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3.1 Three-Phase Induction Motors m:
3.0 Introduction

Three-phase induction motors are by far the most widely used motors in industry,
accounting for about 80% of the total number of motors used in the average
plant.* In many small and medium-sized industries, all motors above 3 kW are
three-phase induction motors. Three-phase induction motors are popular because
they are more economical, last longer, and require less maintenance than other
types of motors. Because of their importance, this chapter provides a detailed
analysis of three-phase motors and a thorough discussion of their applications.
The following subjects are discussed: principles of operation, rotating magnetic
fields, equivalent circuits, governing mathematical relationships, industrial consid-
erations, induction generators, and solid-state control.

Manufacturers’ data for three-phase induction machines are included in the
tables in Section 3.7 at the end of this chapter. Their control schematics are exten-
sively covered in Chapter 7 The physical distribution of the machine windings and
their unbalanced voltage operation are covered in more specialized textbooks.

3.1 Three-Phase Induction Motors

3.1.1// Stator and Rotor

Like all motors, three-phase induction motors transform electrical power into
mechanical power by means of a stationary part called the stator and a rotating
part called the rotor. Stator or armature windings are housed on the stator, where-
as rotor windings are installed on the rotor. For an elementary representation of
stator and rotor windings, see Fig. 3-1.

3-¢
supply

Stator or
armature

FIG.3-1 An elementary representation of a three-phase induction motor. (In an actual ma-
chine, the armature and the field windings are placed in the stator and rotor slots, respectively.)

*Only about 50% of the energy used by a plant is consumed by 3-¢ induction motors. Roughly 35%
is absorbed by synchronous and dc machines, and the remaining 15% is consumed by single-phase
motors, heating,cooling, lighting, and miscellaneous.
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:m Chapter 3 Three-Phase Induction Machines

FIG.3-2 Stator windings. Photo courtesy of Siemens Industry, Inc.

Stator windings can be either star- or delta-connected. Their main functions
are to receive three-phase ac power and to produce a single rotating magnetic
field that has an approximately sinusoidal space distribution. This rotating field
completes its magnetic path through the stator, two air gaps, and the rotor struc-
ture. Figure 3-2 shows a manufacturer’s picture of an actual armature winding.
The stator windings are brought out in a terminal box where they can be con-
nected to a suitable three-phase voltage supply.

There are two types of rotor windings: the squirrel cage and the wound type.
Manufacturer’s pictures of squirrel-cage and wound-rotor windings are shown in
Figs. 3-3 and 3-4, respectively.

A squirrel-cage rotor winding is generally made up of bare aluminum bars
that are connected at their terminals to shorted end rings. In other words, the
rotor windings are always short-circuited regardless of motor operating condition.
The rotor bars are not parallel to the rotor axis but are set at a slight skew. This
feature reduces mechanical vibrations, making the motor less noisy.

Rotor windings cannot be electrically connected to a circuit outside the rotor.
As a result, the rotor resistance is constant, and for a given stator voltage, its
torque-speed characteristic is fixed (see Section 3.1.6).

In some special designs (for a particular motor application, for instance), the
rotor may have double squirrel-cage windings, each with a different resistance.
This construction gives higher starting torque, lower starting current, and higher
full-load power factor.
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3.1 Three-Phase Induction Motors m:

FIG.3-3 Squirrel-cage rotor. Photo courtesy of Siemens Industry, Inc.

FIG. 3-4 Wound-rotor winding. Courtesy of General Electric
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:m Chapter 3 Three-Phase Induction Machines

FIG. 3-5 Three-phase induction motors: 200 kW, 460 V. Courtesy of General Electric

FIG. 3-6 Induction motor rotors: 6300 kW, 4160 V. Courtesy of General Electric
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3.1 Three-Phase Induction Motors m:

A very small percentage of induction machines have a wound rotor. Wound-
rotor windings terminate at the slip rings on which the brushes rest. The brushes
can then be connected to a three-phase variable resistor, and the resistance of the
rotor winding can be externally controlled. This variable resistor, as demonstrated
in this chapter, controls the torque-speed characteristic of the motor. Figures 3-5
and 3-6 show, respectively, manufacturer’s pictures of three-phase induction
motors and rotors.

515 Principles of Operatir

The operation of three-phase induction machines is based on the generation of
a revolving field, the transformer action, and the alignment of the magnetic field
axes.

When balanced three-phase currents are injected into the stator windings,
they produce a rotating magnetic field that, unless the rotor is revolving at the
same speed as the magnetic field, will induce* voltages in the rotor windings. This
results in rotor current and therefore rotor flux. The magnetic fields of the stator
and rotor try to align their magnetic axes—a natural phenomenon—and in so
doing, a torque is developed.

Refer to Fig. 3-7 The flux of the synchronously rotating stator field (¢,) and
the flux of the rotor currents (¢;) combine vectorially to produce the net or
resultant flux (¢z) within the structure of the stator and rotor.

From Ampere’s Law (Eq. (1.161)), the force and thus the torque (7))
developed by two interacting fields are proportional to the product of the

FIG.3-7 Stator and rotor flux in a 3-¢ induction
machine at standstill.

*For these reasons, three-phase induction motors are sometimes referred to as rotating transformers.
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:m Chapter 3 Three-Phase Induction Machines

strength of the two fields times the sine of the smallest angle between the two
fields. Mathematically,

T = Koy sin 6, (3.1a)
Since
61+ 6, =90°
Then
T = Kdgo, cos 6; (3.1b)

where the constant of proportionality K is a function of the physical parameters
of the machine, and the factor (¢, cos 6;) is the quadrature component of the sta-
tor flux with respect to the rotor field.

From basic trigonometric concepts, we have

¢ cos 61 = ¢prcos (61 + 63) 3.2)
and
¢rcos (6] + 63) = P sin & A3.3)

where 6 is the phase angle between the resultant field and the rotor field. This
angle is called the torque angle. From Eqgs. (3.1b), (3.2), and (3.3), we obtain

T=Kbsdgsiné (3.4)

Under ideal conditions, the torque produced in the rotor structure is delivered
to the shaft load, while the opposing torque produced in the stator structure is
transmitted to the motor’s foundation.

513 Rotating Magnetic Field

This section analyzes the generation of a rotating field by the stator windings of a
3-¢ induction machine and derives formulas that give the strength and speed of
the rotating field.

Consider the elementary two-pole, three-phase machine shown in Fig. 3-8(a).
The dots in the center of the three conductors indicate that the current’s direc-
tion is toward the reader, while the crosses indicate that the assumed positive
direction of current is away from the reader. The stator windings carry balanced
three-phase currents as shown in Fig. 3-8(b).
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FIG. 3-8 Three-phase induction machine: (a) an elementary two-pole induction
machine, and (b) balanced three-phase stator currents of sequence ABC.

For a phase sequence ABC, the phase magnetomotive forces (mmf’s) as
functions of time are as follows:

Fa = Nul,,, cos wt @3.5)
Fp, = Ngl,,, cos (ot — 120°) (3.6)
Fe = Ncl,, cos (wt +120°) 3.7

where 1,,, ,I,,, ,and I,, are the maximum values of the phase currents, and N4, N,
and N are the number of turns of the phase windings. The quantity  is the angu-

lar frequency of oscillation of the stator currents, which by definition is
w = 2xf electrical radians per second 3.8)

where fis the frequency of the stator currents in hertz.

At the instant under consideration, the mmf of phase a coincides with the
horizontal axis, as shown in Fig. 3-8(a). The directions of phase mmf’s % ,, %, , and
%, are obtained by using the right-hand rule.

The resultant stator mmf (%) along an axis at an angle B to the horizontal is
found by summing up the projections of the phase mmf’s along this line:

F, = F,cos B+ Fycos (120° — B) + F.cos ( — 120° — B) 3.9)
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:m Chapter 3 Three-Phase Induction Machines

The number of winding turns and the maximum value of the current for each phase
are the same. Designating ¥, as the maximum mmf of any one phase, we have

9’71 = NAIm” = NBImb = NCIm( (3.10)
Substituting Egs. (3.5), (3.6), (3.7), and (3.10) into Eq. (3.9), we obtain
F, = Fy [cos wt cos B + cos (wt — 120°) cos (120° — B)

+cos (wt + 120°) cos (—120° —B)] 3.11)

By use of the identity
_1 1
€0S X COS y = 5 COS (x+y)+ 5 cos (x—y)
we obtain
En

Fy = cos (wt + B) + cos (wt — B) + cos (wt — 120° + 120° — B)

2
+ cos (ot — 120° — 120° + B) + cos (wt + 120° — 120° — B)

+ cos (wf + 120° + 120° + B)] (3.12)

Simplifying, we get

Ll [cos (wt + B) + cos (wt — B) + cos (wt — B) + cos (wt + B — 240°)

F, =

2
+ cos (wt — B) + cos (wt + B + 240°)] (3.13)

The sum of the three underlined terms is equal to zero because these phasors
are displaced from each other by 120° and because their magnitudes are equal.
Therefore, Eq. (3.13) becomes

F, = % F, cos (ot — B) (.14)

Equation (3.14) describes a revolving field that rotates counterclockwise with
an angular velocity of w radians per second. The speed of the revolving field is
normally designated by w, and is referred to as synchronous speed (w; = w). The
flux at a point P that is at 8 degrees to the horizontal will vary sinusoidally with
the same frequency as that of the stator currents.

The revolving field may be visualized as being equivalent to the field gener-
ated by a permanent magnet rotated about an axis that coincides with the rotor
of the machine.

The effective mmf through the stator structure is equal to 1.5 times the mmf
produced by one phase alone. The resulting effective flux, at the absence of
saturation and rotor current, is directly proportional to this mmf and inversely
proportional to the reluctance of the path through which the flux completes its
magnetic circuit.
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3.1 Three-Phase Induction Motors m:

In general, a rotating field of constant amplitude is produced by an m-phase
winding wound 27/m electrical radians apart and excited by balanced m-phase
currents. The magnitude of the rotating field is m/2 times the field produced
by any one phase, and its speed of rotation is given by Eq. (3.8). The direction
of rotation of the field depends on the phase sequence of the applied currents.
When the phase sequence of the supply voltages is reversed, the direction of
rotation of the stator field and the speed of the motor are also reversed. The
revolving fields of single- and two-phase ac motors are developed in Chapter 4.

Mechanical and Electrical Radians

Consider the elementary four-pole machine shown in Fig. 3-9(a). Starting at point
A and going counterclockwise (27 mechanical radians) around the periphery of
the machine’s stator, the following field polarities are encountered: N{S;—S,N,—
N3S5-S,N,. This corresponds to two complete electrical cycles (47 electrical
radians), as can be seen in Fig. 3-9(b).

/\ / Electrical (6)
2m 4w Radians

T 2m
Mechanical (6,,)

(b)

FIG.3-9 (a) Elementary four-pole machine with stator
slots and windings omitted; and (b) space distribution
of field illustrating the relationship between mechanical
(0,,) and electrical (0) radians.
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:m Chapter 3 Three-Phase Induction Machines

For a four-pole machine, then, one mechanical or physical revolution will
correspond to two complete cycles of the field. In general, for a p-pole machine,

p

0=—=0 3.15
> Om (3.15)

where 6 and 6,, are the electrical and mechanical radians, respectively.
From Egs. (3.8) and (3.15), we get the speed of the rotating field in mechanical
radians per second:

1% (2mf) = 477;7 mechanical radians/s (3.10)

Wy

Since one revolution is equivalent to 27 mechanical radians, the speed in revolu-
tions per second (ny) is
/s (3.17)
The speed in revolutions per minute is

ny = 120; r/min (3.18)
Thus, for a 60 Hz system, the synchronous speed of the stator field will be

3600, 1800, or 1200 r/min when the number of poles is two, four, or six,
respectively.

ExAMPLE 3 - I For a 480V, 3-¢, four-pole, 60 Hz induction motor, determine the speed of the
stator field in:

a. Electrical radians per second.
b. Mechanical radians per second.
c. Revolutions per second.

d. Revolutions per minute.

SOLUTION
a. From Eq. (3.8),

wy; = 271(60) = 377 electrical rad/s

b. From Eq. (3.16),

®,, = 377(%) = 188.5 mechanical rad/s
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3.1 Three-Phase Induction Motors m:

c. From Eq. (3.17),

d. From Eq. (3.18),

= 120(64—0) — 0

Prove that the speed of rotation of the stator field is reversed when the orderof E yxepcise
rotation of the stator currents is reversed. ; I

Under normal operating conditions, the rotor rotates in the same direction
as the magnetic field of the stator but at a reduced speed. The difference be-
tween the synchronous speed of the stator field and the actual rotor speed (n,)
defines the slip (s) of the motor. The slip of a motor is an important parameter,
used extensively in the design and analysis of induction machines. The per-unit
value of the slip is given by

(3.19)

where ny is the synchronous speed of the rotating field, given by Eq. (3.18).

To achieve higher efficiency, the majority of three-phase induction motors are
designed to operate at a very small slip (usually less than 5%) when delivering
rated power.

When three-phase induction machines operate as induction generators,
their actual rotor speed is higher than their synchronous speed, and their ve-
locity is in the same direction as the synchronously rotating stator field. Thus,
their slip is negative. Induction generators are used to connect small generating
stations to large utility networks. (For a detailed analysis of induction genera-
tors, see Section 3.4.2.)

When an induction machine is driven by another motor in such a way that
its actual rotor speed is in the direction opposite to that of the synchronous-
ly rotating stator field, then n, in Eq. (3.19) becomes negative, and thus the
slip is greater than unity. Induction machines operating at a slip greater than
unity are used as frequency and voltage multipliers. They are covered in
Section 3.4.
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:m Chapter 3 Three-Phase Induction Machines

ExAMPLE 3 - 2 A 75 kW, 60 Hz, 480V, 1176 r/min, three-phase induction motor has, at full-load,
a power factor of 80 lagging and an efficiency of 0.90. Under rated operating
conditions, determine,

a. The magnitude of the current drawn by the motor.

b. The real, reactive, and complex power drawn by the motor.
c. The output torque at full-load.

d. The operating slip.

SOLUTION

a. By definition,

. output power
efficiency = ———
mput power

In mathematical symbols,

Pout
P

’Y’ =
The output power is 75 kW. The input power is
P, = 3V, I, cos 6

From the above, the magnitude of the line current is

P
S = ZS’OOO = 12529 A
n(\3V;_pcos0) 0.90 (+3(480)(0.80)) ——
The current phasor is shown in Fig. 3-10(a).
%
O S
36.9 Q
A\
/ [P
(a) (b)

FIG.3-10
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3.1 Three-Phase Induction Motors m:

b. The real or consumed power is

Pin = V‘C§VL_LIL cos 6

V3(480)(125.29)(0.80) = 83.33 kW

or
Po 75
P, = ™ T 09" 83.33 kW
The reactive power is
Q =S \“JgVL_LIL Sin 9

\3(480)(125.29)(sin 36.9°) = 62.5 kVAR

or

Q = Ptan 6 = 83.33 tan 36.9° = 62.5 kVAR
The complex power is
S = \ng-LFF

= \3(480)(125.29)/36.9° = 104.17/36.9° kVA

Alternatively,
S=P+j0O
= 83.33 + j62.5 = 104.17/36.9° kVA

The motor’s power triangle is shown in Fig. 3-10(b).
c. The full-load output torque is

_ power _ 75,000

speed 176 27
60

d. By inspection of the given data, it can be determined that the motor’s
synchronous speed is 1200 r/min. The operating slip is

T =609 N -m

ns —ng _ 1200 — 1176

ST 1200

= 0.02 per unit (pu)
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:m Chapter 3 Three-Phase Induction Machines

Exercise A480V,50kW,delta-connected three-phase, 60 Hz, six-pole induction motor
operates at a slip of 1.5% and has a power factor of 82% and an efficiency of
;-2 88%. Determine the following:

a. The magnitude of the line and phase currents.
b. The actual rotor speed.
c. The real, reactive, and complex power drawn by the motor.

Answer (a) 83.34 A,48.12 A; (b) 1182 r/min;
(c) 56.82 kW, 39.66 kVAR, 69.29/34.9° kVA

Exercise Inalaboratory,a four-pole, 60 Hz induction machine is operated as follows:

3_3 a. As an induction motor at a speed of 1760 r/min.
b. As an induction generator at a speed of 1850 r/min.

In each of these three cases, determine the operating slip and the direction of
the rotor’s rotation relative to the clockwise rotation of the stator field.

Answer (a)2.22%, cw; (b) —2.78%, cw.

“3.1.5 Equivalent Gircuit

The analysis of polyphase electric machines is simplified by using their per-phase
equivalent circuits. The derivation of an equivalent circuit is based on the consid-
eration of the electromagnetic coupling between the stator and rotor when the
rotor is stationary and when it is running.

Rotor Stationary

When the rotor of the motor is stationary, the time rate of change of the flux
linkages between the stator and the rotor depends on both the number of winding
turns in the rotor and the speed and magnitude of the rotating mmf of the stator.
This is similar to the transformer action, where the alternating flux of the pri-
mary current sets up flux linkages between the primary and secondary windings.
The voltage induced in the secondary winding of a transformer is proportional to
the time rate of change of its flux linkages. Similarly, the voltage induced in the
rotor winding of a three-phase induction motor is proportional to the time rate of
change of the winding’s flux linkages.
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3.1 Three-Phase Induction Motors m:

The frequency (f,) of the voltage induced in the rotor windings is equal to that
of the stator windings. That is,

=1 (3.20)

where fis the frequency of the stator currents.

The per-phase equivalent circuit of a three-phase induction motor at standstill,
then, is similar to that of a transformer. Refer to Fig. 3-11(a). The impedance
R; + jX; represents the per-phase leakage impedance of the stator windings.
The impedance R, /jX, represents the per-phase magnetizing impedance of
the motor. Because of the air gap between the stator and rotor structures, this

Ry + X l loxe R+ jX;

Ry + X l/exc R + X5

O
(b)
—— AWM AAN—N
Ry + X l loxe b+ Xy
4 Re Xs
O
(c)

FIG.3-11 Per-phase equivalent circuit of a three-phase motor at standstill: (a) stator
and rotor circuits, (b) rotor impedance referred to the stator, (¢) equivalent of (b).
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:m Chapter 3 Three-Phase Induction Machines

impedance is substantially larger than that of a static transformer of equivalent
voltage and volt-ampere rating. The impedance R, + jX, represents the per-phase
leakage impedance of the rotor windings at standstill.

The rotor impedance as seen from the stator (Fig. 3-11(b)) is

Zh = (R, + jX7) (3.21)

or

Zh = RY + jX) (3:22)

where Z5 is the rotor impedance at standstill as seen from the stator, and a repre-
sents the number of effective turns between the stator and rotor windings.

The rotor windings are shorted, and thus the ideal transformer shown in
Fig. 3-11(b) is also shorted. This leads to the per-phase equivalent circuit pre-
sented in Fig. 3-11(c). The per-phase input voltage to the stator windings and the
excitation current are represented, respectively, by V and /...

Rotor Running

When the rotor is running, the time rate of change of the flux linkage between the
stator and rotor windings depends on the relative motion between the synchro-
nously rotating stator mmf and the actual rotor speed. Since the relative motion
between the stator mmf and the rotor speed is given by the slip, the voltage in-
duced in the rotor windings (V) is given by

V,=sV. (3.23)

where s is the operating slip of the motor and V, is the voltage induced in the
rotor windings when the rotor is stationary.

The frequency (f,) of the voltage induced in the rotor windings is related to
the frequency (f) of the stator windings by

fr=sf 3.29)

Then the per-phase rotor impedance at a slip s is
Z, =R, + jsX, (3.25)
where R, and X, represent the rotor resistance and reactance, respectively. The

per-phase equivalent circuit of the motor is shown in Fig. 3-12(a). The rotor
current (7,) is

1. = Vr (3.26)
r Zr °
V/
= L (3.27)
R, + jsX,
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Ry + X, R, + jsX,
o_/\/\/\,_fwv\ /\/\/\,_fYW\—
I l /eXC T

O

! B

()

Ry + jX, A RetiX Iy
O IVW_NYY\_O_IVW_fYW\
T llexc
R
V. R, X, § <(1-s)
B

O

(d)

FIG. 3-12 Per-phase equivalent circuit of a three-phase induction motor:
(a) stator and rotor circuits, (b) equivalent of (a), (¢) equivalent of (b), and
(d) approximation of (c).
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:m Chapter 3 Three-Phase Induction Machines

From the above,
v,
I, =——— (3.28)
R, .
< 7 jX,
Then the per-phase equivalent circuit of the motor can be drawn as shown in
Fig. 3-12(b).
The rotor impedance (Z,) as seen from the stator is

2[Ry
Z,=a" |5t ]X, 3.29)

or
Ry .
ZZ = S_+ ]X2 (3.30)

The corresponding equivalent circuit is given in Fig. 3-12(c).
The real component of the rotor impedance, as seen by the stator, can also be
written as follows:

1—-5

R
Tz =R, +R, (3.31)

The second term on the right-hand side of this equation is the so-called equiva-
lent mechanical load (R;) resistance. That is,

R,(1-—s
R, = # (3.32)
By assuming that
RS +jX5 =R, +jX, (3.33)

then Fig. 3-12(c) represents the general per-phase equivalent circuit of a three-
phase induction motor at any speed, as seen from the input terminals of the motor.

When the motor is running, the values of the per-phase rotor resistance (R,)
and inductance (L,) are different than when their corresponding values are at
standstill (R}, L)) because of higher temperatures, saturation, and the skin effect.

The skin effect (nonuniform current density within the conductors caused by
magnetic flux that passes through them and that varies with time) is of particular
importance because it causes the rotor’s circuit resistance and inductance to vary
with the frequency of the rotor currents. This variation is significant during start-
ing, but negligible within the speed range of normal load operation. For accurate
results, the actual values of the rotor parameters should be used at starting and
running conditions.

In order to further simplify the calculations, the magnetizing branch is usually
transferred to input terminals of the stator winding, as shown in Fig. 3-12(d). The
magnetizing impedance could also be represented, as in the case of transformers,
by its equivalent series-connected components (R, + jX,,). The measurement of
the parameters of the equivalent circuit is discussed in Section 3.3.
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3.1 Three-Phase Induction Motors m:
3.1.6 Torque and Power Relationships

Torque and power relationships will be derived by using the equivalent circuit
shown in Fig. 3-12(d). In deriving the general expression for the torque of an
induction motor, the effects of the magnetizing impedance will be neglected.
Because this magnetizing impedance is relatively large, its effect on the torque
developed by the motor at full-load is negligible.

From basic definitions, the per-phase torque developed is

_ power developed _ IR, (3.34)

actual speed Wq

The equivalent mechanical load resistance (R;) is

RL:Rzl_S

and the actual speed is
W, = Wy (1_ S)

Substituting the above into Eq. (3.34), we obtain

1—3s
_ R
ws(l_s)

1 %Rz
=05 N - m/phase (3.36)

S

(3.35)

From the equivalent circuit, the magnitude of the current 7, is

L= ‘ (3.37)

2w
T) + X,
where X = X| + X,.

From the above, the torque developed in terms of the motor’s parameters is

V2

P g P

N - m/phase (3.38)

where V is the phase-to-neutral voltage.

The variation of torque versus slip is shown in Fig. 3-13. The abscissa of
this curve is the motor’s speed or slip. The symbols Ty, Ty, and T,, correspond
to the full-load, starting, and maximum torque of the motor, respectively. The
same diagram also shows the torque-speed characteristic of the mechanical load.
The intersection of these characteristics gives the operating torque and speed
of the motor. For this reason, it is extremely important that, before selecting a
suitable motor, you accurately calculate the torque-speed characteristic of the
driven load.
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FIG. 3-13 Typical torque-speed characteristics.

The motor and load torque-speed characteristics are also used (as explained
on the website) to find the accelerating and decelerating times of the motor.
These parameters are important for the transient analysis of machines and for
the proper selection of the motor’s protective devices.

From Eq. (3.38), it is evident that, for a constant slip, the torque is proportional
to the applied voltage squared:

T V2 (3.39)

In practice, you may have to evaluate the starting torque capability of a motor because
its high starting currents—depending on the impedance of the supply network —
reduce the voltage delivered to the stator, and as a result the starting torque is also
reduced. When the Thévenin impedance (Ry, + jX{;,) of the supply network is known,
R;in Eq. (3.38) should be replaced by R; + Ry,, and X should be replaced by X + Xj,.
From Eq. (3.38), after expanding and simplifying, we obtain
2
T= VR N - m/phase (3.40)
w,[(sR1)? + 2sR{R, + R} + (sX)?]

For slips in the full-load range, the predominant term in the denominator of the
above equations is R%. Therefore,

V2
T~ X (3.41)
or
T~KS 3.42
R 3.42)

Copyright 2015 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



3.1 Three-Phase Induction Motors m:

where K is the constant of proportionality given by
K=— (3.43)

From Eq. (3.42), it is evident that in the full-load operating range, the higher
the actual speed of the motor, the lower its output torque. It can also be shown
that for a certain range of rotor resistance, the starting torque (77,) of the motor
is proportional to its rotor resistance. Mathematically,

Ty xR, (3.44)

The higher the rotor resistance, the higher the motor’s starting torque, and the
lower its inrush current. The derivation of Eq. (3.44) is left as a student problem
(see Problem 3-2).

Because of the effects of rotor resistance on starting torque and starting
current, the high-power motors supplied through weak power systems (i.e., a
supply network with relatively high impedance) are of the wound-rotor type.

Maximum or Breakdown Torque

Refer again to the approximate equivalent circuit of Fig. 3-12(d). For maximum
power transfer from stator to the rotor-load resistance, the following relationship
must be satisfied:

) R,
|R1 + ]X‘ =5 (3.45)

Equating the magnitudes of this relationship, we get the equation for the slip of
the motor at maximum torque (s,,):

R,
St = ———— (3.46)
\R% + X2
where
X=X +X

Substituting Eq. (3.46) into Eq. (3.38), after simplification, we find the following
expression for the maximum torque developed by the motor:

V2 \R% + X2
T, = X N - m/phase (3.47)
T 2 w
(R +RE+X? ) +x?] s

Thus, the maximum torque is independent of rotor resistance. The rotor resistance
controls the slip or the speed where the maximum torque occurs. Typical torque-
speed characteristics, as a function of rotor resistances, are shown in Fig. 3-14.
With negligible stator resistance (R; = 0), it can be shown that the torque (7) at
any slip (s) is related to the maximum torque (7,,,) and its corresponding slip (s,,,;) by
T 288t

A (3.48)
Tm Srznt + SZ
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FIG.3-14 Torque-speed characteristics as a func-
tion of rotor resistance.

If the torque-speed characteristic of the motor is not available, then the above equa-
tion can be used, in conjunction with some of the motor parameters (7, T,,,, Ty, 551)
to sketch it. The derivation of Eq. (3.48) is left as a student problem (see Problem 3-2).

The torque developed by a motor must be sufficient to provide the motor’s
rotational losses and the torque requirements of the mechanical load. The torque
requirements of a mechanical load may include any or all of the following torque
components: the torque component [(J(dw,/dt)] required to accelerate the ro-
tating masses up to the steady-state speed; the torque component (Bw,) that
represents the viscous friction of the rotating parts; and any other torque (77;)
requirements of the load. In mathematical form,

dw,

T=1J
dt

+ Bw, + T, (3.49)

where
J = the polar moment of inertia of the rotating masses in Newton-meter-
second squared
B = the coefficient of viscous friction in N - m/(rad/s)
T; = a component of load torque in N - m
w, = the actual speed of the motor in rad/s.

Equation (3.49) is derived from Newton’s second law of motion for rotating
bodies. This law states that the sum of the torques (£ T) about an axis of rotation
is equal to the polar moment of inertia (J) times the angular acceleration («) of
the rotating masses. Mathematically,

ST=Ja (3.50)
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3.1 Three-Phase Induction Motors m:

This law is of primary importance to the dynamic analysis of all machines, and
its applications are discussed on the accompanying website.

In developing the torque relationships, the magnetizing impedance of the
motor was neglected in order to simplify the calculations. The magnetizing im-
pedance, as already mentioned, does not affect the torque of the motor at full
load; however, at light loads, it has significant effects. For accurate torque calcula-
tions, the magnetizing impedance should be taken into consideration. You can
easily do so by replacing, in Egs. (3.38) and (3.47), the voltage source (V) and sta-
tor impedance (Z;) by the equivalent Thévenin’s voltage and impedance. Refer-
ring to Fig. 3-12(c), and looking toward the input from terminals A-B, we obtain

V(R ) jXy)

v, = 3.51
" R +jXi + R, ) jX, (3.5D)

and

Zy = (R +jX1) ) (Re )] [Xy) (3.52)

From Egs. (3.37) and (3.46), we find that the current / at a slip s is related to the
current at maximum torque (/,,,;) and its corresponding slip (S,,,)) by
=2

=— 3.53
I (3.53)

T2 2
Spp T8

The equations developed in this section are based on the approximate equivalent
circuit of Fig. 3-12(d). They are not applicable to motors with deep-bar rotor con-
struction or to double squirrel-cage rotors. In such cases, the proper equivalent
circuit should be drawn, then from basic principles, the desired relationships can
be derived.

Power Considerations

The power across the air gap (P,,) provides the power developed and the rotor
copper loss. That is,

Py = BRy A5+ 2R, (3.54)
Thus,
2 R
Pg=1 S W/phase (3.55)

As Eq. (3.55) shows, the rotor-winding losses are directly proportional to the air-
gap power and the operating motor slip. Thus, the smaller the slip, the lower the
rotor copper losses. For this reason, the slip, at full-load, is usually kept below 5%.

The power developed (P,) furnishes the output power as well as the rotational
losses. Mathematically,
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1—-5
s

P,=1I’R, W/phase (3.56)

= Protational + Poutput
losses

The rotational losses include windage, friction, and stray load losses.

EXAMPLE 3 - 3 Figures 3-15(a) and (b) show, respectively, the one-line diagram of a three-
phase induction motor and its per-phase equivalent circuit referred to the
stator. Assuming constant rotor impedance, and neglecting the effects of the
magnetizing current and rotational losses, determine:

480V, 3-¢, 60 Hz A
T 0150 /090
480 0.25
v o 50 0 210 § < ¢
e
B
(@) (b)

FIG.3-15

The number of poles.

The synchronous speed of the stator field.

The per-unit slip.

The line current at starting.

The starting torque.

The full-load current, power factor, torque, and efficiency.
The slip and current at maximum torque.

@ o a0 g

The maximum torque.

SOLUTION

a. Under normal operating conditions, the slip of a three-phase induction motor
is kept small because of its direct relationship to the copper losses. Thus, the ac-
tual speed of the motor should be very close to the speed of the synchronously
rotating stator field. Since the actual speed is given as 1755 r/min, the closest
synchronous speed is 1800 r/min. From Eq. (3.18), the number of poles is

_ 120 X 60

— 4 pol
1800 pocs

Copyright 2015 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



3.1 Three-Phase Induction Motors m:

b. The speed of the stator field is

n, = 1800 r/min

or

w, = 1800 é—g — 188.5 rad/s

c.  Using Eq. (3.19), we find that the slip in per unit is

_ 1800 — 1755

— 0.025
1800 P8

d. The line current at starting is found by applying Ohm’s law in the equivalent
circuit of Fig. 3-15(c):

480/\3
.= =123.94/-79.7° A
015+ 025 + 2.2 BT
o AN YN
0.15 0 220
480 0.25
V3 KN
O
(©)
FIG. 3-15(c)

e. Since the motor is star-connected and the magnetizing impedance is neglect-
ed, the rotor current as seen from the motor terminals is equal to the stator
or line current. Substituting the known data into Eq. (3.36) gives the motor’s
starting torque:

0.25
T, = 3(123.94)? 025 _ i 1aN-m
188.5 ——
f.  The current at full-load is
I = 4802/;3 —26.68/-122° A
015+ 22 4 no
0.025

By definition, the power factor is cos 12.2° = 0.977 lagging. The power factor
is unrealistically high because the magnetizing impedance was assumed to
be negligible.
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The full-load torque is

_ 3(26.68)? ( 0.25

Y o = 1332 N - m
1885 l0.025) —=—=—1

The efficiency of the motor at full-load is

=1l = Pioss _ | _ 3R, 3(2668)(040)
Pin BV I cos®  3(480)(0.977)

=0.96

g. From Eq. (3.46), the slip at maximum torque is
0.25

V0.15% 4+ 2.22

=]

Alp

c

The corresponding motor’s speed is
1, = 1800(1 — 0.11) = 1596 r/min

The current at maximum torque is

480/\3

I =
025 .
015+ 923 4 o
011/

=85.99/-43° A

h. The maximum torque is

3(85.99)2(0.25)
= 2 959 44N - m
188.5(0.11) ——m———

For purposes of comparison, the results are summarized in Table 3-1.

TABLE 3-1 Summary of the results of Example 3-3

Speed Current Power Torque
Operating in in Factor in
Condition r/min A Lagging N-m
Starting 0 123.94 0.18 61.12
(s=1)
Full-load 1755 26.68 0.977 113.32
(s = 0.025)
Maximum 1596 85.99 0.73 259.44
torque
(s — 0.11)
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The per-phase equivalent circuit of a 480 V, 60 Hz, 1176 r/min induction motoris E xercise
shown in Fig. 3-16. Neglecting the magnetizing impedance, determine the start-
ing, full-load, and maximum torque of the motor. 3-4

o—AAAN—YN YN

T 0.10 Q j0.40Q j0.4 O

v gwﬂ
S

O

FIG.3-16

Answer 269.63 N -m,343.99 N-m,1011.6 N - m

3.2 Industrial Considerations

This section discusses the industrial classification of squirrel-cage induction motors
and mechanical loads, the change in a motor’s input parameters that accompany
variations in the load requirements, a motor’s efficiency and power factor, and the
effects of the supply voltage on the torque-speed characteristic.

321 Classification of Induction Motors

The National Electrical Manufacturers Association (NEMA) has developed a
code-letter system by which a letter (A, B, C, or D) designates a particular class
of motors with specific characteristics. The various characteristics are mainly
obtained by a unique rotor design. Table 3-2 shows the general characteristics
and the corresponding applications of each class of motor. Typical torque-speed
characteristics for the various code-letter designations of squirrel-cage induction
motors are shown in Fig. 3-17 Before a motor is selected, the characteristics of
the load must be known. The load characteristics include power requirements,
starting and full-load torque, speed variation, acceleration characteristics, and the
environment in which the motor is to operate.

To select a particular type of motor for a given mechanical load, the torque-
speed characteristic of the motor must be compared to that of the mechanical
load. The intersection of the motor-load characteristics must correspond not
only to the speed and torque requirements of the load, but also to the highest
efficiency for the motor. The starting torque of the motor must be larger than the
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TABLE 3-2 Characteristics and applications of 3-¢ Induction Motors

Starting Torque,  Starting Current,in ~ Maximum Torque, Range of
Design in Per Unit Per Unit in Per Unit Full Load Slip Applications
A 1.5to 1.75 5to8 2to25 2% to 5% General-purpose
motors, fans, blowers,
most machinery tools
B 15to 1.75 45t05 2to3 3% to 6% Same as Class A
C 2t02.5 35t05 19to2.25 4% to 8% Used in conveyors,
compressors
D 2.75t03 3to8 2.75 7% to 17% Used for high-inertia
loads, low efficiency
300
250| | D i
()
g AT TN
o
B 200 AV \
C
S N \ \
5 N
2 150 (1A A\
: \
<
[
£ A\
3 \
e \
o
F 50
0
0 20 40 60 80 100

Speed in percent of synchronous speed

FIG.3-17 Typical torque-speed characteristics of
squirrel-cage induction motors.

load requirement, or the motor will not be able to start rotating. As a result, it will
draw its locked-rotor current, perhaps damaging the motor.

The minimum value of the torque in the region between starting and maximum
torque is called the pull-in torque. As can be seen from the general torque-speed
characteristics (Fig. 3-17), only class A and C motors have a meaningful pull-in
torque of the motor, which must be lower than that of the motor itself; otherwise,
the rotor will not accelerate smoothly.

The maximum torque developed by a motor indicates the capability of the
machine to overcome high transient-load torques. A motor with a maximum

Copyright 2015 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



3.2 Industrial Considerations m:

torque that is relatively low may stall when a sudden load torque exceeds the
motor’s breakdown torque.

The accelerating torque of a motor can be obtained from its torque-speed
characteristics by comparing the differences in the areas under the torque-speed
curves of the motor and the load. (For more detail, see Chapter 3W on the
accompanying website.)

A motor’s accelerating time (the time it takes a motor, starting from rest, to
reach its steady-state speed) is inversely proportional to its accelerating torque.
For all practical purposes, during acceleration, a motor draws locked-rotor current.
The longer a motor’s accelerating time, the greater the possibility of thermal dam-
age to its windings. For this reason, the maximum number of permissible starts
during a specific time interval should be carefully determined, and the motor’s
manufacturer should—as is usually the practice—be consulted.

For any given mechanical load, a class D motor is best equipped to reduce
acceleration time (see Fig. 3-17). The cost of a motor, however, increases progres-
sively from class A to class D.

322 Mechanical Loads

The selection of a particular motor for a specific load requirement is based on the
torque-speed characteristic of the mechanical load. Manufacturers of motors will pro-
vide the characteristics of a motor: its starting current and torque, maximum torque,
starting and full-load power factors, and so on. Similarly, manufacturers of fans,
pumps, and the like can provide the torque-speed characteristics of their equipment.

When the torque-speed characteristic of a particular load is not available, it
can be derived by drawing the free-body diagram of the system under considera-
tion and by applying Newton’s laws of motion.

Load Classification

Mechanical loads are classified according to their torque-speed characteristics.
There are actually many such characteristics, but all may be grouped into one of
four general categories: constant torque; torque proportional to speed; torque in-
versely proportional to speed; and torque proportional to the square of the speed
(see Fig. 3-18). The mathematical descriptions and the actual torque-speed char-
acteristics of mechanical loads are usually evaluated by mechanical process engi-
neers and can generally be found in standard mechanical engineering handbooks.

Constant Torque

A constant-torque load is a load whose torque remains constant within the oper-
ating speed range of the load. Examples of constant-torque loads are conveyors,
grinding mills, and crane-hoist systems.

Torque Proportional to Speed

A load whose torque requirement is proportional to its speed is the calender—a
machine used for pressing and smoothing cloth or paper between rollers. The smooth-
ness of this page depends on the calender of the paper machine that produced it.
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FIG.3-18 General torque-speed characteristics of
mechanical loads.

Torque Inversely Proportional to the Speed

A load whose torque is inversely proportional to its speed is also referred to as
the constant-power load. Examples of constant-power loads are circular saws and
lathe drives.

Torque Proportional to the Square of the Speed

Examples of loads whose torque requirements are proportional to the square of
their speed (power is proportional to the third power of the speed) are centrifugal
fans and blowers. All the loads of air-handling fans used in heating, ventilating,
and air conditioning systems (HVAC) are of this type.

Exercise Prove the following:

;_; a. The mechanical load on a motor that drives a crane hoist is of the constant
torque type. (Hint: Torque is equal to the force times its moment arm.)

b. The torque of a motor that drives a fan in an air-handling system is directly
proportional to the square of the motor’s speed. (Hint: From the energy
equation of hydraulics, the frictional losses are proportional to the square of
the speed of the air flow.)

c. The torque of a motor that drives rollers between which paper is pressed and
smoothed is directly proportional to the speed of the rollers.

d. The torque required by a circular saw is inversely proportional to its speed.
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323 Mechanical Load Changes and Their Effects
on a Motor’s Parameters

This section details how changes in load requirements affect the current, power
factor, and efficiency of a motor. A load characteristic may be changed when the
dampers of a ventilating fan are adjusted, for example, or when a pump’s control
valve is reset. Such adjustments may be necessary in order to satisfy a particular
rate-of-flow condition, which in turn enables the successful completion of a process.

Figure 3-19 shows the torque-speed characteristics of a motor and of a vari-
able mechanical load. Under nominal operating conditions, the speed and the
torque developed by the motor are given by the intersection of the motor and
load characteristics, identified by the symbol Q;. Under this load requirement,
the motor operates at full-load condition. Its losses (copper and rotational) are
minimum in comparison to the output power; its stator and rotor currents are
of nominal magnitude, and thus the motor—all other conditions being equal—
will operate satisfactorily during its entire lifetime. The motor’s power factor,
efficiency, torque, and speed under nominal operating conditions are all inscribed
on its nameplate.

When the torque requirements of the load are reduced, the new operating
point is given, as before, by the intersection of the torque-speed characteristics.
This point is identified by Q,. As shown, the speed of the motor will increase and
its slip will be reduced. Then the impedance* of the motor, as can be seen from
the motor’s equivalent circuit, will also increase. As a result, the current—at con-
stant terminal voltage —will be reduced.

The reduction in the stator current will reduce the copper losses of the
motor but will not appreciably affect the rotational losses. Although the total losses

T (pu)
Motor
T ] A Load
P o‘}\* >
A A
1——————-—;74——0—1 -
1 /“Qz
e :\
— |
Wy W Speed

FIG.3-19 Torque-speed characteristics of an induction
machine and its mechanical load.

*Z = R, + (Rys) + jX ohms.
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:m Chapter 3 Three-Phase Induction Machines

decrease —as does the output power —the efficiency of the motor also decreases.The
power factor will increase because the reduction in slip increases the real component
of motor impedance. The motor, as seen from its supply lines, appears more resistive.

When the torque requirements of the load increase, the motor’s torque-
speed characteristic is shifted upward. The new operating point of the motor-
load system is given by Q5. The speed of the motor is reduced, and its torque is
increased in order to satisfy the new load requirements. The slip of the motor
increases [see Eq. (3.19)], and as a result, the impedance of the motor decreases
and becomes more inductive. This increase in the operating slip is accompanied
by an increase in the current drawn by the motor; consequently, the motor’s
copper losses increase. The rotational losses remain about constant, and the
efficiency of the motor normally decreases, although the output power of the
motor increases.

Exercise Asixpole, 60 Hz, 3-¢ induction motor drives a ventilating fan. The motor torque
; 6 at full-load, as a function of slip, is

IT,,.| = 4000s N - m

The torque of the load as a function of the speed is
T, =10+ 4.616 X 10 >N+ m

a. Sketch the torque-speed characteristics of the motor and load, and determine
the torque and power of the motor.

b. Repeat (a), given that the dampers of the ventilating system are adjusted
so that the load characteristic becomes

T, =10 + 16.484 X 1073 @> N - m

Answer (a) 80 N - m,9.85 kW; (b) 240 N - m, 28.35 kW

3.2.4 \oltage, Efficiency, and Power-Factor Considerations

Voltage Considerations

Induction motors whose nominal capacity is less than 200 kW are designed to
operate at voltages less than 1 kV. These are referred to as low voltages (LV).
In contrast, motors with a power rating of more than 200 kW are generally de-
signed to operate at voltages within the 1 kV to 15 kV range. These are referred
to as medium voltages (MV). The most popular MV levels are 2.3 kV, 4.16 kV,
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3.2 Industrial Considerations m:

6.6 kV, and 13.2 kV. The 4 MW grinding mills used in the cement industry, for
example, are rated at 4.16 kV, while the 8 MW motors used in the pulp and
paper industry are designed to operate at 13.2 kV. MV induction machines are
certainly more expensive than LV motors of the same kW rating, but they draw
reduced inrush and full-load currents, require less expensive cables, and decrease
the losses throughout the upstream electrical network.

In general, the torque developed by a motor at a given speed is proportional
to the square of the applied voltage, as demonstrated by Eq. (3.38). Refer to
Fig. 3-20. For a given voltage, while all other parameters remain constant, the
motor’s torque-speed characteristic is fixed. Changes in the supply voltage will
change the motor’s characteristic accordingly. By reducing the voltage from V' to
V volts, the motor’s torque-speed characteristic is shifted downward. As a result,
the motor’s torque —at any speed—is reduced.

For small variations in the load requirements and for a constant ac voltage
supply, the motor’s speed variation is limited. A moderate reduction in the speed
will be accompanied by a drastic increase in the current drawn by the motor (see
manufacturer’s data, Fig. 3-23). If the current protective devices do not remove
the motor from its supply voltage, it will overheat. For a given mechanical load,
on the other hand, a substantial increase in the speed of the motor is not possible.
Under normal conditions, the motor operates very close to synchronous speed,
regardless of supply voltage. This effect is evident from the torque-speed charac-
teristics of any 3-¢ induction motor.

Thus, squirrel-cage induction machines supplied through a constant ac voltage
source have a very small speed-variation range; consequently, they cannot be used
for mechanical loads that require even a +2% variation in speed. Another disad-
vantage of the constant ac voltage supply is that the inrush current of the motor—
about six times its nominal value—may cause a significant voltage drop through
the upstream impedances. As a result, the motor’s starting torque is reduced, and
so the motor may not be able to start rotating its mechanically coupled load.

.
V>V
1\
b -1\
v yd \
v \
\
0 g o

FIG.3-20 Torque-speed characteristics
as a function of voltage.
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:m Chapter 3 Three-Phase Induction Machines

Furthermore, large inrush currents produce excessive heat through the rotor-
stator structure, so successive starts within seconds or even within minutes may
damage the motor’s windings. For this reason, large motors that draw intolera-
bly high starting currents are provided with controls—see Section 3.5—through
which their starting current is reduced during the starting of the machine.

Exercise Under normal operating conditions, the windings of a 3-¢ induction motor are
connected in delta (A); at starting, they are connected in star (Y). Determine the
;-’ motor’s torque and line current at starting in per unit.

Answer Answer T = 0.33 pu

Efficiency Considerations

As illustrated in Fig. 3-21, the efficiency of the motor depends on its speed, its
power rating, and the driven load. These values are all normally selected by me-
chanical process engineers, and not by electrical engineers, who handle all other
aspects of the motor—its specifications, purchasing, protection, and so on.

100
<
o 1
g %0 as00umin ————= J7W
= . 855r/min— | _ ==
k= \ - 7.5 kW
2 8073500r/min - | - j
15 855 r/min 1~
]
i
70
T T
0 50 100

Percent of full-load

FIG.3-21 Efficiency of 480 V, squirrel-cage induction
motors as a function of load, speed, and nominal
power.

In recent years, owing to continuously rising energy costs, two types of induc-
tion machines have been made available: those with “standard efficiency” and
those with “high efficiency.” High-efficiency machines are more expensive than
standard-efficiency machines, but in the long run, thanks to their lower energy
losses, they are more economical. The efficiencies of these two types of motors
and their approximate costs are shown in Table 3-3.

Efficiency measurements may differ from manufacturer to manufacturer, es-
pecially when motors are built overseas. In evaluating the advantages of higher-
efficiency machines, then, it is important to know how these efficiency ratings are
determined.
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3.2 Industrial Considerations m:

TABLE 3-3 Squirrel-cage, 480V, 3-¢, four-pole induction machines: typical

“standard” and “high" efficiencies and their corresponding costs.

Rating Efficiency in Percent Cost Per Unit*
By | Standard High Standard Efficiency High Efficiency
75 85.9 90.2 1 1.4
50 91.3 95 8 9.8
75 93 95 10 12
100 95 95.8 16 19

*The cost per unit, in 2010 dollars, is $3500.
Based on data from General Electric Canada, Inc.

Power-Factor Considerations
As illustrated in Fig. 3-22, the power factor of the motor depends on its speed, its
kW rating, and the operating load. When the power factor of a plant is low, it can
be improved by installing sufficient capacitor banks. Selecting a capacitor bank
requires consideration and analysis of the following:

* Optimum kVAR and voltage ratings.

e Optimum connection within the power distribution network.

» Resonance conditions and the effects of harmonics.

3
100
- |75 kKW
----- 75 kW
//
& 90| 3555 r/min g
@ Pg
e \ —==
e 3500 r/min-~
c 80
S
8 855 r/min - 7
T 70 2
© ,
= ’
g R
60 -
4
/7
7
870 r/min
50
T \ .
0 50 100

Load in percent

FIG. 3-22 Power factor of 480 V induction
machines as a function of load, speed, and
nominal power.
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:m Chapter 3 Three-Phase Induction Machines

When a motor and its power-factor improvement capacitor are switched
through a common disconnect device, the rating of the capacitor must be such as not
to magnetize the motor each time the motor is switched OFF. In order to avoid this
condition, the rated current of the capacitor must be less than the reactive no-load
magnetizing current of the motor. If the capacitor bank is oversized, it may, during
motor stopping, magnetize (source of excitation) the stator windings. Therefore, ow-
ing to the motor’s decelerating rotor (source of rotation), the motor may operate
as a generator. This condition may be accompanied by high transient voltages and
torques, and as a result, the normal life expectancy of the motor may be shortened.

Exercise Explain the following:

a. The higher the nominal speed of a motor, the higher its power factor and efficiency.
- b. The designing of a plant with a low power factor is due to oversized equipment.

Actual Motor Characteristics

Figure 3-23 shows the torque, current, and power factor versus speed characteris-
tic for a particular 2400 kW, 2300 V, 3-¢, 60 Hz, squirrel-cage induction machine.
It should be noted that a small decrease in the operating speed will be accompa-
nied by a large increase in the current. For this reason, the characteristics of the
mechanical load should be accurately evaluated; otherwise, the motor will oper-
ate at larger slips and thus higher motor currents. In practice, all ac machines can
withstand a continuous current overload of 10% without overheating.

240 7

N

o

S
2

N 5000 -1100
=}
g /1
S ;Current ]
_O \\
g 160 = ~ /| 4000 - %0 5
z VAU -
5 120 » 3000 £ 60 8
-l _ s | @
S [ Towe — VA\N PRI -
2 g 2000 -40
€ \
o i
& 1 \
S 40 Power factor _— \ 1000 -120
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0
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Percent synchronous speed

FIG. 3-23 Output torque, line current, and power factor versus speed for a four-pole,
60 Hz, 2400 kW, 2300 V squirrel-cage induction motor. Rated speed: 1765 r/min; rated
current: 705 A; power factor: 90%. Based on data from Westinghouse Canada Inc.
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3.2 Industrial Considerations m:

The three-phase induction motor shown in the one-line diagram of Fig. 3-24(a)
has the following starting characteristics:

4.16 kV, 3-b

|_»_ 1000/1300 kVA

A
A-Y— 4160—480/277 V
=YY = 8%

480V
1176 r/min
n = 0.92
Pf =0.85

150 kW

FIG. 3-24(a)

T,=22pu, I,=6/=75 pu

The motor receives its voltage supply through a transformer whose nameplate
data are shown on the diagram. Neglecting the impedance of the cables and that
of the 4.16 kV source, determine, at motor starting:

a. The voltage at the motor terminals.
b. The starting torque of the motor in per unit.

c. The size of the capacitor bank that, when connected in parallel to the motor,
will minimize the current through the upstream network.

d. The torque developed by the motor after the capacitor bank has been
added.

SOLUTION
The magnitude of the rated current of the motor is

) P 150000
3V, cosO(m)  3(480)(0.92)(0.85)

30.72 A

The magnitude of the starting current of the motor is

I, =230.72(6) = 1384.31 A

In phasor form,

I,=138431/=75° A

Examrie 3 -4
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288 | Chapter 3 Three-Phase Induction Machines

Taking the nameplate data of the transformer as base parameters, we have

Base impedance:

Vi (0.48)

Transformer reactance:
XaL = XbL (Xpu) = (0.23(0.08) = 0.018 Q)/phase

a. From KVL (Fig. 3-24(b)), the terminal voltage across the motor at starting is

V=V,-1Z
o 480 e )
VZQ_—-fg—Zgl——138431/ 75° (0.018/90°)
v
from which
6, = 14°
0.018 Q)
oV
I
On Y
FIG. 3-24(b)
and

V = 252.40 V/phase
= 43718 V,L-L

Since the motor’s terminal voltage is reduced from 480 V to 43718 V, the
starting current must also be proportionately reduced. By repeating the
calculations with a new starting current, one will find that the motor’s terminal
voltage remains close to 437 V.

b. The torque developed by the motor is proportional to the square of the voltage.

That is,

T o V?
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3.2 Industrial Considerations m:

from which
L _ (E)z
T1 V1

where subscript 1 identifies the parameters at starting, as given by the data of

the motor, and subscript 2 identifies the corresponding motor parameters at

the actual starting conditions. Substituting the known values, we obtain
43718

2
=0 (W) — 1.82 pu

The starting-torque capability of the motor has been reduced from 2.2 pu
to 1.82 pu, owing to the voltage drop on the upstream network. If the driven
mechanical load requires a starting torque of 2.0 pu, for example, the motor
will not be able to start rotating.

c.  One method of reducing the voltage drop at starting is to connect a capacitor
bank in parallel to the motor. The capacitor bank must be of a magnitude that
will cancel the reactive component of the starting current. Thus, the capacitor’s
current (7,.) should be

I. = 138431 sin 75° = 133714 A

The size of the capacitor bank is

0= \5§VL_L Isin 6

= \3(480)(1337.14)(1)
= 1111.68 KVAR*
d. The upstream current is
I=1,+1,
= 1384.31/=75° + 133714 /90°
=358.29/0° A

The voltage across the motor is

V/0° = %@ — 35829/0° (0.018/90°)
J

from which

6, = 1.4°

*The cost of this capacitor is about 40% of the cost of the motor.
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and

V = 27705 V/phase
=479.86 V,L-L

The torque developed at starting is

o (479.86) _
T=22 (—480 ) 22 pu

The results are summarized in Table 3-4.

TABLE 3-4 Summary of the results of Example 3-4

Feeder Current

Starting Torque at Starting
Operating Condition (pu) (A)
Nominal 22 1384.31
Without the capacitor 1.82 1384.31
With the capacitor 22 358.29

Exercise Forthe motor whose characteristics as a function of speed are shown in Fig. 3-23,
the nominal speed is 1765 r/min. Estimate the current, power factor, and torque
;_9 of the motor when its speed varies by =2% of its nominal value. Tabulate the
results.

3.3 Measurement of Equivalent-Circuit Parameters

The parameters of the approximate equivalent circuit* of a three-phase induc-
tion machine can be obtained from the equivalent standard transformer tests.
The actual measurements are carried out on the stator of the machine. Conse-
quently, the calculated parameters and the equivalent circuit are as seen from
the stator.

*For a more accurate and complete discussion of tests on induction machines, see IEEE Test Code
for Polyphase Induction Motors and Generators No. 112A (New York: Institute of Electrical and
Electronic Engineers, 1964).
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3.3 Measurement of Equivalent-Circuit Parameters m:

Measurement of Stator Resistance

Per-phase stator resistance (R;) is measured by any of the standard dc methods.
This resistance is usually adjusted in order to compensate for the effects of higher
operating motor temperatures. Usually R, = 1.3 Ry..

Locked-Rotor Test (s = [)

The locked-rotor test on an induction machine —often referred to as the blocked-
rotor test—corresponds to the short-circuit test on a transformer. Keeping the
rotor stationary, we find that the slip is equal to unity, and thus the equivalent
mechanical load is shorted.

Ry X R, X, L=l R X,
o_l\/\/\,_fYYY\_?_/\/\/\,_fYYY\_ o—/\/\/\/_fYYY\_

(a) (b)

FIG.3-25 Equivalent circuit corresponding to locked-rotor test (s = 1): (a) actual
(Z,, large); (b) approximation of (a).

Refer to Fig. 3-25(b). The locked-rotor test gives the equivalent impedance of
the stator and rotor windings. That is,

Z,=R, + jX, (3.57)

These parameters are calculated by measuring the stator’s 3-¢ power (P,), the
line voltage (V,), and the line current (7).
From basic considerations, we have

V.
Z,=— (3.58)
IZ
PZ
R, = g =R +R, (3.59)
and
X, =\Z2-R. = X, + X, (3.60)

where V, and P, are the phase-to-neutral voltage and per-phase power, respectively.
The empirical relationships between the stator and rotor reactances are given
in Table 3-5.
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:m Chapter 3 Three-Phase Induction Machines

TABLE 3-5 Empirical relationships for induction motor leakage

reactances (from IEEE Test Code)

Type of Motor ~ Class A Class B Class C Class D Wound-Rotor

X

. 0.5X, 067X, 043X, 05X, 0.5X,

Based on data from IEEE Test Code

The current for the locked-rotor test (/,) is usually the rated current of the
motor:
IZ = Irated

The voltage (V) required by this test is normally a small percentage of the rated
voltage. Usually,

V.= (10% >25%)V,.

The power measured is essentially the rate of heat loss (I2R) in the stator and ro-
tor windings under normal operating conditions. A small percentage of P, is core
loss, which is normally assumed to be negligible.

For class B and C 60 Hz motors, the frequency recommended for the locked-
rotor test is 15 Hz. This frequency is necessary in order to simulate a rotor-heating
effect equivalent to running conditions. The reactances measured at 15 Hz are
only one-quarter of their actual values.

For class A motors, the recommended frequency is the same as that required
under normal operating conditions.

No-Load Test (s = 0)

The no-load test of an induction motor corresponds to the open-circuit test on
a transformer. The machine runs unloaded at a speed very close to synchronous,
while the excitation power (Pe,.), the voltage (V.y), and the current (/) are
measured.

The excitation voltage should be equal to the rated voltage of the motor so
that rated flux conditions prevail. That is,

Vexc =V

rated

The excitation current is a large percentage of the rated current:

lexe = (25% = 40%)1 4
The excitation current is larger than that of a transformer with the same
kVA and voltage ratings because of the larger air gap between the rotor and
stator structures and because of the rotational losses that accompany the no-
load test.
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(d)

FIG. 3-26 Equivalent circuit obtained from the no-load test: (a) measured parameters
(Z,, = R}, + jX;,); (b) detailed representation of the measured parameters,

Zy, = (R + Ryo; + R,,) + j(X; + X,,,); (¢) the resistance (R, that represents the rota-
tional losses; (d) parallel representation of the magnetizing impedance shown in (c).

The data of the no-load test gives the so-called gross open-circuit motor
impedance (Z,,), as shown in Fig. 3-26(a).

Z), =R, +jX, (3.61)

This impedance includes the stator and magnetization impedances as well as the
rotational losses in their equivalent ohmic values. From basic definitions, we have

%
z, ==X (3.62)
Iexc
P
R, = ;XC (3.63)
Iexc
and
X, =\Z2 — R’} (3.64)

The no-load resistance (R,,) is equal to the stator resistance (R;) plus the equiva-
lent resistances of the core loss (R,,) and the rotational losses. (See Fig. 3-26(b).)

R}, = Ry + R, + Riotational losses (3.65)

The rotational losses* are normally incorporated in the mechanical load and are
considered part of the power consumed by the equivalent load resistance R,(1 — s)/s.

*The rotational losses are made up of the stray-load losses and the mechanical losses. The mechani-
cal losses can be accurately measured by plotting, at no-load, the power versus voltage squared. The
intercept with zero voltage gives the mechanical losses.
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:m Chapter 3 Three-Phase Induction Machines

Reasonable results are obtained by assuming the actual core-loss resistance
to be two-thirds of the total no-load resistance. That is,

R, = %R,’n ohms/phase (3.66)

The no-load reactance (X},), as shown in Fig. 3-26(c), is equal to the sum of the
magnetizing and stator reactances. That is,

X, =X, +R, (3.67)

(c)

FIG. 3-27 Per-phase approximate equivalent circuits as
seen from the stator: (a) rotor stationary, (b) rotor running,
(¢) a further approximation of (b); the magnetizing imped-
ance has been relocated in order to simplify the calculations.
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The stator reactance is relatively small, and for all practical purposes,
X, ~X, (3.68)

The series magnetizing impedance is often represented by an equivalent parallel
impedance, as shown in Fig. 3-26(d).

The parallel representation of the magnetizing impedance is more common
and can easily be found from its equivalent series representation, as discussed in
Chapter 2 (Egs. (2.24) and (2.25)).

The parameters of the motor’s equivalent circuit are shown in Fig. 3-27
The most commonly used approximate equivalent circuit for the engineering
analysis of induction machines is that of Fig. 3-27(c).

A 100 kW, three-phase, 60 Hz, 480 V, star-connected, 1146 r/min, Class C ExAMPLE 3 - 5
induction motor yielded the following results when tested:

a. Average value of dc resistance between stator terminals: 0.20 ohms
b. No-load test:

Ve = 480 V,L-L

P = 1920 W, three-phase

Iy =40 A
c. Locked-rotor test:
V,=32V,L-L
P, = 2560 W, three-phase
I, =656A
f=15Hz

Determine the per-phase equivalent circuit of the motor.

SOLUTION
No-Load Test (Fig. 3-28)

(e

FIG.3-28 Circuit corresponding to no-load test.
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Using Eq. (3.63),

From Eq. (3.66),
R, = %(0.40) — 0.27 Q/phase
The per-phase stator resistance is
R, = U 0.10 Q/phase
The rotational loss equivalent resistance is found by using Eq. (3.65).
R, =0.40 — 0.10 — 0.27 = 0.033 Q/phase
This resistance is not explicitly shown in the equivalent circuit, but its power

consumption will be part of the power developed by the motor.
From Eq. (3.62), the gross magnetizing impedance is

V e}
zZ, === U3 _ 600 Q/phase

The gross magnetizing reactance is
X, = 16.922 — 0.40% = 6.92 Q/phase

Locked-Rotor Test (Fig 3-29)

(e

FIG. 3-29 Locked-rotor test.

From the data of the locked-rotor test and Egs. (3.58) and (3.59), we obtain

Ve _ 3213
loy = r =56 0.28 Q/phase
P
R =— = 2560 _ 0.2 Q/phase

II 3(65.6)
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The rotor resistance, as seen from the stator, is found by using Eq. (3.59).

R2 = Re - Rl
=0.20 — 0.10
= 0.10 Q/phase

The equivalent motor reactance is found by using Eq. (3.60).

X, =\Z2 — RZ = 0.282 — 0.20> = 0.20 Q/phase

The stator and rotor reactances can be found by using Tables 3-5 and Eq. (3.60),
as follows:

Xe = Xl + X2

Substituting, we get
02 =X, + 1
T 043

From the last two equations,

X; = 0.06 Q/phase
and

X, = 0.14 Q/phase

The above reactances were measured at a frequency of 15 Hz. Thus, at the rated
frequency of 60 Hz,

X1 = 4(0.06) = 0.24 Q/phase
and

X, = 4(0.14) = 0.56 Q/phase
The magnetizing reactance is found by using Eq. (3.67):

X, =X, - X,
= 6.93-0.24 = 6.69 Q/phase
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:m Chapter 3 Three-Phase Induction Machines

The per-phase equivalent circuit, as obtained from the data of the given tests, is
shown in Fig. 3-30.

0.1Q 0240 0100 056Q

1fsQ

FIG. 3-30

3.4 Asynchronous Generators

When the rotor of a 3-¢ induction machine is driven above synchronous speed
and in the same direction as the synchronously rotating field, the slip—as can be
seen from the general slip definition—becomes negative. The current and the volt-
age of the rotor windings are reversed in polarity, and the torque developed isin a
direction opposite to the rotation. In this mode of operation, the machine delivers
power to the stator terminals; that is, the motor acts as an induction generator.

An ordinary 3-¢ induction motor, driven in the proper direction at hypersyn-
chronous speeds, becomes an induction generator. The excitation of the generator
is provided by the source of the stator voltage, and the shaft’s rotation is derived
from a water, wind, solar, steam, or gas-driven turbine. In some cases, a capacitor
bank provides the excitation voltage.

Figures 3-31(a) and (b) show an elementary representation of an induction
motor and an induction generator. In many respects, the induction generator is

Wg
Wy < g
3-¢ Induction Mechanical
@) voltage motor load
Wg
—
Wy > g
3-¢ Induction Prime
(b) voltage motor mover
Wg

FIG.3-31 Induction machines: (a) induction motor, (b) induction generator.
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3.4 Asynchronous Generators m:

identical to the induction motor. The equivalent circuits are the same, but the energy
flows in opposite directions. An induction machine that drives a hoist operates as an
induction generator for descending loads and as a motor for ascending loads.

The induction generator finds increasing applications because it provides
the most economical method of interconnecting a small power station to a large
power-distribution network. Since the late 1970s, small power-generating sta-
tions have been operating in many places because the law requires utilities to
purchase, at reasonable rates, the electricity produced by their own consumers.

The induction generator is not self-excited; it requires magnetizing kVAR
(kilovolt-amperes reactive), which is drawn from the power-distribution network
to which the generator is connected. If they are the right size, capacitor banks
connected in parallel to the generator can compensate for the magnetizing or
reactive power drawn by the induction generator. However, the power factor of
the network—as seen from the terminals of the generator—depends on the
impedance of the other loads that are connected to the same power grid. The
magnetization of the machine can also occur through:

¢ The residual magnetism of the machine’s metallic structure.
e A permanent magnet in the rotor.

The prime movers of induction generators are equipped with speed-control gov-
ernors that limit the no-load speed of the machines to safe levels. This safeguard
is necessary because, when the electrical load of the generator is suddenly discon-
nected, its rotor—owing to the constant prime mover’s power and diminished
electrical counter-torque —will overspeed.

Overspeeds are undesirable because the resulting centripetal and centrifugal
forces may damage the rotor if the rotor is not designed to accommodate them.
The level of overspeed depends on the ability of the control apparatus to instantly
reduce the power developed by the prime mover. It is not always possible to
instantly reduce the power, however. If a hydropower station were to attempt
this operation, for example, destructive pressure rises would be produced within
upstream water conduits (penstocks).

High overspeeds are also undesirable because they may induce high stator volt-
ages. The magnitude of the induced voltage depends on the machine’s electrical time
constant (L/R) and on the prime mover’s speed. For example, if an induction gener-
ator has an open-circuit time constant of 6 seconds, then its terminal voltage after 2
seconds—at a constant prime-mover speed —will be 72% (e~ %) of nominal voltage.

If, however, the speed of the prime mover is increased at the same time by
200%, then the terminal stator voltage will be about 144%. This overvoltage has
undesirable effects, not only on the generator but also on the auxiliary equipment
(potential transformers, relays, etc.) that is part of the generator’s control apparatus.

The power rating of installed induction generators is usually in the range of
20 kW to 50 MW. If a generator’s voltage rating is different from that of the dis-
tribution network, a transformer is used to interconnect the two voltage levels.

Equivalent Circuit

The per-phase equivalent circuit of an asynchronous generator is shown in
Fig. 3-32. The generated voltage (V,) is directly proportional to the machine’s
magnetic field (¢) and the rotor’s speed (w). That is,
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:m Chapter 3 Three-Phase Induction Machines

V, = Kdpw

The terminal voltage (V) and frequency are slightly higher than those of the utility’s
transmission lines. The stator (Z;),rotor (Z,), and magnetizing impedances (Z,,) are
slightly higher than those corresponding to motor operation because the frequency
of the generated voltage is larger than that when the machine operates as a motor.

Utility’s line

N

1

] Load 7 Vi,

N

FIG. 3-32 Per-phase equivalent circuit of an asynchronous generator.

EXAMPLE 3 - 6 If a 100 kW, 480 V windmill asynchronous generator operates at 1225 rpm and
delivers 115 A at 0.9 Pf to a three-phase 60 Hz system, estimate:

a. The generator’s operating slip.

b. The maximum value of the capacitor in order to provide the machine’s
magnetizing field.

c. The ratio of the induction generator/induction motor reactances.
What should be the line-to-line voltage of the utility’s voltage for proper

interconnection to the asynchronous generators?
SOLUTION

a. The closest synchronous speed of the rotating field is

60
n, = 1207 = 1209
P P

For a six-pole machine,

(60)
ny = 120 v = 1200 rpm

and the machine’s corresponding slip is

_ 1200 — 1225 _

— 0.0
1200 —-p

b. The apparent power of the machine is

1S = V3(480)(115)
95.61 kVA
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3.4 Asynchronous Generators m:

and the nominal reactive power (Q) of the machine is

QO =Ptan6
= 95.61(0.9) tan (arccos 0.9)
= 41.68 kVAR

From which
O = VIsin 6, = VIsin 90° = vgz V2 oC

and

_ 41,68 X 10°

— 480 uF
(480)%(377) =

The motor’s nominal operating slip is
s =0.02 pu

and the ratio of the reactances is
2nfg(L)
2nfm (L)
_fe fQ02)
fu f(098) —

The terminal voltage and frequency of the asynchronous generator must
be slightly larger than those of the utility’s interconnecting systems.

e
X,

Briefly elaborate on the following:

a.

On interconnecting an asynchronous generator to a utility’s network, the
utility’s terminal voltage must be slightly smaller than that of the
asynchronous generator.

The impedances of the induction motor are smaller than those of the
asynchronous generator.

How can the phase sequence of the voltages be changed?

Under what circumstances can a capacitor furnish the magnetizing field of an
asynchronous generator, and what are its adverse effects?

The maximum kVAR of the capacitor must be equal to the motor’s reactive
power as registerd at the no-load test.

Why do the stator and rotor magnetic fields in a synchronous motor repel
each other?

Exercise

-0
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:m Chapter 3 Three-Phase Induction Machines

3.5 Controls

This section discusses the following techniques used to control the starting, stop-
ping, and operating torque-speed characteristics of 3-¢ induction motors.

» Reduction of the motor’s high starting current and torque
e Variable frequency drives
e Coasting a motor to a stop

~3.5.1 Reduction of the Motor’s High Starting
Current and Torque

Induction motors, upon starting at nominal line voltages, draw high starting cur-
rents and also develop high torques. The starting current could be about six times
rated and the torque developed two to three times rated.

High starting currents produce high copper losses (I2R) and may slightly
increase the premises’ power demand and cause voltage sags (momentary reduc-
tions in the voltage of the upstream network) that may affect the operation of
equipment. In addition, the utilities may prohibit such a condition. Higher than
nominal torques overstress the structure of the machine. The methods used to
reduce a motor’s high starting current and torque are electromechanical and elec-
tronic. In the first case, one can use in-line resistors or inductors, autotransform-
ers, or Y-A starters. Electronic control includes the so-called soft start. (The soft
start is discussed in Section 3.5.3.)

In-line Resistors or Inductors

The in-line resistors or inductors incorporate a start-stop push button, a contac-
tor, and a timer that sequentially switches the in-series elements ON or OFF so
that the motor’s voltage and current are kept at a desirable level. The main disad-
vantage of such a setup is the energy dissipated upon starting.

Autotransformers

Autotransformers and in-line resistors have a similar function. The desirable volt-
age level of the autotransformer is selected through the secondary voltage taps
of the secondary winding by using a start-stop push button, a time relay, and a
contactor. The momentary change in the voltage level is, however, accompanied
by high currents, which is true of all inductive circuits.

Y-A Starters

The Y-A starter incorporates simple controls through which, at starting the motor’s
windings, are connected in a Y-configuration; when the motor reaches about 80%
of rated speed, a time delay relay switches OFF the Y-winding configuration and
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S Y-Configuration
starting
push button contactor C;

Time delay on
energization
relay

A-Configuration
starting
contractor C,

FIG.3-33 Block diagram representation of a Y-A starter.

switches ON the A-winding configuration. This scheme reduces the motor’s high
starting current and torque and thus mitigates their adverse effects. The block
diagram configuration for the Y-A starter is shown in Fig. 3-33.

Y-Winding Configuration

Refer to Fig. 3-34. From the starter to the motor’s terminals, there are six wires:
three for the line currents and the other three for the windings’ neutral connec-
tion. Through a start-stop push button, the contactor’s coil (C;) is energized (not
shown in the diagram), its contacts close (C;), and a time delay is also energized.

The motor’s winding receives 0.58 of the line voltage %, the shaft rotates, and
v

Iy = 0.33/;,
T = 0.33T¢,
I c1
St(A) —
i S
1 G
(o
! C: Start contactor
480V C
b
C
B ) N 1
I
480V C,
ﬂ' I
Cc Cq N
T

Starter Junction box for the

interconnection of the cables

FIG. 3-34 Starting a three-phase motor. Start-connected schematic.
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c: le /-60° A

A liay /~30° 1 | i
: — C I_«H/ b /0° A
C, : Running
480V contactor

B CZ |_«'/r b c
Co g
480V

c Cordr
Co it

Junction box for the
interconnection of the cables

Starter

FIG. 3-35 Operating a 3-¢ motor. Delta-connected schematic.

after a predetermined time, the coil of contactor C; is deenergized and the coil
of contactor C, is energized. These steps lead to operation of the motor in the
A-winding configuration (Fig. 3-35).

Current Considerations

At starting, the motor’s windings are star-connected. The magnitude of the phase
(Ip) and line currents (I;) of a delta-connected load is

IL(A) = \glP

and

VL-L

IL(A) = \g‘

where Vi1 and Z are, respectively, the line-to-line voltage and the per-phase load
impedance. When the same impedances are connected in a star configuration, the
magnitude of the line current is

v,,/\3
Lo =|—5—

From the last two equations, we obtain
IL(Y) = O33IL(A)

That is, when the motor’s delta-connected windings at starting are connected in

Y-configuration, the starting current is reduced by a factor of %
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Torque Considerations

The torque of a three-phase induction motor is proportional to the voltage
squared. That is,

ToV?

For the Y-winding and delta configuration, we obtain

Vi)
T, Y _ V3
Tst (A) (Vi)
from which
T, ¥ = 0.33 T, ®

That is, when at starting the motor’s windings are star-connected, the torque
developed is also one-third that of the delta-winding configuration. In a particular
application, the reduction in the torque must be verified to ensure that it is suf-
ficient to meet the starting requirements of the load. At the instant of switching,
the current and the torque of the motor increase and the windings’ insulation and
the motor’s structure are overstressed.

A-Winding Configuration

Figure 3-35 presents the same motor starter for the A-winding configuration. Only
the contacts of the contactor C, are shown. The line current to the starter is the
nominal current of the motor. Each line current feeds two phases of the motor’s
windings. That is, for line “A’, we have

I,=1,+1,
1,=1,/0+1,/=60°

The 60 degree phase shift is due to the standard 120 degree phase shift between
voltages and currents in a three-phase system.The phase currents are of equal
magnitude. That is,

IP = Iah = I“C

From the last two relationships, the magnitude of the phase current is

I :I_A
P 15}
V3

which is the standard relationship between the phase and line current in a delta-
connected system. Occasionally, the problem arises regarding the size of the cables
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:m Chapter 3 Three-Phase Induction Machines

from the starter—several meters away—to the motor. These cables carry not % of

the line current but % to that of the supply line to the starter.
v

ExAMPLE 3 - 7 A 200 kW, 480V, three-phase induction motor has a starting and a nominal
operating current, respectively, of 1800 A and 300 A. The motor’s winding-
configuration is star-connected on starting and delta-connected on steady-state
operation. Determine the six-line currents from the starter to the motor at:

a. Starting.
b. Nominal operation.

SOLUTION

a. At starting, the magnitude of the line currents (/;) is equal to the phase
current (Ip)

% (1800) = 600 A, line “a”
The currents in the lines “b” and “c” are equal to the current of line “a” and
120 degrees to it.
The neutral wires carry no current for balanced voltage supply and equal load
impedances.

b. Atnominal operation, the motor’s winding configuration is delta, and the line
currents to the starter are nominal at 300 A.

From the starter, however, to the motor’s terminals,

I, =1, +I,
=K/0+ K/=60
= 3K/—30°

From which

K—@L

= 173 21/30 A

Thus, the magnitude of the current through each of the six wires to the
motor is

I

173.21 A. That s, ?
i
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Briefly explain the following: Exercise
a. The phase angle of the starting current of an induction motor is very high ;_"
(about 70°) relative to that of a nominal operation (about 25°).

b. For a given number of magnetic poles, the higher the speed of the motor, the
higher is its power factor.

c. A partially loaded motor operates at a low-power factor.

d. [Each of the lines to Y-A starter supplies current to two-motor lines on a delta-
winding configuration. Each of these lines carries 0.58 of the corresponding
line current to the starter.

e. Draw in block diagram from the elementary control diagram of the Y-A
motor starter.

352 Variable Frequency Drives

The variable frequency drives (VFD) refer to a control system through which
the voltage and its frequency applied to an induction motor vary in such a way
as to meet the torque-speed requirements of a particular mechanical load and to
minimize the corresponding energy consumed. As shown in Fig. 3-36, the VFDs
have four distinct sections: the rectifier, the filter, the inverter, and the controller.

Output voltage of
) controlled frequency
Voltage source of /Fllter and rms value
fixed frequency
/ and rms value 3-¢
° o o o motor
o A o Rectifier Inverter o
O O o Oo—f
° o O
\AANS
Y YY)

o

Controller z

o
o

o o

o—

or——
Reference

signal

FIG.3-36 VFD. Block diagram representation.
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The rectifier is usually a six-pulse diode bridge and changes the incoming ac
voltage to a dc waveform. The filter, as its name implies, blocks the transmission
of high-frequency harmonics. The inverter changes the rectifier’s output dc volt-
age waveform to a three-phase ac signal of desired voltage and frequency. The
controller incorporates all the devices necessary for the protection and automatic
control of the inverter’s output. These components of VFD are discussed in some
detail in the following sections.

Rectifiers

A rectifier receives a three-phase ac waveform at its input terminals and produces
a dc voltage waveform at its output terminals. A typical six-pulse, diode-bridge
rectifier is shown in Fig. 3-37(a). It is called a six-pulse rectifier because, during a
complete cycle of the input voltage, its output consists of six voltage pulses. The
diodes act as switches that are either open- or short-circuited, according to the rela-
tive polarity of the voltage from their anode (A) to cathode (K) (see diode D).
When the diode’s anode is at a higher potential than its cathode, the diode is short-
ed (forward-biased or conducting). When the diode’s cathode is at higher potential
than its anode, the diode is open-circuited (reverse-biased or nonconducting).

The ON-OFF condition of the diodes (such as D; and D,) connected to ter-
minals a and b depends on the magnitude of the voltage between a and b(v,;,)
relative to the other line-to-line voltages. At the particular time interval when the
voltage vy, is the highest, then diodes D, and D, conduct. Refer to Fig. 3-37(b).
The conducting period of these two diodes is from 7/3 to 27/3 radians.

The conducting period of each pair of diodes can be determined in this
manner. The output current pulses for a resistive load are shown in Fig. 3-37(c).
According to Ohm’s law, these current pulses are similar to the output voltage
pulses given in Fig. 3-37(b).

Each ac supply line carries four of the six output current pulses in an alternat-
ing symmetry, thus the line currents do not have a dc component. This is shown
in Fig. 3-37(d).

By definition, the average value (V,,) of the rectifier’s output voltage is

T
1
Vi = T lvo dt (3.69)
where v, is the instantaneous value of the output voltage whose period is
T seconds.
Using symmetry, and considering only the output voltage pulse that is due
to v,,, we have

2m/3
6

Vav =
277-77/3

V., sin ot dwt

m

3
= - (cos 120° — cos 60°) (3.70)

w
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(b)
io 4
icb iab iac ibc iba ica
| |
™ 2n w 2w wt
3 3
©
g A
Aw
3 2m
™ m wt
3
(d)
FIG.3-37 Rectifier: (a) typical circuit; (b) input-output voltage waveforms; (c) output

current; (d) line current (i,).
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from which

ST

Vo ==V 3.71)

or
V,, =096V, (3.72)

where V,, is the maximum value of the supply line-to-line voltage.

When a capacitor of the proper size is placed across the output of the rectifier,
the dc output voltage is equal to V,,. When a variable dc voltage is desirable, the
diodes are replaced with control switches, such as insulated gate bipolar transis-
tors (IGBTs) or thyristors. The use of IGBT as a switch is explained in the section
on inverters later in this chapter, and the use of thyristors is described in detail in
Chapter 6 (see Section 6.3).

Exercise Assuming that the output current remains constant,

o

3 Il . Derive Eq. (3.71) by considering the output voltage pulse that is due to
n voltage V.

b. Prove that the rms value of the supply line current (/) is related to the dc
value of the rectifier’s output current (Z,,) by the following equation:

Filtering Section

The harmonics reaching the motor can be minimized when a series inductor is
used. The reactance of an inductor is

X =owlL

and the higher the frequency of the harmonics, the lower the level of the har-
monic components of the voltages reaching the motor. The in-parallel connected
capacitor aids the function of the in-series reactor because, depending on the
circuit’s time constant, it will remove the ripple voltage that is always associated
with the output voltage of a rectifying circuit.

L

Cc
_|_I

FIG. 3-38 Filtering section of a VFD.
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| Analog-to-digital Digital-to-analog

nput .

section converter Microprocessor converter
(A/D) (D/IA)

FIG.3-39 Block-diagram representation of a digital controller.

Controller

The controller is the brain of a frequency converter. Not only does it provide a
closed-loop control for the motor, but it also monitors the motor’s performance
and protects it from abnormal operating conditions.

A controller in block-diagram form is shown in Fig. 3-39. The input section of
the regulator receives the reference signal and the outputs from the potential and
the current transformers.

The output of the potential transformers (PT) is used to produce the dc volt-
ages required to operate the various digital circuits. The output of the current
transformers (CT) is directly proportional to the current drawn by the motor.
When properly evaluated, it reveals the magnitudes of the motor’s torque and
speed, as can be seen in Fig. 3-23.

In some applications, a dc type of CT may be connected to the dc lines of
the rectifier. The operation of such a CT is based on the Hall effect, not on the
electromagnetic coupling of two coils. The incoming section of the controller sub-
tracts the CT’s signal from the reference signal, and the resulting signal is con-
verted to an equivalent digital signal. This digital signal is fed into the microproc-
essor, which compares it to a set of stored instructions and produces an output
accordingly.

The output of the microprocessor is converted to an analogue signal that con-
trols the ON-OFF status of the IGBT. (See Fig. 3-40(a).)

Inverters

The function of an inverter is to produce a three-phase ac waveform of controlled
frequency from a single dc voltage supply. A typical IGBT three-phase inverter is
shown in Fig. 3-40(a).

Depending on the voltage from gate to emitter, each /GBT* in an inverter
is either open-circuited or short-circuited; that is, the transistor operates as a
switch and not as an amplifier. When the Vg is sufficiently high, the transistor
is short-circuited (vcg = 0), and when the Vg is zero, the transistor is open-
circuited (/. = 0).

When a transistor is short-circuited, it is said to be operating in the saturation
region. When a transistor is open-circuited, it is said to be operating in the cut-off
region.

“The IGBT operation is discussed on the website.
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FIG.3-40 3-¢ Inverter: (a) circuit, (b) pertinent waveforms.

The ON and OFF status for each /GBT is equal to half the period (77/2) of the
output voltage. The switching ON of a transistor is delayed /3 radians relative to
the transistor that was previously conducting. For the current to flow, two /IGBTs
must conduct simultaneously.

Consider the output voltage waveform v_. As shown in the diagram and in
the following table, for each component of this output voltage, a unique pair of
IGBTs conduct.
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3.5 Controls m:

Time Interval of v, Conducting IGBTs
0- 2% Q,and Q,
2% = None
™= 5% Q,and Q,
sg - 2m None

T’ M’ "

(b)

FIG.3-41 Actual output waveforms of an inverter: (a) voltage, (b) current.

The pair of conducting transistors of the other line-to-line voltages can be deter-
mined in the same manner. The 3-¢ voltages produced have a phase sequence ABC.

Normally, the operation of an inverter’s switches produces an output volt-
age that, over a complete voltage cycle, is made up of a series of pulses whose
width, as seen in Fig. 3-41(a), is variable. This is referred to as pulse-width modu-
lation (PWM). Although the output voltage is made up of a series of pulses, the
resulting motor current resembles a sine function, as shown in Fig. 3-41(b).

The width of the voltage pulses controls the rms value of the output voltage,
and the number of pulses within a voltage cycle controls the frequency of the
output voltage. The switching of the /GBTs produces high transient voltages due
to the inductance of the load; these voltages are usually bypassed by connecting a
diode across the collector-emitter terminals.
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:m Chapter 3 Three-Phase Induction Machines

Voltage

480V f———mm e

FIG.3-42 The inverter’s output voltage-frequency variation for constant machine
magnetization.

The output voltage-frequency characteristic of a frequency converter is
shown in Fig. 3-42. At frequencies above 60 Hz, the voltage is kept constant at
the motor’s rated voltage. At operating frequencies between 5 Hz and 60 Hz, the
voltage is proportional to frequency.

In order to maintain a motor’s nominal magnetization, the voltage/frequency
ratio must be kept constant. That is, for a 480 V, 3-¢, 60 Hz motor, the voltage to
frequency ratio is

480 _ g
60

(See Eq. (1.148))

For load conditions that require higher than nominal speed, the frequency is
increased, the voltage remains constant, and for constant output power the torque
is inversely proportional to the speed.

ExXAMPLE 3 - 8 The speed, power, and torque of a 460 V, 60 Hz, 3-¢ induction motor are
controlled through a VFD.

a. Draw the voltage-frequency output characteristic of the inverter.

b. When the output frequency of the inverter is reduced from 60 Hz to 30 Hz,
what is the rms value of the inverter’s output voltage?

c. What is the reason that up to nominal speed, the voltage/frequency ratio
should be kept constant?

d. Explain why, as a result of increasing the inverter’s output above 60 Hz
while the power to the motor is kept constant, the motor’s torque is
inversely proportional to the speed and the motor’s magnetization is
reduced.
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3.5 Controls m:

e. Why, for a constant load torque, is the motor’s power proportional to the
frequency?
SOLUTION

a. See Fig.3-42.
b. The voltage to frequency ratio is

V _ 460

7 =0 - 767
Thus,
V ="1767f
V =1767(30)

V =230V, line-to-line
(The motor’s magnetization did not change.)

c. The voltage to frequency ratio is maintained at a constant in order to operate
the motor at a nominal magnetization level.

d I) P=To and T=F

@
IT) From Eq. (1.148), by increasing the frequency, the level of magnetic field
is reduced.

€. P=Tw=TK1f=K2f

A 10 HP, 480 V, 1770 rpm, 3-¢, induction motor drives a ventilator that ExAMPLE 3 - 9
is equipped with inlet damper control. The ventilator at the operating region
has the pressure (4,) versus air flow (Q,) characteristic given by

h, =203
and at nominal operating condition
h = (1) 0}

The fan is to operate for six months per year continuously at 80% of rated air
flow. Determine the energy consumed by using:

a. Damper control
b. VFD

(Note: The pressure versus flow characteristic is derived by the process or
mechanical engineers).
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:m Chapter 3 Three-Phase Induction Machines

SOLUTION

a. The system parameters designated with subscripts 1 and 2 are

h2 = 2Q§
=)0}

and

The air power is equal to pressure times rate of air flow.
0,
Q,

3
| = Lo24nip,

"

HP,=h,Q, or HP,=HP,|
1

Substituting for the ratio of the pressures, we obtain

203

HP, = HP,—~2 = (HP)2(%
3 1 1
1

Corresponding energy is
W, =6 X 30 X 24(1.024 X 0.746) = 3300 kWh
b. Based on the fan laws commonly known as affinity laws, we have
P o Q3

Thus,

= 0.512(10)(0.746)
=3.82kW
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and energy (W,):
W, =6 X 30 X 24(3.82) = 16,502 kWh

For comparison purposes, see the following table:

Method of Energy
Rate of Air Consumption
No. Flow Control in kWh
1 Use of dampers 16,502
2 VED 3300

353 Soft Start

3.5 Controls m:

Soft start refers to the gradual increase in the motor’s speed by reducing the time
interval of the voltage applied to the motor. This increase is accompanied by a
reduction in the motor’s starting current and torque. Although the peak value of
the applied voltage does not change, its rms value is reduced accordingly. A soft
start control circuit could be part of a VFD or a much simpler circuit incorporat-

ing /IGBTs and a timer.

Reduction of the voltage’s rms value by using 2-IGBT per phase is illustrated in
Fig. 3-43. For simplicity, only one phase is shown. One /GBT controls the duration

VA

Supply voltage
Vim
I
L T >
I 1 .
1 . U Time
T )%
Gy A Vor Gy Go
I, re1 [ >
<~ Vpsinot | T, /c1l T, Time
Co
V,
G 0
2 Vo o Output voltage
7
o |_/ Time
B
(@) (b)

FIG.3-43 IGBT control of starting current: (a) Circuit. (b) Pertinent waveforms.
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:m Chapter 3 Three-Phase Induction Machines

of the time interval of the positive part of the voltage cycle, and the other controls
that of the negative cycle. The starting point of the voltage cycle depends on the
application of the gating pulse, which is commonly known as the firing angle («).

In Fig. 3-43(a), when the supply voltage is positive and T-1 is triggered, current
flows to the load from terminal A to B. When the supply voltage is negative and
T-2 is triggered, current flows to the load from terminal B to A.

In Fig. 3-43(b), the firing angles for T-1 and T-2 are T and Im radians,
respectively. The voltage to the load (V) is as shown. 6 6

EXAMPLE 3- I O The rms value of the current through a 208 V, 60 Hz, 3-¢ resistive load is con-
trolled through one /IGBT per phase. The /IGBT’s firing angles for phase “a”

are § and ?77 radians. Estimate the rms load voltage.

SOLUTION
V2= zi J (V,, sin wt)? dot
T o3
v [
= J (1 — cos 2wt) dwt
2@ /3
Vi 1. i
:2— wt| — =sin 2wt
T o 2 /3
v
-2 [2777 ~ 2 (sin 360 — sin 120)|
= 0.40 V2, = 0.4(208)(2)2
and

Vi = 186.56 Ve

Exercise A480V,60 Hz, delta-connected, three-phase motor is equipped with a soft start

controller. Determine the starting current in pu when the /GBT firing angle is
; I; 150° and 240°.

Answer 0.12 pu
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3.6 Conclusion m:

'3.5.4 Plugging

A motor can be stopped by any of the following methods:
1. Removing the supply voltage.

2. Reversing the phase sequence of the applied voltages.

3. Applying a dc field to a stator phase winding while the ac voltage supply is
removed.

4. Using a mechanical brake.

With each method, a specific amount of time is required to bring the motor to a
complete stop.

3.6 Conclusion

The operation of induction machines is based on the development of the rotating
field, on the induction principle, and on the natural tendency of magnetic fields to
align their axes.

When balanced 3-¢ currents are circulated through properly distributed
coils, a rotating field is produced. This rotating field completes its loop by cutting
through the rotor and stator structures. As a result, a voltage is induced in the
rotor coils. This voltage, in turn, causes current to flow through the rotor windings,
and thus a rotor field is produced. The stator and rotor fields try to align their
magnetic axes, and as a result, the motor produces torque.

The rotor of an induction machine is of either the squirrel-cage or the wound-
rotor type. Induction machines with squirrel-cage rotors are much more popular
than those with wound rotors because they are less expensive to both purchase
and operate. The National Electrical Manufacturers Association (NEMA) groups
motors with squirrel-cage rotors into four categories—class A, B, C, or D—
according to their torque-speed characteristics. Each class of motor is suited to a
particular application. Class B motors, for example, are for general-purpose use
and can be found in fans and blowers.

Induction machines with wound rotors are used for special applications, but
because they are less efficient at higher slips, they are gradually being replaced
by variable-speed drives. Wound-rotor induction machines can be found in the
following special applications:

1. To operate variable torque-speed characteristics for loads that operate over a
wide range of speed and torque.

2. To limit the starting current of a motor in a distribution system where the
supply power system is weak (large upstream impedance).

3. To limit the starting current of motors that are required to start and restart
frequently, such as those used in the crushing machines of the mining indus-
try. The reduction in the starting current increases the number of permissible
starts during any given time interval, so the motor’s life is not reduced.

4. To give high torque at high slip.
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:m Chapter 3 Three-Phase Induction Machines

A motor’s slip indicates the relative motion between the speed of the syn-
chronously rotating stator field and the speed of the shaft of the motor. The slip
can be positive and less than unity (in an induction motor); positive and larger
than unity (in voltage and frequency multipliers); or negative and less than unity
(in induction generators).

For all practical purposes, the real part of the impedance of a motor as seen
from its stator is inversely proportional to the slip. Thus, at starting (s = 1), the
impedance is small, whereas under full-load conditions (s = 0.015), the imped-
ance is very high.

Consequently, a motor’s current at this operating condition—known as the
rated condition—is about six times smaller than it is at starting. The large start-
ing currents of a motor not only lower its starting-torque capability—owing to a
high voltage drop in the upstream impedances—but also develop extremely high
temperatures in the rotor and stator windings. These large currents may limit the
number of motor starts permissible within a given time interval.

The motor’s equivalent circuit is of paramount importance. It simplifies
understanding of the motor’s operation and facilitates analysis of a particular
problem. In practice, however, the circuit parameters are often not known, and an
application engineer has to make decisions based on other data (such as starting
and full-load torque and currents) readily available from the manufacturers.

Induction generators are gaining in popularity because they provide a simple
and the most economical method of connecting a wind turbine or a small hydropow-
er station to a distribution network. Power stations driven by wind, solar, water, or
process heat are becoming increasingly common because of recent legislation requir-
ing utilities to buy, at reasonable rates, electricity produced by their consumers.

Variable frequency drives (VFDs) change the frequency and the voltage
applied to a motor. As a result, a motor’s torque-speed characteristic can be modi-
fied to meet diverse load requirements. Additionally, VFDs help reduce energy
consumption per-unit output more than the other methods of speed control.

The following tables summarize the basic concepts of this chapter in their
mathematical form and also furnish typical manufacturers’ data for three-phase
induction machines.

3.7 Tables

Item Description Remarks

1 Magnitude of rotating field

Eq. (3.14)
F, = %F] cos (ot — B)
2 Mechanical and electrical degrees or radians
p Eq. (3.15)
0= E Om
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3.7 Tables m:

Item Description Remarks

3 Speed of rotating field in r/min

f Eq. (3.18)
n, =120
4 Per-unit slip
_ ng — n, Eq (319)
s ="
5 Voltage induced in rotor windings
Eq. (3.23)
V,=sV,
6 Frequency of voltage induced in the rotor windings
E ! VR Eq.(3.24)
fr=sf
7 Mechanical load in equivalent electrical resistance
R, =R,
8 Torque developed
= vz Eq. (3.38)
[(R 5 )2 - X2] 2
1T Ty
9 Torque in the full-load region
5 Eq. (3.42)
T=~K-—
R,
10 Slip at maximum torque
R Eq. (3.46
Sp = — X, 9- (346)
[R2
Vi
11 Motor’s output torque
dw, Eq. (3.49)
T=1J T + Bo, + T,
Power developed
12 P , Eq. (3.56)
_ =g
Pd - I% RZ S

13 Starting current
I, =(5-0),

Variable Frequency Drives (VFDs)

14 Output voltage of a six-pulse bridge rectifier

3 Eq. (3.71)
Vav -

o Vm
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TABLE 3-7.2 Typical Data for three-phase 60 Hz, 460V, NEMA Design B, service factor 1.0, class

insulation B, standard squirrel-cage induction motors

Approximate ) Efficiency in Power Factor
Amperes Maxi- Percent in Percent
Power Full-Load Starting mum
in Speed Full- Locked-  Torque in  Torque in Full- 50% Full- 50%
kW in r/min Load Rotor Percent Percent Load Load Load Load
075 1730 1.64 15 275 300 78.5 72 73 51
' 870 23 15 135 215 70.5 61 58.5 39.5
75 3500 12.23 81.25 135 200 85.5 82.5 90 82
880 15.86 81.25 125 200 83 79.5 71.5 52.5
20 3540 322 182 130 200 86.5 83 90 82.5
885 352 182 135 200 88.5 87.5 80.5 64.5
40 3545 62.3 362.5 125 250 89 87 90.5 83
880 69.3 362.5 145 230 90.5 88.5 80 65
50 3560 754 542.5 115 250 90.5 88 92 85
885 86.2 542.5 145 210 91 90 80 66.5
75 3555 112.4 725 110 200 90.5 88.5 92.5 88.5
885 128.4 725 125 200 90.5 89.5 81 70
100 3565 149.9 1085 110 240 91 88 92 88.5
1775 151.6 1085 125 210 92 90.5 90 86

Based on data from Siemens Electric Limited

TABLE 3-7.3 Data for three-phase 60 Hz, 4000V, totally enclosed, fan-cooled, squirrel-cage

induction motors

Efficiency in Power Factor
Starting Maxi- Percent in Percent
Full-Load Locked- Torque mum

Speed Full-Load Rotor in Torque in Full- 50% Full- 50%
kw inrl/min  Amperes  Amperes Percent Percent Load Load Load Load

1764 28 162 100 200 91.8 88.7 84.1 71
150 1178 27.1 162 120 200 91.8 88.7 87 755
200 589 324 162 60 175 90.8 88.6 73.7 53.5
589 42.6 202 60 175 91.1 89 74.3 54.5
295 1180 40.4 242 100 175 92.3 89.2 87 76.4
589 47.5 242 60 175 914 89.3 74.8 55.5

300 1182 53.8 323 60 175 92.7 89.6 87 76
400 1184 714 404 60 175 93 89.9 87 771

1500 1175 259 1510 140 210 95 94.5 88 77

Based on data from Siemens Electric Limited
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3.7 Tables [m:

TABLE 3-7.4 Typical test results and measurements of a 260 kVV, 4000 V, 0.75

Pf, 0.88 efficient, 10-pole, squirrel-cage induction motor

a. Tests

Frequency Voltage Current Power
Test (Hz) v) A) (kW)
No-load test 60 4000 33.1 9.5
Locked-rotor test 60 975 57 27
Locked-rotor test 30 537.8 57 29.2

b. Calculation of Load Characteristics at Rated Voltage and Frequency

Load in percent 25 50 75 100 125
Line current in A 35 40.2 479 57.6 68.7
Efficiency in percent 86.6 91.6 92.7 92.7 922
Power factor in percent 31.1 512 63.7 70.7 74.4
Slip in percent 0.32 0.65 1.01 1.4 1.83

Starting current (locked rotor) in pu: 4.6

Starting torque in pu: 1.5

Maximum torque in pu: 22

c. Temperature rise

Hours run: 4
Volts: 4000
Load: 100%
Bearings
Frame

Load Side ~ Opposite Side

Temperature in °C 50 19 15

d. Winding resistance between terminals

At 20°C 1.69 ohms

e. Air-gap measurement

1.13 mm, average

Based on data from Siemens Electric Limited
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TABLE 3-7.5 Typical data for three-phase, 4000V, 60 Hz, squirrel-cage rotor induction motors

Polar Moment of Maximum
Inertia Referred Permissible
to Speed of Stall Time
Motor in kg-m? Torque in Percent in Seconds
Re-Starting
Acceler- Immediately
Rating  Number ating  Starting after
in of Time in From Operation
kW Poles Rotor Load Total Starting  Pull-ln  Maximum  Seconds Cold (Hot-Start)
200 4 6 100 106 110 90 230 20 25 20
200 4 6 40 46 110 90 230 9 25 20
250 6 31 217 248 90 70 220 20 25 20
250 14 68 34 102 135 100 260 2 20 16
300 6 46 125 171 175 130 210 8 20 16
375 6 53 150 203 175 130 210 8 20 16
Based on data from Siemens Electric Limited
3.8 Review Questions
1. What are the essential differences between 6. Why is rated voltage used in the “no-load
squirrel-cage and wound-rotor three-phase test” and near full-load current used in the
induction machines? locked-rotor test?
2. Why are three-phase induction machines 7. Why, in general, is the starting torque for a
often called rotating transformers? three-phase squirrel-cage induction motor 1.5
I T e to 2 times the fu.ll-load torque, and the starting
current 5 to 6 times the full-load current?
speed and an actual speed.
A i fs sl il midlen s pemng 8. For the A, B, C, and D classifications of
conditions is it: motors, how does the rotor reactance
’ compare with that of the stator?
a. Positive and smaller than unity? 9.  Explain: The torque at the starting region
b. Positive and larger than unity? is inversely proportional to the operating
slip, while at the full-load region, it is
c. Negative and smaller than unity? proportional to the slip.
5. What are the frequencies of rotor currents 10. Why is the time that it takes a motor,
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at starting and at full-load? How does
frequency affect the impedance of the rotor?

starting from rest, to reach its rated speed
of paramount importance?



11.

12,

13.

3.9 Problems

3-1

3-2

3-3

Describe the four methods by which a three-
phase induction motor can be stopped.

How does the motor of a hoist change the
direction of rotation?

What provides the excitation power for an
induction generator?

14.

15.

3.9 Problems

Explain: The maximum rate of heat
dissipation of a machine is given by its
efficiency.

What are the advantages and
disadvantages of VFDs?

A 480V, 60 Hz, 1740 r/min, 0.90 Pf, 75 kW,
three-phase induction motor has a full-
load efficiency of 85%. Determine:

a. The full-load slip.
b. The number of poles.
c¢. The current drawn by the motor.

For a three-phase induction motor, show
that:

a. At starting, the motor’s torque is
directly proportional to its rotor
resistance. That is,

Tst G R2

b. The magnitude of the maximum torque
is independent of rotor resistance.

c¢. By neglecting stator resistance, the
torque (7) at slip (s) is related to the
maximum torque (7,,) and its cor-
responding slip (s,,,;) by the following

equation:
T AN
Tm S%m + S2

A 240V, 3-¢, 1140 r/min, three-phase

induction motor has the per-phase

equivalent circuit shown in Fig. P3-3.

a. Neglecting the rotational losses and
the magnetizing impedance, determine:

1. The synchronous speed of the sta-
tor field.

2. The per-unit slip.
3. The line current at starting.

4. The full-load current, power
factor, torque, and efficiency.

5. The per-unit impedance of the sta-
tor and rotor circuits.

6. The slip and current at maximum
torque.

7. The maximum torque.

b. Repeat (a3), taking the magnetizing
impedance into consideration.

0.1Q 0.15Q 0.25Q
Y'Y Y\
240 ,, 680 170 $%lg
\/é < S
O
FIG.P3-3
3-4 A 480 V,six-pole, 1140 r/min, three-

phase induction motor has the per-phase
equivalent circuit shown in Fig. P3-3.
Neglecting stator resistance, determine:
a. The full-load slip.

b. The slip at maximum torque.

c¢. The starting torque in pu.

d. The maximum torque in pu.
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3-5

3-6
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A 440V, 60 Hz, 1746 r/min, 60 kW, star-
connected, class B, three-phase induction
motor yielded the following results when
tested:

1. Average value of dc resistance be-
tween stator terminals = 0.16 ().

2. Locked-rotor test:
Vz = 28 V, line-to-neutral
Pz = 2.24 kW, three-phase

a. The load viscous damping factor (B)
in N - m/rad/s.

b. The minimum required additional rotor
resistance that must be inserted in each
phase in order to start the motor.

c¢. The operating speed with the external
resistance in the rotor circuit reduced
to zero.

3-7 A ventilating fan whose torque is
I, =60 A proportional to the square of its speed is
3. No-load test: driven by a squirrel-cage induction motor
V. = 440V, line-to-line at nominal conditions.
P, = 1.6 kW, three-phase a. Assuming that the torque require-
I —12A ments of the fan change by + 10% in
exe comparison to the full-load torque,
Determine: estimate qualitatively how this will
a. The per-phase approximate equivalent affect (increase or decrease) the speed,
circuit. efficiency, line current, and power
b. The torque developed at full-load. factor of the motor.
b. Repeat (a), assuming that the motor is
Figures P3-6(a) and (b) show, respectively, oversized by 10% above the nominal
the one-line diagram and the per-phase requirements.
equivalent circuit of a 3-¢ wound-rotor c. Repeat (a), assuming that the motor is
induction motor. The motor drives a load undersized by 10% below the nominal
whose torque-speed characteristic is given by requirements.
T; =50+ 4 %xX10721,N - m )
3-8 The 208V, 60 Hz, three-phase, four-wire
The actual speed (n,) is expressed in r/min. dlst.rlbutlon system shown in Flg'. P3-8 .
Neglecting the effects of the magnetizing delivers power to a three-phase induction
current. determine: motor and to single-phase loads. The
’ starting current of the three-phase
240V, 3-¢, 60 Hz 0.100 0.60 Q 0.60 Q
° AA—YYY ~ YN
240 0.10
240, 520 O 104 O § 019
15 kW V3 s
1755 r/min
4-pole o
(a) (b)
FIG.P3-6



3.9 Problems m:

A (red)
208V 10 kW
B (black) 60 Hz
@ m =0.88
J_ Pf = 0.85 lag
— 208V n = 1710 r/min
C (blue)
[
P4 P>
Neutral (white) )i T
Ground (green)
Py =5kW Py =7 kW Py =6 kW
M = 0.95 M = 0.96 m = 0.95
Pf = 0.8 lead Pf=1.0 Pf = 0.8 lag
FIG.P3-8
induction motor is four times the full- a. The torque developed by the motor.
load value and lags the applied voltage by b. The size of the capacitor bank that,
84°. Determine the currents through the when connected in parallel with the
transmission line and through the neutral motor, will minimize the starting cur-
Wire Of the distribution System fOI' eaCh rent through the upstream network.

of the following operating conditions: c. The torque developed at minimum

a. The motor at starting. starting current.

b. The motor running at rated condition.

3-9 Referring to Table 3.74(a):
a. Determine the maximum permissible

4.16 kV (100 MVA)

X = 6%

size of a capacitor bank that can be j0.673 Q/phase

used to correct the power factor of a

260 kW motor. Assume that the motor 1000/1333 kVA
and capacitor bank are switched A-y -1 4.16—0.48/0.277 kV

through the same disconnect device.

b. What is the power factor of the motor
and capacitor, as seen from their com-
mon disconnect device?

j0.01 Q/phase

3-10 The three-phase induction motor shown in

Fig. P3-10 has a starting torque and current 460 V 500 kW, 480 V
as follows: Pf = 0.9 lag Pf = 0.85 lag
' n = 0.93 n = 0.80
T, = 18 pu, I, =6/=70° pu
FIG.P3-10

The reactances of the cables are as shown.
When the 500 kW load draws rated current ~ 3-11 A 480V, 3-¢, 60 Hz, six-pole induction
and the 200 kW motor starts, determine: motor has the per-phase equivalent circuit
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shown in Fig. P3-11. The motor is used
to drive a hoist. When a hoist is lowered,
the load accelerates the rotor above
synchronous speed, and thus the motor
runs as an induction generator. If the
resulting speed is 1260 r/min, determine:

a. The line current.
b. The accelerating torque.

0.9 0 40

50 O

500 O

FIG.P3-11

3-12 A 3-¢, 480V, three-phase induction
generator delivers 375 kW when powered
through a hydroturbine. The water’s rate
of flow and head at the turbine entrance
are 4.70 m/s and 10 m, respectively. The
open-circuit time constant of the induction
generator is 4 ms, and at the sudden
removal of the electrical load, the speed of
the turbine reaches 2.2 pu in 1 ms.

Data from the open-circuit test of the
generator are as follows:

V: 480V, line-to-line

I. 332A
P: 72kW,3-¢
Estimate:

a. The wire-to-water efficiency of the
power station.

b. The maximum stator voltage following
the removal of the electrical load.
¢. The magnetizing kVAR drawn from

the power distribution network to
which the generator is connected.

3-13 A three-phase, 75 kW, 600V, 60 Hz, 1160
r/min induction motor drives a pure-
inertia load of 5 kg . m?. The torque-slip
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characteristics of the load and the motor
are as follows:

Motor 200 390 455 375 250 0
torque
(N - m)
Load 0 60 90 120 135 150
torque
(N-m)
Slip 1 0.6 040 0.2 0.1 0
(pu)
Determine:

a. The speed of the motor at steady state.

b. The approximate time it takes the
motor to reach this speed.

c¢. The approximate time it takes the motor
to reach the speed of maximum torque.

3-14 A six-pole, three-phase, star-connected,
60 Hz, 460 V induction motor has a stator
leakage impedance of 0.5 + j1.0 ohms per
phase, a rotor leakage impedance of 0.6 +
j1.2 ohms per phase, and a magnetizing
impedance of 4 + j40 ohms per phase.

a. Draw the per-phase equivalent
circuit at 60 Hz and at 15 Hz.

b. Estimate the motor torque when
operating at 15 Hz and a slip of 10%.
Neglect the magnetizing current.

3-15 The motor in Fig. P3-15 drives a
pure-inertia load and has a per-phase
equivalent circuit as shown. Neglecting
stator resistance and the effects of the
magnetizing current, determine:

a. The energy stored in the rotating
masses while the motor is running
unloaded.

b. The time it takes to plug the motor to
a complete stop, and the associated
energy loss in the rotor windings.

c. The time it takes to reverse the speed
of the motor by plugging, and the asso-
ciated energy loss in the rotor windings.



3.9 Problems m:

228 r/min Gear ratio

51 0.10Q 040 0.6 Q)

1

N
[T

Jiotal = 10 Kg - m?

(a) (b)
FIG.p3-15
d. The value of the rotor resistance a.
that will furnish the minimum time Q __
for (b) T2 K1S2
e. The number of maximum reversals per where T is the torque at a slip s; at
minute. Assume total motor loss to be 60 Hz, and T, is the torque at slip s, at
1.8 times the rotor copper loss. a frequency of 60 K; Hz (K; < 1).

b. For equal torques, the corresponding

3-16 The torque-speed characteristic of a L
winding currents are equal.

60 Hz, 3-¢ squirrel-cage induction motor
is controlled by a VFD. Making reasonable ~ 3-17 The voltage output of an inverter to an

assumptions, prove the following: inductive load is as shown in Fig. P3-17.
£Q3 +£Qq
R
% Vo
L
& QZ i Q4
@
Vo
120V
ﬂ 4455 6 65 8
05 10 2 3.5 U Time (mSec)
120V -
(b)
FIG.P3-17
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3-20
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Determine the rms value of the output
voltage and its frequency.

Draw a typical characteristic of a motor
and the driven fan.

a. FElaborate on these characteristics.

b. Why is the fan characteristic a second-

degree curve?
(Hint: Pressure o V?)

¢. By increasing the air-flow rate above
nominal using a VFD, what are the
adverse effects?

Referring to the data in Table 3-3, compare
the present cost of the energy losses of the
50 kW squirrel-cage induction motor for
the two commercially available efficiencies.
Assume that:

The motor operates at full-load
16 hours a day, 46 weeks a year, over a
five-year period.

The energy cost is 10¢/kWh and in-
creases by 8% per year.

The nominal interest rate is 12% and
is compounded annually.

A three-phase induction motor drives
a hoist. During lowering, the load
accelerates the motor above synchronous

3-21

speed, and thus the motor runs as a
generator. The per-phase equivalent circuit
of the motor under rated conditions,

and its one-line diagram, are shown in
Figs. P3-20(a) and (b), respectively. If the
resulting speed is 1900 r/min, determine:

a. The line current.
b. The power returned to the supply.

Briefly elaborate on the following:

a. On interconnecting an asynchronous
generator to a utility’s network, the
utility’s terminal voltage must be
slightly smaller than that of the asyn-
chronous generator.

b. The impedances of the induction
motor are smaller than those of the
asynchronous generator.

c¢. How can the phase sequence of
an asynchronous generator be
changed?

Under what circumstances can a ca-
pacitor furnish the magnetizing field of
an asynchronous generator, and what
are its adverse effects?

e. The reactive power of the capacitor
(kVAR) must be at maximum equal to
the motor’s reactive power.

Z4
480V, 3-¢, 60 Hz
(1.8 +j4) Q
150 40
100 Q
13 10 kW
s
4-pole
O
(a) (b)
FIG.P3-20
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