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PREFACE

This book book was written with the specific aim of providing the
necessary principles of motor control & drives to the students and it's
covering the syllabus of the Diploma program according to the Polytechnics
curriculum. the relevant theories are arranged to introduce the topics in a
clear and simple way to enhance student's understanding.

The book presents the basic theories of motor control & drives in a
straightforward manner, supported with diagrams and solved examples with
review questions and calculation questions for all topics.

Chapter 1 emphasizes the fundamentals of electrical motor. Chapter 2
focus on introduction of electrical drives, discussing the definition,
application, and four-quadrant principles of electrical motor. Chapter 3
discusses the speed control of DC motor. this chapter includes the method
for controlling the speed and complete with calculation examples by using
each method. Chapter 4 discusses the speed control of AC motor focusing
on induction motor.

It is sincerely hoped that this book will be most welcomed by the
lecturers and will be useful to the students of polytechnics. any constructive
comments and suggestions from the readers are highly appreciated.

Thank you and all the best.

Ty. K. Fonaaslina
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BASIC FUNDAMENTALS OF
ELECTRICAL MOTOR

Outlines of electrical supply, types of motor, types of
drives, differences between motor and generators,
connection of electrical motors, torque, speed and
horsepower and review questions.

INTRODUCTION OF
ELECTRICAL DRIVES

QOutlines of electrical drive system, advantages,
disadvantages, block diagram and explanation, four
quadrants in motor operations, application of four
quadrants operation and review questions.

SPEED CONTROL OF DIRECT
CURRENT (DC) MOTOR

Outlines of introduction to DC motors, types of DC

31 - 66

motors, speed control method of DC motors, solid state

control (thyristor control) - rectifier and chopper,
review questions.

SPEED CONTROL OF
ALTERNATING CURRENT (AC)
MOTOR

Outlines of introduction to AC motors, types of AC
motors, speed control method of Induction Motor,
Power flow of Induction Motor, Slip Energy Recovery
(SER) and review questions.

67 - 104
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Fundamental of
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Connection of Electrical
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BASIC
FUNDAMENTAL OF
ELECTRICAL
MOTOR

1.1  TYPES OF ELECTRICAL SUPPLY

Voltage Voltage

s +
0 0

Alternating Current (AC) Direct Current (DC)

Figure 1.1: Types of Electrical Supply

AC
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1.2 TYPES OF ELECTRICAL MOTOR

AC MOTOR

DC MOTOR
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ELECTRICAL
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1.3 TYPES OF ELECTRICAL DRIVES

e A drive is an electrical or electronic device used to
control the speed and motion of electrical machines
such as motors and robots etc.

® The device used for motor speed control is known is
an electrical drive.

¢ They are constant and variable speed controller and
widely used in industrial automation.

® There are two types of drive: AC Drives and DC

Drives.

¢ AC and DC Drives offer robust performance and
minimal maintenance for various applications.

/4

AC DRIVES

DC DRIVES @
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1.4 COMPARISON BETWEEN MOTOR AND
GENERATOR

STV ¢ An electric motor is an electrical machine that
converts electrical energy into mechanical energy.

® Most electric motors operate through the interaction
between the motor's magnetic field and electric
current in a wire winding to generate force in the
form of torque applied on the motor's shaft.

® Electric motors can be powered by direct current
(DC) sources, such as from batteries, or rectifiers, or
by alternating current (AC) sources, such as a power
grid, inverters or electrical generators.

® While, an electrical generator is mechanically
identical to an electric motor, but operates with a
reversed flow of power, converting mechanical

energy into electrical energy.

- Q E
D @ -
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BASIC

ELECTRICAL
MOTOR

1.5 TORQUE, SPEED AND HORSEPOWE

FUNDAMENTAL OF

* Speed, Ns — How fast? = rpm
* Torque, T — T=F x r (Work & Force) = Force x Distance = Nm

* Horse Power, HP — Accelerate. How quickly accomplish the work

— 1HP = 746W (Power) = Torque x Speed
_ HPx5252
S
T(Constant) =

T

HP 1x5252

-> Production increase
rpm?

HP 1x5252

Ns(Speed Constant) = =

-> Production increase

rpm ™xT |

HP(Constant) = 5252

HORSEPOWER ¢ TORQUE
(Speed) (Strength)

290 e

what powers big trucks hauling heavy
loads into motion

The power produced by an engine Torque, on the other hand, is the
is called its horsepower. In physics, expression of a rotational or twisting
power is defined as the rate at which force. In vehicles, the engines rotate
something does work around an axis, thus creating torque
For cars, horsepower translates into Torque can be viewed as the “strength’
speed. So, if you want to go faster and of a vehicle. It's the force that rockets
get up to speed quicker, you need a sports car from 0-60 in seconds and
more horsepower pushes you back in the seat It's also

ane L
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1.6 COMPARISON BETWEEN STAR AND
DELTA CONNECTION IN MOTOR

Star (Y)
R

* Each point same voltage (Vp=230V).

*Run 1/3 of motor rated for torque and power.

« Line voltage is root three times phase voltage (V,=3xV;).
So, Vi#V,.

*Have two different voltages system. For example, in a
230V/400V system, the voltage between any of the phase
wire and neutral wire is 230V and the voltage between any
two phases is 400V.

e Line current and Phase current are same (I,=l,).

e Total three phase Power : P =3 x Vp x I, cos (¢) or P = V3 x
V, x|, cos §).

» Often used is application which require less starting
current.

STAR A=20:q+p
R

DELTA p—_ AB
A+B+C

Delta (A)
R

«Each point receives line voltage (V,=415V).

*Run/Operate in full torque and power.

Line voltage is equal to phase voltage, V,=V,.

*Only a single voltage magnitude.

«Line current is root three times the phase current (I,=3xI,).

So, I #lp.
*Total three phase Power : P =3 x V, x |, cos (¢) or P = V3 x
V, x|, cos ¢).
* Often used is applications which require high starting
torque.
B:E»H’-FR (T—Q7R+Qﬂ—R

Q P
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ELECTRICAL
MOTOR

1.6 COMPARISON BETWEEN STAR AND
DELTA CONNECTION IN MOTOR

Example:

Convert the following Delta Resistive Network into an equivalent
Star Network.

AC  20%80

Q=_AC _20x80_,,31q
A+B+C 130
). 2 )

P 0 IURIS ST
A+B+C 130
30% 8

Rt e W e ey
A+B+C 130

Example:

Convert the following Delta Resistive Network into an equivalent
Delta Network.

QP 180150
A=""4Q+P=—" +180+150 = 780Q
R 60
RP 60x150
B +R+P +60+150 = 260Q
Q 180
L OB 180%60
C= +Q+R = +180+60 =312Q
P 150
C= 3120

}’nge b4
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Describe about an
electrical drive system,
understand and analyze

the concept of four
quadrants in motor
operations.

study the function &
application of elecrical
drives in motor system
generally.

INTRODUCTION
TO ELECTRICAL
DRIVES
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INTRODUCTION TO
ELECTRICAL
DRIVES

2.1 ELECTRICAL DRIVE

« Systems employed for motion control are called drives. Motion control is
required in industrial as well as domestic applications like transportation
system, rolling mills, paper mills, textile mills, machine tools, fans,
pumps, robots, washing machines etc.

e A drive system is basically having a mechanical load, a transmission
system and a prime mover (electric motor).

o Electric motor drives control the direction, speed, torque and other
operating function of an electric motor in addition to providing motor
protection and monitoring functions.

» Speed of an electrical machine (motor or generator) can be controlled by
the source current’s frequency as well as the applied voltage.

e Important: An electric drive is a system consisting of one or several
electric motors and of the entire electric control equipment designed to
govern the performance of these motors. (IEEE Standard Dictionary of
Electrical and Electronics Terms).

e An electrical driver can be defined as an electromechanical device for
converting electrical energy into mechanical energy to impart motion to
different machines and mechanisms for various kinds of process control.
Its functions are to turn and drive the motor according to load
requirements with respect to the desired torque or speed needed by the
user.

Rolling Mills Paper Mills Pump
Figure 2.1: Application of Electrical Drive System

?nge 7
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ELECTRICAL
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2.2 ADVANTAGES

e They have flexible control characteristics. The steady state and
dynamic characteristics of electric drives can be shaped to
satisfy the load requirements.

e Drives can be provided with automatic fault detection systems.
Programmable logic controller and computers can be employed
to automatically control the drive operations in a desired
sequence.

e They are available in wide range of torque, speed and power
(both ac and dc motor)

e They are adaptable to almost any operating conditions such as
explosive and radioactive environments

o Capable operate in all the four quadrants of speed-torque plane

e They can be started instantly and can immediately be fully
loaded

« Control gear requirement for speed control, starting and braking
is usually simple and easy to operate.

¢ No exhaust gases emitted

e Works to almost any type of environmental conditions

Conveyor Chiller Lifts

Figure 2.2: Application of Electrical Drive System

Fﬂge 1z
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INTRODUCTION TO
ELECTRICAL
DRIVES

2.3 BLOCK DIAGRAM

| Source |—. Power _.l Motor |—>| Load |
Modulator

fm———¥————u
Control  Je---mmmoomeeo e | Sensing i
Unit | Unit :

T (Input Command)
Figure 2.3: Block Diagram of Electrical Drive System

A modern variable speed electrical drive system has the following
components

1.Source

2.Power Modulator

3.Electrical machines(motor) and loads
4.Control unit5.Sensing unit

1.Electrical Sources

« The power source provides the energy to the drive system. It may be dc
or ac (single-phase or three-phase).

« Very low power drives are generally fed from single phase sources. Rest

of the drives is powered from a 3 phase source. Low and medium power

motors are fed from a 200V to 400V supply. For higher ratings, motors

may be rated at 3.3KV, 6.6KV and 11 KV. Some drives are powered

from battery.

h
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ELECTRICAL
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2.Power Modulators/Converter

» The converter interfaces the motor with the power source and
provides the motor with adjustable voltage, current and
frequency. During transient period such as starting, braking
and speed reversal, it restricts source and motor current within
permissible limits. Also the converter converts the electric
waveform into required signal that requires the motor.

Functions:

* Modulates flow of power from the source to the motor in such
a manner that motor is imparted speed-torque characteristics
required by the load.

e During transient operation, such as starting, braking and
speed reversal, it restricts source and motor currents with in
permissible limits.

e |t converts electrical energy of the source in the form of
suitable to the motor

» Selects the mode of operation of the motor (i.e.) Motoring and
Braking.

?nge 4
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Types of Power Modulators

In the electric drive system, the power modulators can be any one

of the following

» Cycloconverters (Frequency conversion)
* AC voltage controllers (AC to AC converters)

Fixed AC
Voltage/Frequency

Fixed AC Voltage

Variable AC

. CYCLOCONVERTER Voltage/Frequency

AUTO
TRANSFORMER Lower AC Voltage
(Fixed Turns Ratio)

» Controlled rectifiers (AC to DC converter)

Fixed AC
Voltage

. DIODE . Fixed
RECTIFIER Voltage DC

¢ Inverters (DC to AC converter)

Fixed DC Voltage

Fixed DC Voltage

PWM Variable AC
SEMICONDUCTOR Frequency/
INVERTER Voltage/ Current

SEMICONDUCTOR Variable DC
CHOPPER Voltage

}’Me 142
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3.Sensing Unit

Speed Sensing

Torque Sensing

Position Sensing

Current sensing and Voltage Sensing from Lines or from motor
terminals from Load

Temperature Sensing

Functions:

* Modulates flow of power from the source to the motor in such
a manner that motor is imparted speed-torque characteristics
required by the load.

e During transient operation, such as starting, braking and
speed reversal, it restricts source and motor currents with in
permissible limits.

e |t converts electrical energy of the source in the form of
suitable to the motor

» Selects the mode of operation of the motor (i.e.) Motoring and
Braking.

h

i
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4. Electrical Machines

Most commonly used electrical machines for speed control
applications are the following:

i. DC Machines

¢ Shunt, series, compound, separately excited DC motors and
switched reluctance machines.

ii. AC Machines

 Induction, wound rotor, synchronous, PM synchronous and
synchronous reluctance machines.

iii.  Special Machines

* Brush less DC motors, stepper motors, switched reluctance
motors are used.

¢ The mechanical load usually called as machinery such as flow
rates in pump, fans, robots, machine tools, trains and drills are
coupled with motor shaft.

Stepper motor Switch Reluctance Motor

Figure 2.4: Example of Special Machines

?nge 77
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5. Control Unit/Controller

Control unit for a power modulator are provided in the control unit.
It matches the motor and power converter to meet the load
requirements.

Speed-Torque Characteristic

i. DC Motor

» At constant V/f, if the speed is varied up to the base speed of
the motor, the power will vary according to P=21INT. The
motor operates in variable power or constant torque mode.

e For a speed up to the base speed, the armature voltage is
varied and the torque is maintained constant.

* Once the rated armature voltage is applied, the speed-torque
relationship follows the natural characteristic of the motor and
the power (= torque X speed) remains constant.

e As the torque demand is reduced, the speed increases.

» At a very light load, the speed could be very high and it is not
advisable to run a dc series motor without a load.

Torque Constant Torque
Region
J 1 N Constanttorque  pecreasing torque
Constant output)
Reverse Forward
i . o s Constant voltage
Generating Motoring 2 £ | Voltage proportional s -
} ' % Q to frequency ' T —
1 £ g
. 1 Speed 8 8 \
Revers_e Forward :opsta'ﬁt Torque Zonq__ constant Power Zone
\ Motoring Generating / m = o
-~
\ Constant Power Frequency (F)
R} Region Base Speed

Speed-Torque characteristic
~
Figure 2.5: Speed-Torque Characteristics of DC Motor

b
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ELECTRICAL
DRIVES

ii. Speed-Torque characteristic for AC motor

Tratod Pullout or breakdown torque

- Starting (locked-rotor)

Pullup torque

Operating

Rated torque, T, region

Rated speed ool j Spesd
Sync. speed

Figure 2.6: Speed-Torque Characteristics of AC Motor

i. Locked Rotor Torque or Starting Torque

The Locked Rotor Torque or Starting Torque is the torque develop of the
electrical motor when its starts at rest or zero speed.

e A high Starting Torque is more important for application or
machines hard to start - as positive displacement pumps, cranes
etc. Alower Starting Torque can be accepted for centrifugal fans
or pumps where the start load is low or close to zero.

e Locked rotor torque is usually stands at 1.5 T of the full load of the
motor.

e |t needs a high torque to start and rotate the motor from a
standstill condition to a rotating condition.

e As high torque is obtained, starting current is generated fo

develop the high starting torque.

?mge it
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ii.Pull-up Torque

e The Pull-up Torque is the minimum torque developed by the
electrical motor when it runs from zero to full-load speed
(before it reaches the break-down torque point)

« When the motor starts and begins to accelerate the torque in
general decrease until it reach a low point at a certain speed -
the pull-up torque - before the torque increases until it reach
the highest torque at a higher speed - the break-down torque -
point.

« The pull-up torque may be critical for applications that needs
power to go through some temporary barriers achieving the
working conditions.

iii.Break-down Torque
e The Break-down Torque is the highest torque available before

the torque decreases when the machine continues to
accelerate to the working conditions.

Fﬂge Z0
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ELECTRICAL
DRIVES

2.4 FOUR QUADRANTS IN MOTOR OPERATIONS

For multi quadrant operation of drives, it is useful to establish suitable
conventions about the signs of torque and speed.
A motor operates in two modes — Motoring and braking.
« In motoring, it converts electrical energy into mechanical energy,
which supports its motion.
« In braking, it works as a generator converting mechanical energy
into electrical energy and thus opposes the motion.
+ Motor can provide motoring and braking operations for both
forward and reverse directions.
Figure 1.8 shows the torque and speed co-ordinates for both forward
and reverse motions. Power developed by a motor is given by the
product of speed and torque. For motoring operations power
developed is positive and for braking operations power developed is

negative.
9 Speed
+
Forward Braking Forward Motoring
I '
Torque Torque
- +
i v
Reverse Motoring Reverse Braking
Speed

Figure 2.6: Four-Quadrants in Motor Operation

Fﬂge Z1
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INTRODUCTION TO
ELECTRICAL
DRIVES

2.4 FOUR QUADRANTS IN MOTOR OPERATIONS

Quadrant 1 ¢ Motor condition where the motor has positive torque and
speed.
Motor will receive electric supply from source and convert it
info mechanical energy to rotate the mechanical load.
e Rotation produced is clockwise.
e Energy convert from electrical form o mechanical form
Quadrant 2 o Motor operates at positive speed in and negative forque.
During the operation, it can act as braking or generation
Rotation produced is clockwise.
e Torque produced by the motor used to brake the forward

rotating of the motor
Quadrant 3 e Operating principle is similar to quadrant 1, the difference is
the direction of rotor rotation of is opposite to both this
quarter.
The torque and speed are negative.
o Motormovements produced are anti-clockwise.
Quadrant 4 o Motor condition where the motor has negative torque and
positive speed.

* Motor will receive electric supply from source and convert it

- into mechanical energy to rotate the mechanical load.

Rotation produced is counter clockwise/anti clockwise.

nge ZZ
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2.5 CIRCUIT DIAGRAM OF FOUR QUADRANTS

Quadrant 1

In this mode of operation, the applied voltage is positive and greater than the back emf
of the motor and therefore a paositive current flow into the motor. Motor will receive
electric supply from source and convert it into mechanical energy to rotate the
mechanical load. Since both current and voltage are positive, the power becomes
positive. And also the speed and torque are also positive in this quadrant. Therefore, the
metor rotates in forward direction.

Quadrant 2

In this mode of operation, the motor runs in forward direction and the induced emf
continues to be positive. But the supplied voltage is suddenly reduced to a value which
is less than the back emf. Hence the current (there by torque) will reverse direction. This
negative torque reverses the direction of energy flow.

Since the load torque and motor torque are in opposite direction, the combined effect
will cause to reduce the speed of the motor and hence back emf (motor emf is directly
proportional fo the speed) falls again below the applied voltage value. Both current and
voltage become positive and the motor setile down to first quadrant again. The process
by which the mechanical energy of the motor is returned to the supply is called as
regenerative braking.

Second Quadrant,

nge Z3
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2.5 CIRCUIT DIAGRAM OF FOUR QUADRANTS

Quadrant 3

This is the third quadrant operation of the motor in which both motor voltage and
current are negative. Thus the power is posifive, i.e., the power is supplied from source to
load. Due to the reverse polarity of the supply, the motor starts rotating in a
counterclockwise direction (or reverse to normal operation). The torque and speed are
negative.

The operation of this quadrant is similar to the first quadrant, but only difference is the
direction of rotation. The magnitude of voltage to the motor decides the appropriate
speedin reverse direction Motor movements produced are counterclockwise.

nge Z4
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2.5 CIRCUIT DIAGRAM OF FOUR QUADRANTS

Quadrant 4

This is the quadrani-4 mode of operation in which motor voltage is still negative and its
armature current is positive. This mode of operation is similor to the second quadrant
operation and once again the regeneration occurs whenever the back emf is more
than the negative supply voltage.

Hence the torque will be positive which opposes the load torque, thus the speed of the
motor wil be reduced during reverse operation of the motor.
‘This mode of operation is mostly used for plugging in order to stop the motor rapidly.
During plugging, the armature terminals are suddenly reversed, which causes the back
emfto force an armature current to flowin reverse direction.

Now the effective voltage across the motor becomes 2V [as V+ Eb). A braking resistor in
series with the motor has to be connected to limit this current. Braking by plugging gives
greater torque and more rapid stop, but the current drawn from the supply and energy
stored in mechanical parts must be dissipated in resistance.

}’wye ya
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2.6 APPLICATION OF FOUR QUADRANT

e Electric traction system

» Battery operated vehicles

e Lifts and cranes

e Engine test loading systems

e Spindle and tool drives in machine tools
 Auxiliary drives in robotic systems

e Position control systems

5 SN —
Mbl e —

13

i

Electric traction system Battery operated vehicles
Laser receiver Rotating Laser
I a\
I &

K
6_55 C

Position control systems - Relative Height Control

N

Figure 2.7: Application of Four-Quadrant

?nge Zb
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2.7 REVIEW QUESTION

1. Define an electrical drive in motor control

2.State THREE (3) advantages of electric drives

3.Explain the operation of DC motor in the four quadrants of the
torque-speed plane

4. Sketch and label the operation of DC motor in the four
guadrants of the torque-speed plane

5.Draw the block diagram of an electrical drive

6. Differentiate the characteristics of DC and AC drivers

2.8 CALCULATION QUESTION

1.A standard 3-phase, 10Hp, 575V, 1750 r/min, 60 Hz NEMA class
D squirrel-cage induction motor develops a torque of 110N-m at a
speed of 1440r/min. if the motor is excited at a frequency of 25Hz,
calculate the following:

a) The required voltage to maintain the same flux in the machine
b) The new speed at a torque of 110N-m

2. A 240V, 10hp, 4-pole, 50Hz, Y-connected induction machine
has a full load of 5%.

What is the synchronous speed of this motor?

hat is the rotor speed of this motor?

hat.is the rotor frequency of this motor at the rated load?
hat is the shaft torque of this motor at the rated load?

?nge Z7
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2.8 CALCULATION QUESTION

3. A three phase, 6 poles squirrel cage induction motor is rated
460V, 60 Hz produce 100Nm at 950 rpm. Calculate the required
voltage and frequency to be applied to the stator if the motor run at
2250 rpm and produce 100Nm.

4. A three phase, 4 poles squirrel cage induction motor is rated
575V, 50 Hz produce 110Nm at rotational speed 1440 rpm. If the
motor is set to new frequency at 25Hz, calculate the new speed at
25Hz.

5. A three phase, squirrel cage induction motor operates at 500V,
60 Hz produce 120Nm at 1650 rpm. Given that the synchronous
speed is 1800 rpm. Calculate the voltage and frequency required
so that the machine will run at 3200 rpm while developing a torque
of 120Nm.

Fﬂge Z8
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uccess Is not

nal, Failureis
not Fatal, ltis
the courage to
continue that
counts.
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Understand and apply
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SPEED CONTROL
OF DC MOTOR

3.1 INTRODUCTION

The DC machine is popular in a number of drive applications
due to its simple operation and control. The starting torque of
DC machines is large, which is the main reason for using it in
several traction applications.

A large number of appliances and power tools used at home,
such as circular saws and blenders, are DC machines.

The main components of the DC machine: field circuit,
armature circuit, commutator, and brushes.

DC motors have several intrinsic properties, such as can be
controlled, their ability to deliver high starting torque, near-
linear performance and widely used in applications such as
actuation, manipulation, and traction.

DC motors have drawbacks that may restrict their use in some
applications. For example, DC motors are relatively high-
maintenance machines due to their commutation mechanisms,
large and expensive compared to other motors, such as the
induction, may not be suitable for high-speed applications due
to the presence of the commutator and brushes and because
of the electrical discharging between the commutator
segments and brushes, DC machines cannot be used in clean
or explosive environments unless they are encapsulated.
Nevertheless, DC motors still hold a large share of the ASD
(adjustable speed drive) market.
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3.1 INTRODUCTION

* Newer designs of dc motors have emerged that eliminate the
mechanical commutator. E.g: Brushless DC motor.

 DC motors can be classified into four groups based on the
arrangement of their field windings. Motors in each group
exhibit distinct speed-torque characteristics and are controlled
by different means. These four groups are:

1.Separately excited machines.
2.Shunt machines.

3.Series machines.
4.Compound machines.
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3.2 DC SHUNT/SEPARATELY EXCITED MOTORS

Notes:

PJ — EJ j'd = Id“" Fy is power developed
Ty i= torque developed

where ¢ is the flux, which is almost proportional to I¢ for separately excited motors.
The constant K is dependent on design parameters such as the number of poles,
number of conductors, and number of parallel paths.

VR

wWw=—— - TJ' = 0}0 - AW Vr Rd
K 2 %d = — —_—

A “" Ko Kb

I, = wy — Aw
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3.2 DC SHUNT/SEPARATELY EXCITED MOTORS

Speed
? Load Speed
i

mo -------------------- R —— {l}ﬂ o -
P T P ——..~ .

Operating

i Operat
point Motor ¢ {:}f;:“ ing L
§ Torque 1, Camrent

(a) (b)
Figure 3.2: (a) Speed-Torque Characteristics, (b) Speed-Current
Characteristics of DC Separately Excited Motor

There are THREE (3) methods to control the speed of DC separately excited motor
by -

1. Adding resistance in armature circuit. When a resistance is inserted in the
armature circuit, the speed drop Am increases and the motor speed
decredqses.

2. Adjusting armature voltage or terminal voltage. Reducing the armature
voltage, V. of the moter reduces the motor speed.

3. Adjusting field voltage or field flux. Reducing the field voltage reduces the
flux ¢ and the motor speed increases.

Note: We cannat control the motor speed by increasing the amature or
field voltages beyond the rated value. Only voltage reduction can be
implemented
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3.3 METHOD 1: CONTROLLING SPEED BY ADDING
RESISTANCE

i.. m ¢ T Rty < Rty < Rossy

! />

R+ RM.J:

e
R+ RJJ..‘; R, + Ru.l'u'z

™~ ~

‘Torque

Figure 3.3: (a) A Setup for speed change by adding an armature resistance
in DC motor, (b) Effect of adding an armature resistance on speed

o By refering Fgure 2.3 [a), assume that the field and armature
voltages are constant.

« By referring Figure 2.3(b), at point 1, no external resistance is in the
armature circuit.

s |f a resistfance R.a1 1§ added to the armature circuit, the motor
operates at point 2, where the motor speed w2

V, R,+Ry
o
V. R,+R,y

Wy = K‘b—'19=‘mo-‘.|.'lmz
e |f the added resistance keeps increasing, the motor speed
decreases uniil the system operates at point 4, where the speed of
the motor is zero.
The operation of the drive system at point 4 is known as "holding.”
It is quite common fo operate the motor under electrical holding
conditions in applications such as robotics and actuation.

Summary: Resistance in armature circuit = When a resistance is inserted in the
armature circuit, the speed drop, As increase and the motor speed decrease

Roga TN L

?mge 3t




~OoOLiIT=IKMNil<

MALAYSIA
DET 50063-Motor Control and Drives

SPEED CONTROL
OF DC MOTOR

3.4 METHOD 2: CONTROLLING SPEED BY ADJUSTING
ARMATURE VOLTAGE

N
e
g £
™.
=

V> Vo> Vya ¥,

-
-
i s

iy

Torque

;ﬂ'-

(ar)

(b

Figure 3.4: (a) A setup for changing speed by adjusting the armature
voltage, (b) Motor characteristics when armature voltage change

This method is highly efficient and stable and is simple to implement.
A setup for changing speed by adjusting the armature voltage

The only controlled wvariable is the amature voltage of the motor,
which is depicted as an adjustable-voltage source.

MNote that we are assuming the field voltage is unchanged when the

armature voltage varies.

Electric holding can be done if the armature voliage is reduced until

Aw is equal 1o wo.

Summary: When the armature voltage, ‘v" is reduced, the noload speed @, is also

reduced and alsc motor speed reduces

v, Ngl
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3.5 METHOD 3: CONTROLLING SPEED BY ADJUSTING
FIELD VOLTAGE

(a) (b)
Figure 3.5: (a) A setup for changing speed by adjusting the field voltage, (b)
Motor characteristics when field voltage change

s The no-load speed is inversely proportional to the flux.

» ‘When motor speed is controlled by adjusting the field current, the
following considerations should be kept in mind:

1. The field voltage must not exceed the absolute maximum rating.

2. Since dc motors are relatively sensitive to variations in field voltage,
large reductions in field current may result in excessive speed.

3. Because the armature current is inversely proportional to the field
flux (I = Ta/KD), reducing the field results in an increase in the
armature curent [assuming that the load torque is unchanged).

Ssummary: Reducing the field voltage, the field curnent,lf the flux, ¢ will reduces and
the motor speed increases
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3.6 SOLID STATE CONTROL (THYRISTOR CONTROL)

Solid-state control is used for enhanced efficiency and for versatile
operation of electric drive systems. For dc machines, converters are often
used in the armature circuit 1o control the terminal voltage of the motor. In
some cases, the converter is also used to control the field voltage.

In this chapter, we will analyse the DC separately excited motor when
energized by:

 Single-Phase, Half-Wave Drives w

e Single-Phase, Ful-Wave Drives }

¢« 15t Quadrant —Type A

o 27d Quadrant - Type B

¢ 3rd Quadrant -Type C

o 4t Quadrant —-Type D

1. Single-Phase, Half Wave Drives

e The armature circuit of the motor is connected to the converter,
which is fed from an ac source. The field circuit of the motor s
excited from the ac source through a full wave rectifier circuit, which
may contain filters.

¢ The converter in this case is a simple SCR friggered by a control

circuit not shown in the figure below.
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SOLID STATE CONTROL (THYRISTOR CONTROL)

K &
:-f
i ¥
T

& . +a f; h e,
i
. L
T90 18 :\3270 joo a0 sal
% J*

" -ff \‘
%, ¥ X,

;
-
L. v-:

Angle
Figure 3.6: A Single-Phase, Half-Wave SCR Drive Waveform

Single-Phase, Full Wave Drives

The switching of the SCRs is dependent on the polarity of the source
voltage, Vs The current in[solid lines) flows when the ac waveform of
the source voltage is in the positive half-cycle, and SCRs S1 and 3z
are triggered.

Similarly, current iz (dashed lines) flows when the waveform of the
source voltage is in the negative half, and Sz and 5+ are triggered.

In either half of the cycle, the current will flow in the same direction
inside the motor. REefer Figure below.
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3.6 SOLID STATE CONTROL (THYRISTOR CONTROL)

(b)

Figure 3.7: Full-Wave Drive (a) Using Four SCR Bridge, (b) Using Two SCRs and
a Center-Tap Transformer

¢ Figure 2.7(b) shows center-tap transformer as another altermative
where two SCRs are used.

+ The secondary of the transformer should have double the voltage
rating of the motor; that is, Vi = Va2 = rated armature voltage.

s When the source voltage Vs, is in the positive half of its cycle and S1 s
triggered, i flows in the upper half of the fransformer's secondary
windings.

¢« When the source voltage is in the negative part and 5z is closed, iz
flows in the lower half of the secondary windings.

s Again, in either half of the source waveform, the armature current of
the machine is unidirectional.

s The equation of armature circuit is:

s

Vo
:_"* [cosia) — cosiB)] = ;:Eﬁ- PR, e
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3.6 SOLID STATE CONTROL (THYRISTOR CONTROL)

r

V
% [cos () = cos(B)] = 3 Kbw + R, 1
a

o tave
i

30
\\‘;

Angle

Figure 3.8: A Single-Phase, Full-Wave SCR Drive Waveform
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3.6 SOLID STATE CONTROL (THYRISTOR CONTROL)

SUMMARY OF RECTIFIER
Back EMF @ Speed Voltage, E; = Kywl;
Torque developed by the motor, Ty = Kylel, = By +T,
Armature Voltage, V, = [,R, + E; = IR, + K, 0l
n
w=—N(rpm) | In rad/sec
60
60
N= Hw(mdjsec] Inrpm
Single Phase Drive

For continuaus current, armature valtage,

Single phase half wave converter drives ([0S a s )
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3.6 SOLID STATE CONTROL (THYRISTOR CONTROL)

Single phase semi-converter drives (0% o < 7)

Von
V= ?{1 + cosa)

Single phase full converter drives

V= % cos o
4
Three Phase Drive|
Three phase drive
V-
= ML cos My
Vo= Eg
I, = R
2V
Ve= ?’" COs af
Three phase half wave converter drives (0= a £ )
33,
V= co
2m
Three phase semi converter drives
3v3V,
V= 5 (1+cosa)
Three phase full converter drives (0= a <)
33,
V= —cosa
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3.6 SOLID STATE CONTROL (THYRISTOR CONTROL)

3. Chopper

There are two control strategies employved in DC chopper

a. Time ratio control - value of TON/T is varied. This is effected in two
ways-variable frequencies operation & constant frequency
operation.

1. TOM or TOFF is kept constant

2. TON or TOFF are varied

b. Current Limit Control - the chopper is switched ON and OFF so
that the current in the load is maintfained between two limit.
When the current exceeds upper limit, the chopper switched
OFF. When the current reached lower limit, the chopper switched
OM. During the OFF pericod the load cumrrent freewheels and
decreases exponentially.

[ [

FontToerl

Constant
requency

10

Variable
Trequency

(a) Time ratio control

Ya |
W Tore ~

(b) Current limil control

Fiqure 3.9: Control Strateaies of a Chopper
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3.6 SOLID STATE CONTROL (THYRISTOR CONTROL)

I'"": .5 L D
L AT — ——00 P

o
+ | 1 +
‘ I._E"i__l

io

Vs mi Vo []LU.!.D 3\!’5 CH:F-/

| QR

O=0r

(a) (o)
Figure 2.10: Chopper Circuit — Load is DC Motor (a) Series Motor, (b) Separately Excited

Motor
Qutput Voltage and Current Waveforms Voltage and Current Waveforms

Va Tolf

Figure 3.10: Chopper Circuit — Output Waveform (a) Series Motor, (b)

Separatelv Excited Motor
Average load Voltage is given by

Vo = Tonf (Ton *Ten) * VS = (ToafT) V= AV,
Ten :ON -time
To @ Off- fime
T =Ton o= chopping period
A= T, /T =duty cycle

S0 we know that the load veltage can be confrolled by varying the duty cycle
A. equation above shows that the load voltage is independent of load curent it can
be also written as

Wy =F TV,
f=1/T = chopping frequency
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3.6 SOLID STATE CONTROL (THYRISTOR CONTROL)
SUMMARY OF CHOPPER TYPE
Type Chopper Configuration E,-l, Characteristics Function Formula/Notes
1*t Quadrant - Inductor stores energy Ve <V
(Step Down Chappar - Forward motoring (magnetic field) = charged | - Vg and I always
Chopper) R - Forward torque apply hatteries +ve

@&

+ve speed
Rectification

- 51 ON (conduct): current
flow between +ve & -ve
supply through L1.

- 51 OFF: Current drop and
L1 produce back emf to
keep constant current
flowing series to each
other. D1 forward biased,
current through load.

V, =V for s,
W, =0 for S, OFF & Dy ON

s e e Curvene Hopesiorms.

(-

. .

2™ Quadrant
Regeneration

LI

Forward braking
Reversed torque apply
-ve speed

- Inversion

Chopper, D2

- Chopper ON, V=0, Load
voltage E drives current
through L & chopper

- Lstores energy during Toy

- Chopper OFF, D forward
biased & conducting &
power start flowing to the
source.

- Vg=tve, lg=-ve, power flow
from load to source

- Step-up chopper —
Regenerative braking

V,=0fors,

W, =V, for S, OFF & Dy ON

di

Vo=E+L—

Vo>V,

dt
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3.6 SOLID STATE CONTROL (THYRISTOR CONTROL)

Two Quadrant i

Chopper C - " 8,=Vgfor S, @ D, ON ™
' Ao e,:VOfDrS;@DIUN : =T
CH2,02 | CHLFD iy = 0for S, @ Dy ON [—D-—
-ia &@ i i, <0 for S; @ D; ON .

¢

-V
Two Quadrant l  mcw -
Chopper 1. Vo V,=+Vp for 5, &5, ON = 1 l I
e i For > 05 V, = Vo for S, & S, OFF & et
" . g-ngb Dy & D, ON
o1 K " ir.J-‘;'an %
B __|_| @< 0.5
-
Four Quadrant
Chopoer Bty Chapper it Diagram Wi Loas e E Revenad
hp . 540n, 5; OFF, 5; & 5;
' - Four Quadrant Operation Operated
CHy- D, Conducs JCH, - CH, OX V, =0, I, reversible
By -0y Conducis JCH, - D, Conduses
5; ON & S; OFF, 5; &
S, Operated
o i V, <01, reversible
CH,-CH, 08 |0, - D, Conducts
CHy- 0, Conduers [CM, - D, Conduers
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3.7 CALCULATION EXAMPLE

Example 3.1:

A 150 V, dc shunt motor drives a constant-torque load at a speed of
1200 rom. The armature and field resistances are 1Q and 150Q,
respectively. The motor draws a line current of 10 A at the given load.
aQ. Calculate the resistance that should be added to the
armature circuit to reduce the speed by 50%.

b. Assume the rotational losses to be 100 W. Calculate the
efficiency of the motor without and with the added resistance.

C. Calculate the resistance that must be added to the armature
circuit to operate the motor at the holding condition.

Solution:
Given: V=150V, Ns=1200rpm, Ra=1Q, R=150Q, I=10A
Q. The resistance that should be added

I =I1-I= 10—@=9A

150

the speed equations at these two operating points are
E, = Kéw, =V - LR,
E, = Kbw, =V~ I, (R, + Ry}

iy

The armature current is constant regardless of the value of the added

. T,
sistance because I, =K—; and Tg and @ are constants. Hence, lq1 =
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3.7 CALCULATION EXAMPLE

EH] Wy L V- ‘IHR{I

E52 Wy 1y N V- Ia(Krr + Kaa,’dl}

1200 150 — 9 X 1
0.5 X 1200 150 = 9 X (1 + R,zy)

Ry, =783 Q
b. To calculate the motor efficiency, first calculate the input power
P, = VI=150 X 10 = 1500 W

i

Losses before adding armature resistance = 150 + 81 + 100 = 331 W

Losscs after adding armature resistance = 150 + 81 (1+ 7.83) + 100 = 965.23 W
Efficiency without resistance = —— — —— 100 = 77.93%

) 1500 — 963.2
Efficiency atter adding resistance = DU E(ﬁéﬁ—é 100 = 35.66%

c. To calculate the resistance to be added to the armature for the
holding operation, set the motor speed equal to zero

Ko =V = TR, + Bt = il

¥V 150
Rua= | = Ro=7g

a

— 1 =1567 1}
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3.7 CALCULATION EXAMPLE

Example 3.2:

A 150V DC shunt motor drives a constant-torque load at a speed of
1500rpom. The armature & field resistance is 2Q & 150Q respectively.
The motor draws a line current of 10A. Assume that a resistance is
added in the field circuit to reduce the field current by 20%.
Calculate the armature current, motor speed, value of the added
resistance & exira field losses.

Solution:
Given: V=150V, Ns=1500rpm, Ra=2Q, R=150Q, I=10A

150
Ia1=1*1f1=10“'15—0=9A

Since the load torque is constant,
Td = chIIdl = Kd}zIﬂz

¢

_ ¥l
I, = led‘
Assume that the flux is linearly proportional to the field current
I =if =L9= 11.25 A
@ I 08 ‘
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Notice that the armature current is increased by 25%. To calculate the
speed, consider the two equations

E, = Kbjw, =V~ LR,
Edz = Kd,m, = V — I@Rd
Or
@iy _ V—1I,R,
D, 7, a V—1I:R,
1 1500 150-—9(2)
08 n, 150—11.25(2)
M. = 1812rpm

The result is a 20.8% increase in speed.
The value of the resistance that should be inserted in the field circuit
can be calculated using Ohm's Law:

Vf: V; = If| Rf = IfZ{R}r + Rﬂdd}
(1)(150) = 0.8(150 + R,

RM'J =3750Q
The losses due to Radd are

P=1}R, = (087 X375 =24W

Note that the additional losses are small when a resistance is added
o the field circuit. Therefore, the technique is acceptable in industry
n when solid-state field control devices are available.
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3.7 CALCULATION EXAMPLE

Example 3.3:

The speed of a separately excited motor is controlled by a single
phase semiconverter in figure below. The field current, which is also
controlled by semiconverter, is set to the maximum possible value.
The AC supply voltage to the armature and field converters is single
phase, 220V, 50Hz. The armature resistance is Rq=0.25Q, the field
resistance is Ri=175Q and the motor voltage constant is Ky=0.7032V/A
rad/s. the load torque is TI=45Nm at 1000 rom. The viscous friction and
no-load losses are negligible. The inductances of the armature and
the field circuits are sufficient to make the armature and field currents
continuous and ripple free. Calculate the field current If and the
delay angle aa of the converter in the armature circuit.
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Solution:
Vs = 220V, Ra = 0.250, Rg= 1750, T, = 45 Nm, Kv = 0.7032 E

Vm =42 X Vs =v2X220 = 311.13V

1000w
T30

o = 104.72rad /s

2¥Fm
a) From equation, Vf = Tmmf, the maximum field current, It is obtained
for a delay angle of az =0 9°

2Vm 2=311.13
L'}_ = =
g T

=198.07 V

The field current is;

L= 1=2%_1134
RJr 175

b) From equation, T, = Kyl

T
Kvlg

Ia=

_ as

07032 x1.13
=56.63 A
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3.7 CALCULATION EXAMPLE

From equation, Eg = Kvwls = 0.7032 x 104.72 x 1.13 = 83.21V

From equation, Va =Rala+Eg = (0.25X56.63)+83.21
= 1416 + 83.21
=9737V

For semiconverter drives:

From equation Va = va(l +cosa,)

311.13

97.37=— (14 cosay,)

97.37 = 99.04(1 + COS a,)
0.983= 1 + COSa,

coso, = 0.983-1
o, = cos H{—0.017)
= 90.97-

}’nge $22
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3.7 CALCULATION EXAMPLE

Example 3.4:

A three-phase squirrel cage induction motor with 4 poles, 10hp, 600V,
60Hz develops a torque of 120Nm at a speed of 1500rpm. If the motor
is excited at a frequency of 30Hz, calculate

i. Stator voltage needed to maintain the same flux in the motor
i.The new speed at 120N-m torque

Solution
i. Stator voltages reduce by frequency range:

__ Frew

Vez = Fold

XVt

30
V., = — x 600
<7 &0

= 300V

i. The new speed at 120N-m torque
Synchronous speed:

120fold
) = P

120 %60
- 4

= 1800rpm
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3.7 CALCULATION EXAMPLE

Difference between speed at 120Nm and synchronous speed:
N,= N, — N,
N, = 1800 — 1500 = 300rpm
Synchronous speed at 30Hz:

120 (30)
N, = 3 = 900 rpm

New speed at 120Nm Torque:

Ny =Ny -N =

N, =900 — 300 = 600rpm
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3.7 CALCULATION EXAMPLE

Example 3.5:
A three-phase, six-pole, Y-connected, 480 V induction motor is driving
a 300 Nm constant-torque load. The motor has the following
parameters:

Ni/ No= 1, Protational =1 kW

The motoris driven by a slip energy recovery system. The triggering
angle of the dc/ac converter is adjusted to 120°. Ignore all core losses.

Verify that the power developed is 19.85kW

Solution

120 120(60
= pf= é ]=120[’lrpm

N.
n=mn; (1 + N—lcus a) = 1200(1+ 1cos120°) = 600rpm

2

ny

To compute the current in the dc link, you need to compute the output power
P and developed power Py

n 600
P, =T,.o=300 (znﬁ) =300 2n—- | = 18.85kW

where T, is the shaft rorque.

Py=P,: +Prowusiona; = 18.85kW + 1kW = 19.85kW

?nge §2.4
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3.8 REVIEW QUESTION

1. Identify THREE (3) methods of speed control for DC Separately
Excited Motor

2. State THREE (3) advantages of DC Motor

3. Explain the effect when adding resistance in controlling the
speed of DC Separately Excited Motor.

4. Sketch and label the circuit of single-phase half wave SCR drive.

5. Gives TWO (2) control strategies employed in DC chopper.

6. Construct circuit diagram of two quadrant operation of dc
motors using chopper drives and sketch the quadrant operation
of the circuit.
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3.9 CALCULATION QUESTION

1.

A 600V, DC shunt motor has armature and field resistance of
1.5Q and 600Q respectively. When the motor run unloaded,
the line current is 3A and the speed is 1000rom. Calculate
torque developed at full load armature current of 50A, the
motor speed if the load is constant-torque type when 3Q
resistance is added to the armature circuit and the motor
speed if the field is reduced by 10%.

A 180V DC shunt motor drives a constant-torque load at a
speed of 1800rpom. The armature & field resistance is 2Q and
150Q respectively. The motor draws a line current of 10A.
Assume that a resistance is added in the field circuit to reduce
the field current by 20%. Calculate armature current, motor
speed and value of the added resistance at field circuit.

A Thp, DC shunt motor is loaded by a constant torque of
10Nm. The armature resistance of the motor is 5Q, and the
field constant K¢=2.5Vsec. the motor is driven by a half-wave
SCR converter. The power source is 120V, 60Hz. The triggering
angle of the converter is 60° and the conduction period is
150°. Calculate the motor speed and the developed power.

From question no. 3., now assume that the converter is a full-
wave type. The triggering angle of the converter is 60°, and
the conduction period is 150°. Calculate the motor speed and
the developed power delivered to the load.
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CALCULATION QUESTION

A DC separately excited motor has a constant tforque load of
60Nm. The motor is driven by a full wave converter connected
to a 120V, AC supply. The field constant of the motor K¢=2.5
and the armature resistance is 2Q. Calculate the triggering
angle, a for the motor to operate at 200rom. The motor
current is continuous.

A 600V, DC Shunt motor has armature and field resistance of

1.5Q and 600Q respectively. When the motor runs unloaded,

the line current is 3A and the speed is 1000rpm.

a. Calculate motor speed when the load draws an armature
current of 30A

b. If the load is constant-torque type, what is the motor speed
when 3Q resistance is added to the armature circuite

c. Calculate the motor speed if the field is reduced by 10%.

A DC shunt motor drives a centrifugal pump at a speed of
1000rom when the terminal voltage and line currents are 200V
and 50A, respectively. The armature and field resistances are
0.1Q and 100Q respectively.

a. Design a starting resistance for a maximum starting current
of 120A in the armature circuit

b. What resistance should be added to the armature circuit to
reduce the speed to 800rpm?2

c. If the terminal voltage is reduced by 25%, what is the speed
of the motor?e
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3.9 CALCULATION QUESTION

8. A 150V, DC shunt motor drives a constant-torque load at a
speed of 1500rom. The armature and field resistances are 20
and 1500, respectively. The motor draws a line current of 10A
at the given load.
a.Calculate the resistance that should be added to the
armature circuit to reduce the speed by 50%.

b.Assume the rotational losses to be 100W. calculate the
efficiency of the motor without and with the added
resistance.

c.Calculate the resistance that must be added to the
armature circuit to operate the motor at the holding
condition

9. A Thp, DC shunt motor is loaded by a constant torque of
20Nm. The armature resistance of the motor is 4Q, and the
field constant K¢=2.5Vsec. the motor is driven by a full-wave
SCR converter. The power source is 200V, 60Hz. The triggering
angle of the converter is 60° and the conduction period is
150°. Calculate the motor speed and the developed power.
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3.9 CALCULATION QUESTION

10.A 240V DC shunt motor has an armature resistance of 0.2Q.
when the armature current is 40A, the speed is 1000rpm. (Q)
Find additional resistance, Rqada tO be connected in series with
armature to reduce the speed to 600rom. Assume the
armature current remains the same. (b) If the current
decreases to 20A (with resistance Raga connected) find the
new speed of the motor.

11.A 300V DC Shunt motor runs at 1600rom when taking an
armature current of 40A. The armature resistance is 0.5Q. it is
required to:

(a)Calculate the speed when a resistance is inserted in the field
circuit as to reduce the flux to 60% of its nominal value (flux
weakening)

(b) Calculate the speed when the field resistance is decrease to a
value such that the flux is increases to 120% of its nominal
value.

Assume that the armature current remains constant in both
cases.
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4.1 INTRODUCTION

driven by an alternating current
(AC). The AC motor commonly
consists of two basic parts, an
outside stator having coils S
supplied with alternating current l\:‘gTU;R
to produce a rotating magnetic

field, and an inside rotfor
aftached to the oufput shaft
producing a second rotatfing

INDUCTIONERILT{CY L EHY
\OI81:88 « Three Phase

> An AC motor is an electric motor {

magnetic  field. The  rotor
magnetic field may be produced by permanent magnets,
reluctance saliency, or DC or AC electrical windings.

» The two main types of AC motors are induction motors and
synchronous motors.

» The induction motor (or asynchronous motor) always relies on a small
difference in speed between the stator rotating magnetic field and
the rotor shaft speed called slip to induce rotor current in the rotor
AC winding. As a result, the induction motor cannot produce torque
near synchronous speed where induction (or slip) is irrelevant or
ceases to exist.

» In conftrast, the synchronous motor does not rely on slip-induction for
operation and uses either permanent magnets, salient poles (having
projected magnetic poles), or an independently excited rotor
winding. The synchronous motor produces its rated torque at exactly
synchronous speed.
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Introduction to Synchronous Motor

i - nmotor

Constru

Construction Ii simpler , particularly in
case of cage rotor

Not self starting Self starting
Separate DC source is required for rotor Rotor gets excited by the induced e.m.f so
excitation separate source is not necessary

The speed is always synchronous
irrespective of the load

The speed is always less than
synchronous but never synchronous

Speed control is not possible

Speed control is possible though difficult

As load increases, load angle increases,
keeping speed tant at synch

AS load incr , the speed keeps on
decreasing

By changing excitation , the motor p.f can
be changed from lagging and leading

It always operates at lagging p.f and p.f
control is not possible

and hunting resuits

It can be used as synchronous condenser it can not be d as synchr
for p.f improvement condenser
Motor is itive to sudden load changes

Phenomenon of hunting is absent

Motor is costly and requires frequent
maintenance

Motor is cheap , especially cage rotors and
maintenance free
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4.2 |INDUCTION MOTOR (IM)

> About 65% of the electric energy in the United States is consumed by
electric motors. In the industrial sector alone, about 75% of the total
energy is consumed by motors, and over 90% of them are induction
machines.

» The main reasons for the popularity of the induction machines are
that they are rugged, reliable, easy to maintain, and relatively
inexpensive.

> Their power densities (output power to weight) are higher than those
for DC motors.

", = ELQ[: lZOj—frpm
bp r
» The difference between the rotor speed (n or w) and the
synchronous speed (ns or ws) is known as the slip, s

An Aw w,—n w —w

n ¥ m.F ﬂ.‘i m.&‘

> IM requires variable-frequency power electronic drive for optimal
speed conftrol — our topic

> IM will always run at a speed lower than synchronous speed. NS>NR
- Speed fall magnetic field produces an induces voltage in rotor
winding

Three phase AC current pass into the stator produce rotating
magneting field, current will be induces in the bar of squirrel cage
d rotor starting rotated, electricity induced on a rotor
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4.2 INDUCTION MOTOR (IM)

Eddy current minimum: Slip = (Ns—N&)/Ns
Ns a F, when frequency (f) is increase, synchronous speed(Ns) will
increase and rotor speed(Ng).

IM use method Pulse width modulation (PWM) and Pulse Width
Controller (PWC) to control their signal that send to motor as @
driver.

PWM -> method to control output voltage without disturbance by
using AC motor conftrol. Convert digital signal to analog output
voltage.

PWC > method to change pulse width. One multiviorator and
amplifier used. Control the width of a pulse signal.

Thyristor circuit: thyristor switching circuits to control much larger
loads like lamps, motor, heaters etc
How to turn on thyristor2 By inject a small trigger pulse of current (not
continuous current - us) into the gate (G) terminal when the thyristor
forward direction, Anode (A) is positive respect to the Cathode (K),
for regenerative latching to occur.

When thyristor start conduct it confinuous to conduct even no gate
signal until the anode current decrease below the devices holding
current (IH) = auto turn off.

Thyristor cannot be used for amplification @ controlled switching.
Thyristor used for high power switching application that operate
only in the switching mode.

While stator voltage control is method used to control speed of IM.

The speed of three phase IM can be varied by varying the supply

oltage
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4.2 INDUCTION MOTOR (IM)

» The torque developed is proportional to the square of the supply
voltage and the slip at the maximum torque is independent of the
supply voltage

» The variation in the supply voltage foes do not alter the synchronous
speed (Ns) of the motor.

(b)
Figure 4.2: (a) Clrcmt for IM, (b) Equivalent Circuit for IM with the circle is represent
the load of the motor, which includes the mechanical and rotational loads
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4.3 SPEED CONTROL METHOD OF INDUCTION MOTOR

» Starting torque slightly higher than its full-load torgque, motor start
carrying any load it can supply at full load. Torque of the motor for a
given slip varies at the square of the applied voltage.

¥ If rotor is driven faster than Ns 2 run as generator (mechanical 2
electrical)

» By vary supplying voltage, speed can be confrolled. The voltage is
varied uniil the torque required by the load is developed at the
desired speed. The torgue developed is proportional to the square of
the supply voltage and the current is proportional to the voltage.

» There are FOUR (4) methods to control the speed of induction motor
by -

By connecting an extemnal resistance in the stator circuit of the motor

1.
2. Using auto fransformer
3. Using a thyristor voltage confroller
4. TRIAC controller
¥ Here, the simplified for each part of IM to controlling the speed: -

* Add an external resistance into * By changing the supply voltage
rotor side circuit of the motor

* Applying cascade connection: * Changing the stator pole number
thyristor circuit of the motor

* Injecting e.m.f into rotor side * Changing the frequency of the
circuit of the motor supply side of the motor

* Slip Energy Recovery (SER)
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4.4 POWER FLOW OF INDUCTION MOTOR

Detailed power flow of the induction motor
Input power (P, )
| =311 cosh,
Stator losses: Airgap { ¥ . R
Copper losses (P, ) power (Py) Pur=317R) Pg=3 (I 82=T,n,
ﬁ- R-\.
Rotor copper

Developed
losses (P, 5] power (Py)

g
Paa=3 (3P Ry=sP,  Py=3ilyR {10
{ i Pll-s=Ti0

Rotational Cutput

losses (Pryysionad ) power (P, ) l

rolmm-i

The motor efficiency 7 is

out

X 100%

in
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4.5 CONTROLLING SPEED BY ADJUSTING THE

STATOR VOLTAGE

¥ Several techniques can be used to change the stator voltage of the
motor.

» One of them is using SCR connecied back to back as shown in Figure
3.3. The circuit configuration of phase control is o full wave.

* In this circuit, the induction motoris connected to a three-phase supply
voltage via back-to-back SCR pairs.

* For each phase, one SCR conducts the current in one direction (from
the source to the motor), and the other SCR conducts the cumrent in the
second half of the cycle (from motor to source).

» If the friggering of these SCRs is controlled, the voltage across the stator

terminals can change from zero to almost full voltage.
» As seen in eqguation below, the torque of the motor is proportional fo
the square of its stator voltage.

P vy,

Ty .
@ 5m,[(R| + %2}2 + Xf?]

» For the same slip and frequency, a small change in motor voltage
results in a relatively large change in torque.

» A 10% reduction in voltage causes a 19% reduction in developed

torque as well as the starting and maximum torques.

The figure 3.4 shows two curves for two different values of the stator

voltage. (Note that the slip at the maxinmum torque remains unchanged

since it is not a function of voltage).

For normal operation in the linear region, the figure shows that the

motor speed can be modestly changed when the voltage is altered.

However, a wide range of speed control cannot be accomplished by

this technique.

NMevertheleass, it is an excellent method for reducing starting current and

increasing efficiency during light loading conditions.

The starting current is reduced since it is directly proporfional to the

stator voltage.

The losses are reduced, particularly core losses, which are proportional

to the square of the voltage.

A

L A A A
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4.5 CONTROLLING SPEED BY ADJUSTING THE
STATOR VOLTAGE

-
E] Three-phase
indot
molor
Thyristor voltage
controller
(a) (b)
Figure 4.3: Three Phase AC Voltage Controller Circuits (a) Delta Connection, (b) Star
Connection
Impact of voltage on motor speed
Speed
] Load <y,

v, FKeep in mind that the terminal
voltage cannot exceed the
rated wvalue to prevent the

1 domage of the windings

insulation. Thus, this technique is

only suitable for speed reduction
below the rated speed.

Toraue

Figure 4.4: Speed-Torque Characteristics — Impact of Voltage on Motor Speed

Ssummary: Adjusting Stator Voltage = the motor speed decrease, Torque
decrease, Starting Current, I'z and the efficiency is increses

V.l Ng!l
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4.6 CONTROLLING SPEED BY ADJUSTING THE
SUPPLY FREQUENCY

» In steady state, the induction motor operates in the small-slip region,
where the speed of the motoris always close to the synchronous speed
of the rotating flux.

» 3Since the synchronous speed is directly proportional to the frequency
of the stator voltage, any change in frequency resulfs in an equivalent

change in motor speed.
", = :I2'C|'I
P

# The effect of frequency on motor current is given

» Frequency manipulation appears to be an effective method for speed
control that requires a simple dc/ac converter with variable switching

intervals.
impact of frequency on motor
. current
| Speed
o o Kjﬁ o~@ ' L hehoh

b
—_— g —§ —§¢

YeRYeRie:

() (b)

Figure 4.5: (a) Inverter Circuit (b) Speed-Torque Characteristics — Impact of
Voltage on Motor Speed
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4.7 CONTROLLING SPEED BY ADJUSTING THE
VOLTAGE/FREQUENCY CONTROL

» The change in voltage and frequency is a powerful method for speed
control. Refer Figure 3.6.

» Note that both frequency and voltage can change simultaneously by
the pulse-width modulation technigue.

» This type of control is common for induction motors. There are several
variations where the v/f ratio is also adjusted to provide a special
operating performance.

» The most common method, though, is the fixed v/f ratio.

> Itis clear that when the v/f ratio is constant, the maximum torgue is

unchanged.
Speed-current characteristics for Speed-torque characteristics for
fixed v/F ratio fixed v/f ratio
Speed fisfosfs Speed

n'ffu L5 fishashy

——

Current anquc-_

(a) (b)

Figure 4.6: (a) Speed-Current Characteristics — Impact of Frequency Change on Motor
Speed, (b) Speed-Torque Characteristics — Impact of Frequency Change on Motor Speed
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8 SLIP ENERGY RECOVERY (SER)

Most of the input electric power Pin is converted 1o mechanical power
Pout to support the load.

Howewver, part of Pin is lost in the resistive element of the stator circuit
Peur. Refer Figure 3.7.

The rest is power tfransmitted to the rotor via the air gap Pg.

At high speeds, most of Pg is converted to mechanical developed
power Pa =(1-5)Pg

The rest is known as the slip power. Slip power is an electrical power
dissipated in the rotor resistance in the form of rotor copper losses Peuz.
Slip power Ps, can be substantial at low speeds.

Input power (P, ) P
‘-_l_‘ | l_I
Stator losses: Airgap i A
Copper losses (P ) power () |

. I
Core losses (P ) | ' [ ,l_ - _}l
Rotor copper Developed - _l_|
lD!.i - F""“l”Pé:' ne Py=Puxil

Rotational COhutput ’ Py Pese
losses (Pggriong ) power (P ) |

Figure 4.7: Power Flow for Induction Motor — SER increase the efficiency

When aresistance in the rotor circuit is used to reduce the motorspeed,
the efficiency of the motor is substantially reduced.

The speed reduction is due to the exira power dissipated in the rotor
circuit, which results in less mechanical power for the load.

We can still use this principle to reduce the motor speed, but instead of
dissipating the extra power in the rotor resistance, we send it back o
the source.

This method is known as Slip Energy Recowvery (SER) or Stafic Scherbius
Drive,
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4.8 SLIP ENERGY RECOVERY (SER)

VY OVY VY YY A A

In the rotor resistance control method, the slip power in the rotor circuit
is wasted as I2R losses during the low-speed operation.

The efficiency is also reduced.

The slip power from the rotor circuit can be recovered and fed back to
the AC source to utilize it outside the motor.

Thus, the overall efficiency of the drive system can be increased.

SER recovered by adding variable voltage source in rotor of 1M
Yariable source will absorb the slip power and send back to AC supply
SER provide speed control of 1M

By varying magnitude of the variable voltage source = can confrol
current, torgue & slip of the rotor

I2R losses decrease by confrol rotor resistance

SER consist of 4 main components/block. Refer Figure 3.8.

Three Phase Supply

Recovery
Power Flow in Motoring and Generating Mode | Transformer

WRIM - -
Source Side

DC Link Converter
Bndge

Speed

Rotor Side
Converter
Bridge

Figure 4.8: Block Diagram for SER
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4.8 SLIP ENERGY RECOVERY (SER)

- * Connect to rotor. Convert AC = DC and
Rectifier force power flow away from winding

Reactor * Smoothen the current

* Phase controlled = inversion mode

Converter convert DC = AC

¢ Improve power factor. Power absorb by
the rectifier send back to supply

Transformer

Hy

2,
Ok r“v’W‘\

_"%T“EE &F*ﬁ ﬁf fgt ﬁzq,

ac/de @ defac

L

Figure 4.9: Circuit Diagram for SER
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4.8 SLIP ENERGY RECOVERY (SER)

>

The three-phase supply is a constant voltage source, Vs is sinusoidal with
fixed peak value. Hence, a change in the friggering angle of the SCRs
changes the average value of Vi.

Because the balance between Vi and V2 is always maintained in the
loop of the dc link, V2 must also change.

When Vz changes, the rotor voltage er on the input side of the diode
will change accordingly.

er is a function of the motor speed.

er is a function of the motor speed and Ez is the rotor voltage at
standstill, which is constant. If we ignore the voltage drop of the stator
windings, Ezis constant when the stator voltage is maintained constant.
And finally, the new speed for SER can be found as:

1 + 'h\l] \
N L Rh
; .’\'3 ol

And the current of the motor:

I="kv,

Where K is:
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4.8 SLIP ENERGY RECOVERY (SER)

>

YWs rms line-to-line voltage, M1 and Nz are the number of furns of the
stator and rotor windings, respectively and « is the triggering angle of
the dc/ac converter, measured from the zero crossing of the line-to-
line voltage.

It is shows that by adjusting the triggering angle of the dc/ac
converter can control the speed of the machine.

The range of ais from /2 to 1. In this range, the IM operates as a
motor where the speed is less than the synchronous speed.

With SER, the slip power is divided into the copper losses of the rotor
and the recovery power Pr.

The recovery power is injected back to the source.

Thus, the actual power delivered by the source is the input power
required by the motor minus Pe.
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4.9 SUMMARY

FORMULA FOR CHAPTER 3 (SUMMARY)

120
Synchronous Speed, N, = Tf Where f = frequency & P = No.of Poles

Motor Speed at full load,n = N,(1 — 5) where S is 5lip of the motor

P; V35§ V'R,
Torque Developed, T; = — = T e
w R
(m+55) ”“2]

CI.I_E'R 2 S
5

Where,

Vv = Voltage Line-fo-Line

5 =3lip

ws =Synchronous Speed in
rad/s

R'z = Rotor Resistance

R: = Stator Resisfance

Pg= Power Developed
Xeq = Reactance

P~= Power Developed

Vis5(1-15)

RF
Power Developed, Py = P,y + Prorarionar = Taw = R’ = B(I'szTz(l —5)

Pz'n = Pd + Pwind:'ng + P:’.‘GT‘G
Pwind:'n_g = E:':.: + Pr:uz = 3(IIZ)2(R1 + RIZ}

PI'.'.IHE'

Motor ef ficiency, 1 = * 100%

n

Ng — Ng

Slip,5 =
P N
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4.9 SUMMARY

V2 Ve
2 v 2 2L w ]
2w (Ry + |Ry +an} 2{50@5){6{]}{”]

v

Maximum Torque, T 0. =

Motor Starting Current, ['s,, =

J(Ri + RIZ}Z + X&qz

3(1'5..)° R
Starting Torque, Ty = w
m.?

|4

R\ Ly 2
J(r+53) 4 x,
Rotor Voltage (SER), e, = sE;

Motor Current,I'; =

Rotor veltage at standstill, E, = Fz (Vs)
1

Ry

JRIE +X.,°

Maximum Slip, Spar =
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4.9 CALCULATION EXAMPLE
Example 4.1:

(a) Discuss the effect of the speed confrol by adjusting stater voltage
method on AC motor speed with the aid of speed-torque curve.

Solution:
Impact of voltage on motor speed
Speed
& ! Load 1."’3 - vl
i v,
Torque

« By vary supplying voltage, speed can be confrolled. The voltage is
varied until the torgue required by the load is developed at the
desired speed. The torque developed is proportional to the square of
the supply voltage and the slip af maximum torgue is independent of
the supply voltage (torque remains unchanged).

» Motor speed change when the voltage is altered

o Starfing current reduced since it is directly proportional to the stator
voltage.

s ‘While losses are reduced [core losses proportional 1o the square of the
voltage)

s« Synchronous speed directly proportional fo the frequency of the
stator voltage, any change in frequency will change in mofor speed.
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4.9 CALCULATION EXAMPLE

(b) For the principle of SER, draw the power flow chart of IM under energy
recovery

Power flow chart of induction moter under energy recovery

L
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Example 4.2:

A 480V, 2-pole, 60Hz, ¥ connected IM has an inductive reactance of 40 and
a stator resistance of 0.2Q0. The rotor resistance referred to the statoris 0.3Q.
The motoris driving a constant-torgue load of 80Nm at a speed of 3500 rpm.
Assume that this torque includes to rotational components.
i)  Compute the maximum frequency of the supply voltage that would
not result in starting the motor
i) Calculate the motor current at 40Hz and at the maximum frequency
i) Calculate the power delivered to the load at 60Hz and at the maximum
frequency
iv) Compute the motor speed and starting current it the frequency is
decreased to 50Hz

Solution:

i) Maximum frequency of the supply voltage

Step 1: Calculate synchronous speed of the motorin rpm &
rad/sec

120f 120(60)
5‘ = = =

= 3600rpm
P 2
2m 2
w, = ENE = 53600 rad fsec

?nge b4
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Step 2: Calculate frequency from Torque Developed (Ta) formula

|4 i
Tma.r = = f f
ZWS(RI + ||R12 + quz) Z(Ems)(mxeq)
480°
Tar = Tq = 60nm = 7 3600 F

~ f=67.7Hz
Note: The increase in frequency should not exceed 67.7Hz

i) Motor Current
Step 1: Calculate Slip, 5

n, —mn, 3600 — 3500

At 60Hz, S = = = 0.0277
ng 3600
Step 2: Calculate moteor current, 12
Vv
', = -
R'5 2
J(Rl + T) + ng
480
', = V3 = 23.624

J(u.z T %)Z 142

Step 3: Calculate new eguivalent reactance, Xeq at maximum
frequency, = &/7.7Hz

67.7
eq — ﬁ (quuid) = E (4j = 4.51

?nge 57
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Step 4: Calculate new maximum Slip, Smax

Rrg 0.3
Smaxr = = = 0.0665
4|R1’+qu3 +0.2T+4.51%

Step 5: Calculate new speed
N, = %(1 — S,..) =120 (?) (1 — 0.0665) = 3792rpm

Step &: Calculate the current at the new frequency
480

V3

J(oz + 00665) + 4512

iii) The developed power at 80Hz is

= 42.54

3500
Py = Tyw = 60 X 2m X —_— = 22kW
Ab &67.7Hz,

3792
Py = Tyw = 60 X 2 X = 23.83kW

The increase of power developed is about 8.3%

iv] Mew Synchronous Speed, Nsrew and Starting Current if the
frequency is decreased to 50Hz

Step 1: Calculate new speed when f=50Hz

Ns = 12p0f (1 _Smax} = 12{}(6:_.?)(1 - 0'0665} = 3?92?";3?‘]‘1

120(50)

Ns = = 3000rpm
Inrad/sec
2w 2m

g = —MN, = —3000 = 314.16 rad/sec
60 60

?nge 20
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Step 2: Calculate new slip, S from Torque Developed, T4
Vs

wsR's

_ 480°s

0= 314.16(0.3)
. 5 =0.0245

T; =

Step 3: Calculate new speed when consider slip (at full load)
Ns = 3000(1 — 0.0245) = 2926.5rpm (increase 19%)

Step 4: Calculate motor starting current, 'z
v

J(Rl + R;zjz + quz

I —
‘Izst_

At 60Hz

At 50Hz

= 82.214

'y =
28t )
2 =Y a2
JU.E +(254%)

Note: 20% increase in the starting current. Note, if f decrease,
Ns decrease and Starting Currents, I'zst will increase.

?nge '
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Example 4.3:

A 209V, three phase, sik-pole, Y-connected induction motor has the
following parameters:

R1=0.1280 R'z= 0.09350Q Xeq= 0.4902
The motor slip at full load is 2%. Calculate the following:
a. Starting current [ignore the magnetizing current)
b. Full load current
c. Starting Torque
d. Maximum torque
e. Motor Efficiency (ignore rotational and core losses)

Solution:

a) Motor starting current, I';.,
vV

J(Ri + erjz + quz

I —_
-'r.?.st_

209
I'se = V3 = 224464
J(0.128 + 0.0935)2 + 0.497
b) Motor current, I', at full load
v
Irz = 3
R'Z 2
J(Rl + T) + qu
209
', = V3 =254
0.0935. . 5
J(O.lEB-I— 003 ). T 049

?nge 2z
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c) Starting Torque, Tst

Step 1: Calculate synchronous speed of the motor in rpm &
rad/sec. Assume f=60Hz

120f 120(60)
5‘ = =
p 6

= 1200rpm

2m 2w
w, = —N, = —1200 = 125.66rad/sec
60 60

Step 2: Calculate Tst

_ 3(I'2)°R'; _ 3(224.46)7(0.0935)

= 112.46N
st o, 125.66 m
d) Maximum Torque, Tmax
v 209°
Fma = [ ~ 3(125.66)(0.128 J(0.1287 +0.497
2w,(R1+ [R*+ X7 (125.66)(0.128 + /(0. +049%)
= 273.95Nm

?nge 75
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g] Motor Efficiency, n

Step 1: Calculate Power Developed, Td
_V?S(1-5)  209°(0.02)(1 - 0.02)

: = 9157W
R, 0.0935

d

Step 2: Calculate Losses, Puwinding
Pyinging = 3(I'2)*(Ry + R';) = 3(25)%(0.128 + 0.0935) = 415.3W

Step 3: Calculate Input Power, Pin
Pi, = Py + Pyinging = 9157 + 415.3 = 9572.3W
Step 4: Calculate Qutput Power, Pout

Pout = Pd + Prar:::tinn::i = 9157 +0= 9157W

Step &: Calculate motor efficiency, n

P-uut

9157
X 100% =

X 100% = 96%
Pin 9572.3

"r'l:

?nge 74
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Example 4.4:

A three-phase, 480V, six-pole, Y-connected, 60Hz, 10kW, 1150rpm induction
motor is driving a constant-torque load of 40NmM. The parameters of the
motor are:

R1=0.40 R'2=0.50 Xeq= 40) e

Nz
Calculate the following:
a. Motor torque
b. Motor current
c. Starting Torque
d. Starting Current

Solution:
a) Mator Torque, T

Step 1: Calculate synchronous speed of the motor in rpm & rad/sec

120 120(60
= Pf = é ) = 1200rpm

2w 21

w, =—N, = 50 1200 = 125.66 rad/sec

Step 2: Calculate Motor Torque Developed(Ta)

o v _ v
e 2 4 z(iw )(LX )
zws(RI. + Rl +Xaq ) B0 7 607 g
4807
Tma.r = Td =

60 60
2(gg 125.66)(g54)

#T; =229.19Nm

?nqe 75
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b) Motor Current, ',
Step 1: Calculate Slip, S

n,—n, 1200— 1150
n, 1200

Step 2: Calculate motor current, 12
%4

[y

480

V3

I', = = 21.284

0.5 *
J(‘H + 0.341?) + 4
c) Starting Torque, Tst

At 60Hz, § = = 0.0417

!;2 =

Step 1: Calculate Motor Starting Current, I',.,
v

I —
‘rZs.t—

J(Rl + erjz + Xﬂ'qz

480
- V3
(04 +05) + 42
Step 2: Calculate Tst

= 67.594

_ 3(I';)’R'; _ 3(67.59)%(0.5)
st w, ~ 125.66

= 54.53Nm

?nge 2%
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Example 4.5:

A 480V, three phase, 60Hz, six-pole, Y-connected induction motor has the
following parameters:

R1=0.20) R'2=0.10Q Xeg= 50
The load of the motor is a drilling machine. At 1150 rpm, the load torque is
150Nm. The motor is driven by a constant v/f technique. When the
frequency of the supply voltage is reduced fo 50Hz, calculate the following:
a. Motor speed
b. Maximum torque at 60Hz and 50Hz
c. Motor current at 50Hz

Solution:
a) Motor Speed, Ns

Step 1: Calculate synchronous speed of the motor in rom & rad/sec

For f = 60Hz
Ns — 120f 120(60) 120
5= P P = Orpm
2m 2m
w, =—N, =—1200 = 125.66 rad /sec
60 a0
For f=50Hz
Ns = 120f _ 120(50) _ 100
5= P P = Orpm
2m 2m
w, = —N, =—1000 = 104.72 rad /sec
60 60

?nqe 7
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b) rMaximum torque, Tmox

Step 1: Calculate Motor Torque Developed|(Ta) for T = 60Hz
Ve w2

2 By il

Zew, (R, + (R, +Xx..7) 2(ggws=)gg~eq)

48032

60 60
2(25 125.66)(gg 5)

Tmax

Tmax = Ta =

~ Ty = 183.35Nm
Step 2: Calculate Motor Torque Developed|(Ta) for f = 50Hz

T _ v _ v
e 2 z Z(Lw )(LX 3
zws(Rl + [RyT+ Xeq' ) ad =S a0 T ET
4807
Tmax = Td =

- ,,50 50
Z(E 104.?2)(@ 5)

W Ty = 316.82ZNm
c) Motor Current at 50Hz

Step 1: Calculate Slip, S

n, —n, 1150 — 1000

At S0H=z, 8§ = = 0.13
1, 1150
Step 2: Calculate motor current, 1'2
%4
' = —
R's 2
J(Rl +55) X,
450
', = V'3 2 = 54.57A4
0.1 -
J(o.z +5i3) *5

?nge 75
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410 REVIEW QUESTION

W h

Ln

Identify THREE (3) methods of speed control for Induction Motor
State THREE (3) advantages of AC Motor

Explain the effect for v/f technigue in controlling the speed of AC
Induction Motor.

Sketch and label the circuit of Slip Energy Recovery [SER).

Explain the block diagram of SER.

Pﬂga 77
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4.11 CALCULATION QUESTIONS

1. A 209V, three phase, six-pole, Y-connected induction motor has the
following parameters:

R1=0.251Q R'==0.0911Q Xeq= 0.530
The motor slip atf full load is 1%. Calculate the following:
a. Starfing current [ignore the magnetizing curent)
b. Full load current
c. Starting Torque
d. Maximum torque
e. Motor Efficiency (ignore rotational and core losses)

2. A three-phase, 480V, six-pole, Y-connected, &60Hz, 10kW, 1150rpm
induction motor is driving a constani-torque load of 40Nm. The parameters
of the motor are:

R1=0.80 R'2= 0.50 Xeq= 60 % =3

Calculate the following:
a. Motor forque

b. Motor current

c. Starfing Torque

d. Starting Current

Page 100
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3. A 480V, three phase, 60Hz, si-pole, Y-connected induction motor has the
following parameters:

R1=0.40 R'2=0.20 Keg= 0Q)
The load of the motor is a drilling machine. At 1200 rpm, the load torque is
200Mm. The motor is driven by a constant v/f technigue. When the
frequency of the supply voltage is reduced to 40Hz, calculate the following:
a. Motor speed
b. Maximum torque at 60Hz and 40Hz
c. Motor current at 40Hz

4. A three-phase, four pole, Y-connected, 480V induction motor is driving a
400Nm constant-torque load. The motor has the following parameter

Protational =1kKW e 1

Ny

The motor is driven by a Slip-Energy-Recovery system. The triggering angle
of the dc/ac converter is adjusted to 120°, Calculate the following:

a. Motor Speed

b. Current in dc link

c. Rotor rms current

d. Stator rms current

e. Power retumed back to the source

5. A three-phase, 60Hz, Y-connected, 480V induction motor rotates at
3500rpm at full load. The motor is driven by a Slip-Energy-Recovery system.
Calculate the friggering angle for a motor speed of 2800rom. Assume the
turns rafio is equal fo 1.

?nqe 107
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