, with maximum torque occurring when that angle reaches 90°. Since the
split-phase construction provides only a small phase difference between the main
and auxiliary windings, its starting torque is modest. Capacitor-start motors have
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auxiliary windings with an approximately 90° phase shift, so they have large start-
ing torques. Permanent split-capacitor motors, which have smaller capacitors,
have starting torques intermediate between those of the split-phase moter and the
capacitor-start motor. Shaded-pole motors have a very small effective phase shift
and therefore a small starting torque.

Reluctance motors and hysteresis motors are special-purpose ac molors
which can operate at synchronous speed without the rotor field windings required
by synchronous motors and which can accelerate up to synchronous speed by
themselves. These molors can have either single- or three-phase stators.

Stepper motors are motors used to advance the position of a shaft or other
mechanical device by a fixed amount each time a conirol pulse is received. They
are used extensively in control systems for positioning objects.

Brushiess dc motors are similar to stepper motors with permanent magnet
rotors, except that they include a position sensor. The position sensor is used to
switch the energized stator coll whenever the rotor is almost aligned with it, keep-
ing the rotor rotating a speed set by the control electronics. Brushless de motors
are more expensive than ordinary dec motors, but require low maintenance and
have high reliability, long life, and low RF noise. They are available only in small
sizes (20 W and down).

QUESTIONS

10~-1. What changes are necessary in 8 series dc molor 0 adapt it for operation from an
ac power souree?
102, Why is the torque-speed characteristic of a universal motor on an ac source dif-
ferent from the torque-speed characteristic of the same motor on a dc source?
103, Why is a single-phase induciion motor unable to start itself without special auxil-
iary windings?
104, How is induced torque developed in a single-phase induction motor (@) according
10 the double revolving-field theory and (b) according to the cross-field theory?
10.5, How does an auxiliary winding provide a starting torque for single-phase induc-
tion motors?
10-6, How is the current phase shift accomplished n the auxiliary winding of a split-
phase induction motor?
10-7. How is the current phase shift accomplished in the auxiliary winding of a
capacitor-start induction motor?
10-8. How does the starting torque of a permanent split-capacitor motor compare to that
of a capacitor-start motor of the same size?
10-9, How can the direction of rotation of a split-phase or capacitor-siart induction mo-
tor be reversed?
10-10. How is starting torque produced in a shaded-pole motor?
10-11, How does a refuctance motor start?
10-12. How can a reluctance motor run at synchronous speed?
10-13, What mechanisms produce the starting torque in a hysteresis motor?
10-14. What mechanism produces the synchronous torgue in a hysteresis motor?
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10-16.

10-17.

10-18.

SINGLE-PHASE AND SPECIAL-PURPOSE MOTORS 679

Explain the operation of a stepper motor.

What is the difference between a permanent-magnet type of stepper motor and a
reluctance-type stepper motor?

What is the optimal spacing between phases for a reluctance-type stepper motor?
Why?

What are the advantages and disadvantages of brushless de motors compared to or-
dinary brush dc motors?

PROBLEMS
10-1, A 120-V, %-hp, 60-Hz, four-pole, split-phase induction motor has the following
impedances:
B, =180Q Xy =240Q Xy =608
Ry = 250K Xy = 2.40 Q

-2,
103,

104,

105,

At aslip of 0,05, the motor’s rotational losses are 51 W, The rotational losses may
be assumed constant over the normal operating range of the motor. If the slip is
0.08, find the following quantities for this motor:

{a} Input power

{b) Air-gap power

€} Poon

(d}) Pou

(€} Tina

() Tiowd

{g} Overall motor efficiency

(h} Stator power factor

Repeat Problem 101 for a rotor slip of 0.025.

Suppose that the motor in Problem 101 is started and the auxiliary winding fails
open while the rotor is accelerating through 400 r/min. How much induced torque
will the motor be able to produce on its main winding alone? Assuming that the ro-
tational losses are still 51 W, will this motor continue accelerating or will it slow
down again? Prove your answer.

Use MATL.AB 10 calculate and plot the torque~speed characteristic of the motor in
Problem 101, ignoring the starting winding,

A 220-V, L.5-hp, 50-Hz, two-pole, capacitor-start induction motor has the follow-
ing main-winding impedances:

R = 140Q X, = 190Q Xy = 100Q

R =150Q X=190Q

At aslip of 0.05, the motor’s rotational losses are 291 W, The rotational losses may
be assumed constant over the normal operating range of the motor. Find the fol-
fowing quantities for this motor al 5 perceat slip:

{a) Stator current

(b} Stator power factor

{c} Input power

(d} Pag

(€} Peony
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106,

107,

10-8,
10-9,

1010,
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() Pou

(8) Tint

fh ) Tioad

{i} Efficiency

Find the induced torque in the motor in Problem {03 if it 1s operating at 5 percent
slip and its terminal voltage is («) 190 V.(B) 208V, (¢) 230 V.

What type of motor would you select to perform each of the following jobs? Why?
{a} Vacuum cleaner

{b) Refrigerator

{c) Air conditioner compressor

{d} Air coaditioner fan

{e) Variable-speed sewing machine

{fi Clock

(g} Electric drill

For a particular application, a three-phase stepper motor must be capable of step-
ping in 10° increments. How many poles must it have?

How many pulses per second must be supplied (0 the control vnit of the motor in
Problem 10-8 to achieve a rotational speed of 600 t/min?

Construct a table showing step size versus number of poles for three-phase and
four-phase stepper motors,
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