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Abstract: In this chapter, we present the
process for solving exercises on synchro-
nous motors, synchronous generators,
and single-phase and three-phase induc-
tion motors. The objective is to provide
students with a comprehensive guide for
studying and understanding the mathema-
tics applied to alternating-current electric
machines.

Keywords: Synchronous machines. Induc-
tion motor. Power factor improvement.
Exercises.

REVIEW OF AC
MACHINES THEORY

To get a rotating magnetic field, we
can connect three coils in a star configura-
tion, every 120 degrees out of phase, and
apply three alternating current voltage
waves, also 120 degrees out of phase. The
interaction of the three alternating current
waves in the coils creates a rotating magne-
tic field. The speed of this magnetic field is
called synchronous speed.

In a three-phase synchronous genera-
tor, there are rotating parts that make up
the rotor or shaft, and stationary parts that
make up the stator. The shaft is moving by
hydraulic or steam turbines at the synchro-
nous speed of the rotating magnetic field.
This speed, measured in revolutions per
minute (rpm), is given by the formula /V =
120f7 p, where frepresents the frequency of
the generated voltage in Hertz and p is the
number of poles of the machine.

The three-phase synchronous gene-
rator consists of a field coil powered by
direct current and a three-phase armature
winding comprising three coils, which ge-
nerate three alternating current voltage wa-
ves. When the synchronous generator has a
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rotating field coil, the three-phase armature
winding is located in the stator, and vice
versa.

To operate a three-phase synchronous
generator with a rotating armature win-
ding, the stator field coil is energized with
direct current voltage to create a stationary
magnetic field. Then, mechanical force is
used to spin the rotor’s three-phase armatu-
re winding within this static magnetic field.
As a result, three induced alternating-vol-
tage waves are generated in the armature’s
three-phase winding, which are transmitted
to the load via slip rings and brushes. To
operate a synchronous generator with a ro-
tating field coil, the rotor’s field coil is exci-
ted by direct current, which creates a mag-
netic field when a current flows through it.
Then, mechanical force is applied to rotate
this coil and its magnetic field, which indu-
ces three sets of alternating current voltage
waves in the stator’s three-phase armature
winding.

The synchronous generator is crucial
for producing alternating current, which is
essential for the daily functioning of an in-
dustrialized country. This type of generator
is found in hydroelectric power plants and
is responsible for generating and supplying
most of the electric power used.

The three-phase synchronous motor
operates like a three-phase synchronous ge-
nerator but in reverse as a motor. To create
a stationary magnetic field, a direct current
voltage is applied to the field coil. Me-
anwhile, three alternating current voltage
waves are applied to the three-phase win-
ding to generate a rotating magnetic field.
This field rotates at synchronous speed and
produces a torque that causes the shaft to
rotate at the same speed. The poles of the
rotating magnetic field attract the opposite
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poles of the stationary magnetic field, resul-
ting in automatic shaft rotation.

The synchronous motor is used in
electric clocks, time-recording devices,
frequency converters, and power-factor

improvement.

In an induction motor, the stator win-
ding is supplied with alternating current.
The rotor, whether squirrel-cage or wound,
is not connected to an external power sour-
ce. Instead, the rotor is powered by magne-
tic induction and never reaches the speed of
the rotating magnetic field.

The three-phase induction motor ope-
rates as follows: stator coils are supplied with
alternating current, generating a rotating
magnetic field that induces voltages in the
rotor, thereby generating induced currents.
These induced currents create a magnetic
field in the rotor. The magnetic fields of the
stator and rotor tend to align, resulting in
torque. The rotating magnetic field causes
the machine’s rotor to rotate. The difference
between the speed of the rotating magnetic
field (V) and the rotor speed (V) is called
slip, defined as s% = 100 (V.- N) / IV, whe-
re N = 120f/ p.

In locations where a three-phase power
supply is not available, single-phase induc-
tion motors are used. These motors operate
with only one power supply phase, meaning
they don’t produce a rotating magnetic field
and can’t start independently. To address this
issue, several types of single-phase induction
motors have been developed: split-phase,
capacitor-start, permanent-split capacitor,
two-capacitor, and shaded-pole.
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EXAMPLE 1

Consider a three-phase synchronous
motor with the following specifications:
voltage levels of 220 V, 380 V, 440 V, and
760 V; active power of 0.4 kW; power factor
of 0.8; frequency of 60 Hz; speed of 1800
rpm. Your task is to determine the motor’s
absorbed current at each voltage level, the
apparent power, reactive power, and the
number of poles.

Solution

For a three-phase alternating current
circuit, the total three-phase active power is
given by:

P=«/§VLILcos¢ - 1, =P/(\/§VLcos¢)

For an input voltage of 220 V, the mo-
tor requires a current of:

1,=400/(+/3220x08)=131 4

For the remaining voltage levels, we
have the following:

1,=400/(+3380x0.8) =076 4

1,=400/(\3440x0.8) =0.66 A

1,=400/(+/3760x0.8) =0.38 4

To calculate the motor’s apparent
power, we use the following formula:

P=Scos¢g — S§=P/cosg

§=400/0.8=500 VA4
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For the motor’s reactive power, we
have:

Q=Ssing cosp=08 p=cos'0.8=36.87" —
0=500sin36.87=300 VAr

The synchronous motor operates at
the speed of the rotating magnetic field. To
determine the total number of poles in the
motor, we use the following equation:

N, =120f/p— p=120f /N, ="

120x60/1800=4 poles

EXAMPLE 2

Consider a three-phase synchronous
generator with the following specifications:
a voltage of 220 V, an active power of 0.4
kW, a power factor of 0.8, a frequency of
60 Hz, and a rotational speed of 1800 rpm.
The field winding is supplied with 12V DC
and draws a current of 3 A. For the genera-
tor’s output, determine the electric current,
the apparent power, the reactive power, and
the number of poles.

Solution

In a three-phase alternating current
circuit, the line current can be determined
from the total three-phase active power as
follows:

P=\3¥1,cos¢g — I, =

P/(ﬁVL cos¢)=l
400/(J§220x0.8)=1.31 A
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The generator’s apparent power is de-
fined as follows:

S=\3V.1, =\3220x131=499.18 V4

The generator’s reactive power is given

by:

0= \/§VLIL sing cosg=0.8
¢=cos”0.8=36.87"
0=13220x1.315in36.87 =299.51 VAr

The synchronous generator operates at
the speed of the rotating magnetic field. The
total number of poles is determined by:

N, =120f/p — p=120f/N,

=120x60/1800=4 poles

EXAMPLE 3

Consider a three-phase squirrel-cage
induction motor with 2.2 kW, 220/380
V, 3465 rpm, 60 Hz, efficiency of 81.5%,
and a power factor of 0.84, where the star-
ting current ratio /,/ I, = 7. Determine the
following: the input electrical power requi-
red by the motor from the power grid, the
electrical current drawn by the motor at
each voltage level, the apparent and reacti-
ve power of the motor, the starting current
drawn by the motor from the power grid at
each voltage level, the number of poles of
the motor, and the motor’s slip.

Solution

The following formula defines the mo-
tor efficiency and allows the calculation of
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the input electrical power required by the
motor:
n=F,/8E, - FE=F,/n=

2200/0.815=2699.39 W

For a three-phase alternating current
circuit, the total three-phase active power is
given by:

P=\/§VL1Lcos¢ - I, =P/(\/§VLcos¢)

For a power grid operating at 220 V or
380V, the motor requires a certain amount
of current given by:

1,=2699.39/(13220x0.84) =843 4
1, =2699.39/(+/3380x0.84) = 4.884

The apparent power of the motor can
be calculated based on the active power as
follows:

P=Scos¢ — S=P/cos¢g

§=2699.39/0.84=3213.56 VA
The reactive power is given by:

Q=Ssing cosg=084 ¢=cos™0.84=3286"

(0=3213.56sin32.86 =1743,64 VAr

The relationship between the starting
current and the nominal current is:

1/1,=7 - I =11,

I =

P

for 220 V:
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7x8.43=59.01 4

for 380 V: 1,=7x4.88=34.16 4

Note that the motor’s current demand
at startup is much higher than its operating

current (59.01 > 8.43 and 34.16 > 4.88 A).

To determine the motor pole number,
consider that the speed of the rotating mag-
netic field equals the motor shaft speed.

N =120f/p p=120f/N.
p=120x60/3465=2.08

The total number of poles is an even
integer, indicating that the motor has 2 po-
les. We will use the number of poles to cal-
culate the correct speed of the rotating mag-

netic field: N =120x 60 /2 =3600 rpm.

The slip of an induction motor is de-
fined as follows:

s=100(N,-N)/N, =
100(3600—3465)/3600=3.75%

EXAMPLE 4

The specifications for a three-phase
AC induction motor with a squirrel-cage
rotor are as follows: 0.75 CV, 440V, 71.5%
efficiency, 3410 rpm, 60 Hz, a starting cur-
rent ratio /// = 5.2, and a power factor of
0.82. Determine the electrical input power
absorbed from the grid, the current drawn
from the grid, the apparent power, the reac-
tive power, the starting current, the number
of poles, and the motor slip.
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Solution

The efficiency of the motor is given by:
n=>~>1,P

outr m

The active input power of the motor
will be found as follows:

1CV =736W O.75CVM=552 w
1cV

P, =P, /h=552/0.715="772.03W

out

In a three-phase AC circuit, the total
three-phase active power can be used to de-
termine the required current for the motor:

P=\/§VLILcos¢ —>IL=P/(J§I/Lc0s¢)—>IL

1,=772.03/(\3440x0.82) =1.244

The motor’s apparent power is given

by:

S=\3,1, S=3440x124=94501 VA
The motor reactive power is given by:
0= \/?:VLIL sing cosg=0.82

¢=cos ' 0.82=34.92°,
0=1/3440x1.24x5in34.92 = 540.95VAr

The starting current of the motor can
be calculated as follows:

1,/1,=52 I =521, I =52x124=645 4

To find the number of motor poles,
its necessary to consider that the speed of
the rotating magnetic field equals the motor

shaft speed:

N.=120f/p p=120f/N, p=120x60/3410=2.11
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The total number of poles is an even
integer. The motor has 2 poles. Using the
number of poles, we will calculate the cor-
rect value of the speed of the rotating mag-
netic field:

N, =120x60/2=3600 rpm

The slip of an induction motor is de-
fined as follows:

s=100(N,-=N)/N,

:100(3600—3410)/3600 =5.28%

EXMPLE 5

Consider a three-phase alternating
current induction motor with a squirrel-ca-
ge rotor, 60 Hz, 0.46/0.75 kW, 1740/3480
rpm, a starting current ratio /// = 7.5,
220/220 V, 2.40/2.70 A, and a power fac-
tor of 0.68 / 0.88. Determine the electrical
input active power required by the motor
from the grid for each speed level, along
with the motor’s efliciency, apparent and
reactive power, starting current, number of

poles, and slip.

Solution

In a three-phase alternating current
circuit, the total active input power is given

by:
P=\3V,1,cos¢ for 1740
rpm: P=3220x2.40x0.68 =

621.88 W
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for 3480 rpm:P=+/3220x2.70x0.88

=90538 W

The efficiency of the motor is represen-

ted by:

h=P, /P, for 1740 rpm:h =460/621.88=73.97%
for 3480 rpm:h =750/905.38 = 82.84%
The following equation describes the

apparent power of the motor:

S=P/cosf for 1740 rpm:S=621.88/0.68=914.53 VA
Jor 3480 rpm:S§=90538/0.88=1028.84 V4

The reactive power of the motor is gi-
ven by: Q = Ssing

for 1740 rpm: cosp=0.68 ¢=cos’0.68=47.16"
0=914.53sin47.16 = 670.58VAr
for 3480 rpm:

0=1028.84sin28.36 = 488.71V Ar

cos¢=0.88 ¢=cos'0.88=28.36"

The starting current of the motor is de-
fined as follows:

1,/1,=75 — 1,=75I, for 1740

rpm:1,=7.5x240=18.00 4
Jor 3480 rpm:1,=7.5x270=20.25 A4

To find the number of motor poles,
is necessary to consider that the speed of
the rotating magnetic field equals the motor

shaft speed:
N, =120f/p p=120f/N, for 1740

rpm: p=120x60/1740=4.14
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for 3480 rpm: p=120x60/3480=2.07

The total number of poles in the mo-
tor is an even integer. Therefore, the motor
has 4 poles at 1740 rpm and 2 poles at 3480
rpm. Using the number of poles, we can cal-
culate the correct value of the rotating mag-

netic field speed:
N, =120x60/4=1800 rpm
for a shaft with 1740 rpm

N, =120x60/2=3600 rpm
for a shaft with 3480 rpm

The slip of the motor is defined as

follows:
§= IOO(NS —N)/Ns for a shaft with

1740 rpm:s=100(1800-1740)/1800=3.33%

for a shaft with 3480 rpm:s=
100(3600—3480) /3600 =3.33%

EXAMPLE 6

Consider a three-phase squirrel-cage
induction motor with the following speci-
fications: 2.2 kW, 3440 rpm, 380 V, 60 Hz,
power factor 0.85 lagging, starting current
ratio [p /17.8, and efficiency 85.1%. A capa-
citor bank is connected in a delta configura-
tion across the supply terminals to improve
the power factor to 0.95 lagging. Figure 1
illustrates the circuit configurations before
and after the power factor improvement.
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Determine the capacitance of the capacitors

used in each phase of the delta bank.

Is i Is Iim_
—_— 2y e My
380V 380V ; lic M
380V Is im B/OV v 53
flm
Capacitor bank
a) b)

Figure 1 - Power factor improvement: a) elec-
trical circuit before improvement, b) electrical
circuit after improvement.

Source: Own authorship.

Solution

Before improving the power factor
for the three-phase motor, we observed the
following:

n=r,/F, F,

out mn

P =3V, I, cos¢ =2585.19

J33807, 0.85=2585.19 I, =2585.19/

(V3380%0.85)=4.624 cos, =0.85
¢ =arcos0.85=31.79°
0, =3V, 1,,sing,
0, =/3380x4.62xsin31.79°
0,=160191 VAr
S =3, 1, S, =-/3380x4.62
S =3040.79 VA

The motor draws an electric current
of 4.62 A from the power supply. After im-

proving the power factor for the system, we
have the following:
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=P, /17=2200/0.851=2585.19

cos@ =0.95 ¢ =arcos0.95=18.19°
IDS = \/gl/LsILs Cos ¢s
2585.19=1/3380x1,,x0.95 W

1,, =2585.19/(1/3380x0.95)
I,,=4.134 Q =3V, I, sing,

0, =/3380x4.13x5in18.19°

0, =84856 VAr S =3V, I,
S =+/3380x4.13 S =2718.28 VA

The power of 2585.19 W remains
constant because the capacitor added to the
circuit does not dissipate power, as demons-
trated in the following steps. The capacitor
must provide reactive power, which, when
combined with the motor’s reactive power,
contributes to the system’s overall reac-
tive power. For the capacitor, we have the
following:

1601.91+ Q. =848.56 (. =848.56-1601.91
Q.=-753.35 Vdr
z,=-j!(2xfC)=(1/(27C)) £ -90°
Q ¢,=-90" Q =\BV,I,sing,

~753.35=+/33807,, sin(-90)

1, =-75335/(\/3380xsin(-90)) =1.14 4

P =3V, 1, cosg, P =+/3380x1.14xcos(-90)=0

w S, =3V, S =3380x1.14
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§,=75032 VA delta connection: V =V, I = \/glf

Z,=V, /1, 1/(27fC)=380/(1.14/3)
=577.35 Q 1/(2260C)=577.35

C=1/(2760x577.35) C=4.59 uF

Before the power factor improvement,
the system required a current of 4.62 A. Af-
ter increasing the power factor, this current
decreased to 4.13 A, while the motor’s cur-
rent and power remained unchanged. As a
result, the 380 V generating plant supplying
the system can save costs by using smaller
gauge conductors in the electrical grid.

EXAMPLE 7

In the previous exercise, each phase of
the delta connection had three identical 127
V capacitors connected in series in the ca-
pacitor bank. Calculate the capacitance of
each capacitor.

Solution

Three capacitors connected in series
have the following equivalent capacitance:

1/C, =1/C+1/C,+1/C, 1/C, =1/
C+1/C+1/C=3/C C=3C, =3x459

C=13.77 uF
Each capacitor must have 13.77
microfarads.
EXAMPLE 8

Consider a single-phase induction
motor with a 1/3 CV, 3520 rpm, and a
110/220 V voltage rating, drawing 6.8/3.4
A. The starting current ratio [p /I is 5.3 A,
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and the frequency is 60 Hz. Calculate the
starting current for each voltage level.

Solution

The starting current ratio is:

1,/1,=53 — 1,=53I, for
110 V:I,=53x68=36.04 4
for 220 V:l,=53x34=18.02 4

EXAMPLE 9

Consider an AC single-phase motor,
0.37 kW, 3465 rpm, 110/220 V, 7.00/3.50
A, 60 Hz, power factor = 0.78, the star-
ting current ratio ///, = 6. Calculate the
following for each voltage level: the input
active power, the efficiency, the apparent
power, the reactive power, and the starting
current.

Solution
In a single-phase AC circuit, the active

power is defined as:

P=V,I cos¢p for 110
V:P=110x7x0.78=600.6 W

for 220 V:P=220x3.5x0.78=600.6 W

The efficiency of the motor is expres-
sed as follows: n=P /P,

for 110 V:np=370/600.6=61.60%
or n= .O0=01. (
Jor 220 V:n=370/600.6 =61.60%

The apparent power of the motor is gi-
venby: =V I,
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for 110 V:§=110x7=770 VA
for 220 V:§=220x3.5=770 VA

Reactive power is defined as follows: Q
= Ssing
cosp=0.78 ¢@=cos ' 0.78=38.74"
for 110 V:0=770sin38.74=481.86 VAr
for 220 V:Q=770sn38.74=481.86 VAr

The starting current ratio is given by:
I,/ 1,=6 — I =6l for

110 V:1,=6x7=42.00 A4
Jor 220 V:I,=6x3.50=21.00 A4

EXAMPLE 10

Consider an AC single-phase motor,
0.37 kW, 3465 rpm, 220V, 3.50 A, 60 Hz,
with a lagging power factor of 0.78, and a
starting current ratio /, /I = 6. Determine
the capacitance of the capacitor connected
in parallel with the motor to achieve a lag-
ging power factor of 0.9. Figure 2 shows the
circuit configurations before and after the
power factor correction.

Y sy

220v i :: ) 220V Capacitor '
a) b)

Figure 2 - Power factor improvement: a) elec-
trical circuit before improvement, b) electrical
circuit after improvement.

Source: Own authorship.
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Solution

Before improving the power factor for
the single-phase motor, we observed the

following;
P, =V, I, cosd, P,=220x3.50x0.78=600.6

W cosg,=0.78 ¢, =arcos0.78=238.74"

Q, =Vl psing, 0O, =220x3.50xsin38.74°

O =481.86 VAr

S =V,I. 8 =220x3.50 S =770 VA

m efm” efin m

The motor draws an electric current
of 3.50 A from the power supply. After im-
proving the power factor for the system, we
have the following:

cosg, =0.9 ¢ =arcos0.9=25.84

P =Vl ,cosg, P =220x1x09=600.6 W

1,=600.6/(220x0.9) I =3.03

A4 Q =V,I sing O, =220x3.03xsin25.84

0,=29054 Vdr S, =V,I

efs” efs

S, =220x3.03 S, =666.6 VA

The power of 600.6 W remains cons-
tant because the capacitor added to the cir-
cuit does not dissipate power, as demons-
trated in the following steps. The capacitor
must provide reactive power, which, when
combined with the motor’s reactive power,
contributes to the system’s overall reac-
tive power. For the capacitor, we have the
following;:

10
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481.86+ (0. =290.54 Q_.=290.54-481.86

0.=-19132 VAr Q.=V,I sing,

Q. =2201sing, Z,=—j/(27fC)=

1/(2z/C)£-90" Q ¢ =-90°

Q. =2201 sing,  —191.32=2201_sin(-90)
I,=-191.32/(220xsin(-90))=0.87 4

P=Vyly

0 W 8=V, S =220x087 S, =191.40V4

cosg. P =220x0.87x cos(—90) =

Z,=V,/I_ 1/(2xfC)=220/0.87 1/(2260C)

=220/0.87 C:0.87/(27r60><220) C=1049uF

EXAMPLE 11

Consider an AC single-phase induc-
tion motor with a squirrel-cage rotor, 0.37
kW, 3400 rpm, 220V, 2.60 A, 60 Hz, power
factor 0.94, and a starting current ratio / /]
= 3.5. Determine the input active power of
the motor, the efficiency, the apparent and
the reactive power, and the starting current
of the motor.

Solution

In a single-phase AC circuit, the active
power is defined as:

P=V, I, cosp P=220x2.60x094=537.68 W

The efficiency of the motor is expres-
sed as follows:

n=P, /P, 1=370/537.68=68.81%

The apparent power of the motor is
given by:

§=V,1I

Ly §=220x2.60=572 VA
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Reactive power is defined as follows:

Q=Ssing cosp=094 $=cos"0.94=19.95"
0=572sin19.95=195.17 VAr

The starting current ratio is given by:
IP/IN =35 [1,=3.51,
1,=35x2.60=9.1 4

The motor consumes more current
during startup than during operation (9.1

>2.60 A).

CONCLUDING REMARKS
This chapter discussed the solving

exercises related to synchronous motors,
synchronous generators, and both single-
-phase and three-phase induction motors.
Step-by-step solved exercises are essential
for effective learning. These examples offer
a clear and practical way to understand how
theory is applied in real scenarios, providing
several benefits: they help students identify
and address gaps in their understanding,
serve as models for structuring solutions, hi-
ghlight common mistakes, provide a reliable
foundation for future learning, and act as a
silent teacher.

ACKNOWLEDGMENTS

I write to express my gratitude to the
Lord of Life, my family, relatives, friends,
and colleagues for the support, encourage-
ment, assistance, opportunities, kindness,
generosity, and protection throughout this
journey. I am thankful for all the support
and all the blessings I have received.

1

n
b
S
I
9]
<
=
]
<
z
o
A
o
)
o
&
]
<
o]
o
]
1
o
&
<
O
w
)
a
<
)
o
=

&
5
o
“n
<
Z
=)
(*4

<
=
w
o
)
o
A
n
o
Q
=
o
A
]
o
0
o

)
V]
&
]
<
o]




REFERENCES

Mora, Jesus Fraile. Maquinas Eléctricas. 62
edigdo. Espanha: McGraw-Hill.

CARVALHO DO NASCIMENTO, Geraldo
Janior. Maquinas Elétricas: Teoria e Ensaios.
Erica, 2006.

KOSOW, Irving L.. Maquinas Elétricas e

Transformadores. 112 edicio. Sdo Paulo: edi-
tora Globo, 1995.

DOl https://doi.org/10.22533/at.ed 1317632627036

12

EXERCICIOS RESOLVIDOS SOBRE MAQUINAS ELETRICAS DE CA SOLVED EXERCISES ON AC MACHINES

©
o)

]
Z
<




