
Ca r d if f
U N I V E R S I T Y

P R I F Y S G O L

C a eRDY|§>

BINDING SERVICES 
Tel +44 (0)29 2087 4949 
Fax+44 (0)29 2037 1921 

E-Mail Bindery@Cardiff.ac.uk

mailto:Bindery@Cardiff.ac.uk




T R IT S f t  * W W c f l  c l l c d lv j i l  J R T g uT

D e d i c a t e d  t o  m y  G r a n d f a t h e r  
T h e  L a t e  M r  W a m a n  R a o  D e s h m u k h

a n d

D E S H M U K H  FA M IL Y



UMI Number: U584903

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

Dissertation Publishing

UMI U584903
Published by ProQuest LLC 2013. Copyright in the Dissertation held by the Author.

Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against 

unauthorized copying under Title 17, United States Code.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



Voltage Harmonics Analysis and Efficiency of 

Three-Phase Induction Motor with change in Coil 

Pitch of the Stator Winding

By
Ram Raghotham Rao Deshmukh

A thesis submitted to Cardiff University in 

candidature for the degree of Doctor of Philosophy

October, 2006 

Wolfson Centre for Magnetics 

Cardiff School of Engineering 

Cardiff University



ACKNOWLEDGEMENTS

The work was carried out at Wolfson Centre for Magnetic, Cardiff School of 

Engineering, Cardiff University. First of all, I express special thanks to Professor A. J. 

Moses who originated and supervised this research project and gave advice and 

guidance that significantly contributed to the realisation of this work.

I would like to thank Dr. F. J. Anayi for his contribution to this research project as 

being a second supervisor.

A grateful thanks is offered to Professor P. Beckley who gave the stimulation and 

assistance to enhance part of this work. Also thanks are offered to the members of 

Wolfson Centre, especially Dr. F. Al-Naemi for the help throughout this project. I 

would also like to thank Eur. Phys. Paul Bartlett for his inputs during the project.

I should also like to thank Cardiff School of Engineering for the financial support 

during this works.

Firfally, my greatest thanks go to my family specially my father, Mr Raghotham Rao, 

mother, Mrs Smitha Deshmukh and my siblings Mrs Seema Deshpande, Mr Yogesh 

Deshmukh, Dr Sonali Kulkami, Dr Prasad Deshmukh, Mr Abhishek Deshmukh and 

Mr Anuj Deshmukh who have endured patiently with me during this work. I would 

also like to thank my uncles and aunts Mr Ulhas Rao Deshmukh, Mrs Shailaja 

Deshmukh, Mr Venkatrao Deshmukh, Mrs Manjusha Deshmukh and my grandmother 

Ms Kishori Bai Deshmukh for their blessings and support during my work. Last but 

not the least I would like to thank my friends Miss Pooja Mujumdar and Mr Rao 

Martand Singh for their moral support during this work.



SUMMARY

Variable speed drives employing induction motors have been widely used in industry 

for decades. Today there is a continually increasing demand for more precise and 

flexible speed control usually with close attention to energy efficiency. The inverter is 

used because of its reliability, flexibility and relatively low cost. However its output

a.c. voltage is not sinusoidal so the core losses in the induction motors consequently 

increase. This research is centred on the design and testing of the stator winding 

configuration of three phase induction motors with various coil pitches and measure 

the dynamic performance under sinusoidal and PWM supplies.

Measurements were carried out to determine the behavior of harmonic losses and the 

efficiency of four identical three-phase 746 W induction motors with stator coil 

pitches of 180°, 160°, 140° and 120°. The motors were fed from either a three-phase 

inverter or a three-phase sinusoidal voltage supply. The switching frequency was 

varied from 4 kHz to 16 kHz and the modulation frequency was varied between 30 Hz 

to 60 Hz. Simulations were carried out using OPERA 2D software under sinusoidal 

voltage supply.

The phenomenon of chording by l/n* of pole pitch to suppress the n* harmonic was

particularly followed by motors with 120° and 160° coil pitches under sinusoidal

voltage supply. This phenomenon was also followed by 120°, 140° and 160° coil pitch

motors under PWM voltage supply at all the switching frequencies and modulation 
*

frequencies. The motor with 120° coil pitch showed a drastical increase in the lower 

order voltage harmonic components with simulation under sinusoidal supply when 

compared to full pitch motor.

The total voltage harmonic distortion due to the third, fifth and ninth harmonics was 

less for the motor with 120° coil pitch under PWM voltage at higher switching 

frequencies and under over modulation condition. The efficiency of the same motor 

was higher at full load and over loads under all the switching frequencies and 

modulation frequencies. The measurement results and discussion enable motor 

manufacturers to consider 120° coil pitch motor under PWM voltage supply and 160° 

coil pitch motor under sinusoidal voltage supply for the 746 W induction motors as



the increase in the efficiencies were 12% and 5% respectively when compared to full 

pitch motor.
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Chapter 1- Aims of the investigation

CHAPTER 1

AIMS OF THE INVESTIGATION

Electric motors are major users of electricity in industrial plant and commercial 

premises throughout the world. In industrialised countries about one-third of all 

primary energy is converted into electricity. Of this, about two-third is converted back 

into mechanical energy by motors of different types. The largest part is absorbed by 

a.c. induction motors in the power range 1-100 kW. Motor efficiency is therefore an 

important economic factor. By adopting energy efficient systems, the UK could save 

more than 24 billion kWh each year [1.1]. In environmental terms, this equates to a 12 

million tonne (100 million tonne in Europe) reduction in CO2 emissions and a total 

environmental saving to society of £480 millions per year in the UK [1.2]. To 

improve motor efficiency, engineers focus on five types of losses: stator resistance 

loss, rotor resistance loss, core loss (iron loss), friction and windage loss, and stray 

load loss [1.3].

Induction motor losses can be reduced by changing the design of the motor; changing 

the shape of the stator and rotor slot, number of stator slots, material of the stator and 

rotor, thickness of lamination etc. One of the important methods that can also have 

major impact of the losses is the air-gap flux density. This can be improved by 

changing the stator winding design.
i

The winding of a motor conveys electrical energy to the stator, and is concerned with 

emf induction and the development of magneto-motive force (mmf). When excited 

the phase winding combination should produce an mmf that is, as far as possible, 

sinusoidally distributed in the air gap. Rotating machines are considered as a source of 

voltage harmonics [1.4, 1.5] because the winding are embedded in slots and the mmf 

can never be considered sinusoidal. In most drives, pulse width modulation (PWM) 

inverters are employed to supply the voltage to the induction motors and this supply 

contains various voltage harmonics. Despite the number of such drives in operation,
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Chapter 1- Aims of the investigation

the harmonic loss dependence on stator winding designs and change in efficiency is 

not well understood.

Lap, wave, and concentric coils constructions are employed for polyphase induction 

motor. The concentric winding is most frequently used in stators, while the wave 

winding is usually preferred for the rotors of wound-rotor machines. The lap winding 

is not used frequently as it cannot be done with automatic winding machines.

This project is concerned with the measurement of lower order voltage harmonics and 

efficiency of the 746 W, three-phase induction motor. The purpose is to identify the 

shortcomings of the conventional winding design under PWM voltage supply and to 

design the stator windings by short pitching of the stator coils (lap windings) to lower 

the losses due to harmonics so as to increase the efficiency of the motor.

The main aims of the investigation can be summarised as follows:

a) To study the lower order voltage harmonics of the short chorded three-phase 

induction motor under sinusoidal voltage supply by 2D simulation.

b) To design three induction motor with different coil pitches of the stator 

windings.

c) To study the lower order voltage harmonics and efficiency of the short- 

chorded three-phase induction motor under sinusoidal voltage supply 

experimentally.

cf) To characterise the influence of short pitching of the stator coils of induction 

motors on the lower order voltage harmonics and the efficiency under PWM 

voltage supply with various switching frequencies and modulation 

frequencies.
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CHAPTER 2

THE FUNDAMENTALS OF INDUCTION MOTORS

2.1 General introduction

Three-phase induction motors are widely used in industry. About 95% of all drive 

sources today rely on induction motors. They are available in a wide range of power 

rating, from a fraction of watts to tens of megawatts. Squirrel cage induction motors 

are most popular. This is because there is only an insulated winding in the stator and 

the rotor winding simply is made up of solid and cast high conductivity bars. For this 

reason induction motor are very sturdy and their reliability is very high.

The history of the induction motor is most interesting. In 1888 the rotating magnetic 

field, as it is understood today, was discovered independently by Ferraris and Tesla by 

using two coils set at right angles and supplied with two identical sinusoidal currents 

displaced 90° in time. At that time, as mentioned by Chapman [2.1] and Hawary [2.2], 

a paper was presented by Tesla in which the basic principle of a two-phase motor was 

described.

115 years ago, as mentioned by Hawary [2.2] and Say [2.3], Dobrowolsky suggested 

the structure of a squirrel cage for the rotor and a three-phase distributed winding for 

the stator. Since then, the improvement in the quality of electric steels, construction, 

insulation and the rotor bar casting technique have progressed steadily. However, until 

the 1970s, because electricity was so inexpensive, only a minor attempt was directed 

towards increasing the efficiency of motors and the main effort was oriented to 

reducing the cost and designing smaller motor for a constant power output. As a result, 

a 100 hp motor in 1974 has same physical size as a 7.5 hp motor of 1897. [2.1]

For a given desired power output and speed, the best approach for the designer to 

follow would seem to be to build a machine that could take up as little space as

2-1



Chapter 2- Fundamentals of Induction Motor

practicable, have a small mass, and be inexpensive to make. Unfortunately, as the size 

of a machine decreases, its power loss per unit area goes up which leads to higher 

operating cost. It is usual, therefore, to trade off size and design for a minimum total 

cost, i.e. the sum of manufacturing and operating costs, and a minimum power loss. 

The trade off also presumes that the material and dimensions for the electrical and 

structural parts are chosen such that the electric intensity in the insulation, stresses and 

strains, and especially temperature are within prescribed limits.

Since the increase in oil prices caused electricity prices to go up, efforts has been put 

into designing more efficient motors and the life time operating cost of the motor has 

become more important.

Reducing copper losses by using more copper in the stator winding, utilizing high 

grade electric steel with low hysteresis losses, increasing the length of the rotor and 

stator to reduce the magnetic flux density in the air gap, using thin insulated lamination 

with very high internal resistivity to reduce the eddy current loss and several other 

techniques are used to reduce the lifetime operating cost of a motor. Beside these, as 

the cooling air is made to circulate by the rotating parts of machine, more steel is used 

in the stator, allowing a greater amount of heat transfer out of the motor.

2.2 Fundamental Introduction

All electromagnetic machines can be related to three-phase principle, namely those of 

induction, interaction and alignment. [2.3]

2.2.1 Induction

The essential for the production of an electromotive force by magnetic means are 

electric and magnetic circuits, mutually linked. Summation of all products of magnetic 

flux with complete turns of electric circuit gives the total flux linkages \|/. If v|/ is made 

to change, an emf is induced in the electric circuit. The emf exists only while change is
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Chapter 2- Fundamentals of Induction Motor

taking place, and the magnitude of its time integral is equal to the change of linkages, 

so that

\e *  d t = -y /  or e = -d y /  / dt (2.1)

The direction of emf is such as to oppose the change. For engineering purposes this is 

used in the form of equation 2.2.

e -N { d ( f) l  d t) (2.2)

where all N turns link to the flux and the result is a linkage y/ = N</). The flux ® may be 

resolved into a useful or working component and a non-useful or leakage component.

[2.3]

Change of linkage in a coil may occur in three ways:

(1) Supposing the flux is constant, the coil may move through it.

(2) Supposing the coil is stationary with respect to the flux, the flux may vary in 

magnitude.

(3) Both the changes may occur together i.e. the coil may move through a time 

varying flux.

In (1/the flux cutting rule can be applied, and the emf in a single conductor of length / 

calculated from the rate at which it cuts across a magnetic field of the uniform density 

B when moving at a speed v in a direction at right angle to the direction of flux: then

e = Blv (2.3)

This is the motional emf always associated with the conversion of energy between 

mechanical and electric forms. [2.3]
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Chapter 2- Fundamentals of Induction Motor

2.2.2 Interaction

When a current i lies in and perpendicular to a magnetic field of density B over active 

length /, a mechanical force

is developed on it in a direction perpendicular to both current and field. In figure 2.1

(a), B represents the flux density of an undisturbed field. Introduction of a conductor 

carrying current imposes a corresponding field component, developing the resultant in

(b). In the neighborhood of the conductor the resultant density is greater than B on one 

side and less than B on the other; provided that increase on one side has the same 

magnitude as reduction on the other, the force on the conductor is given in equation

Figure 2.1 (a) Flux density of an undisturbed field, (b) Flux density with current 

carrying conductor in positive direction and (c) Flux density with current 

carrying conductor in negetive direction

2.2.3 Alignment

Pieces of high permeability material (e.g. steel) in an ambient low permeability 

medium (e.g. air) in which the magnetic field is established, experience a mechanical

f e = Bli (2.4)

(4).[2.3]

a b c

force tending to align them with the field direction in such a way as to minimize the 

reluctance of the system. [2.3]
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Chapter 2- Fundamentals of Induction Motor

2.3 Left hand rule for motors

The relationship between the directions o f voltage (or current) applied, the magnetic 

field, and the motion o f  conductor may be expressed by Fleming’s left hand rule. If the 

left hand is held so that the thumb, forefinger, and middle finger are all at right angle 

with each other as shown in figure 2.2, the thumb will indicate the direction o f motion 

o f the conductor through the magnetic field, the forefinger will indicate the direction of 

the magnetic lines o f forces, and the middle finger will indicate the direction of 

induced voltage. [2.4]

Direction of 
magnetic 
field x

Conductor

Direction 
of induced 
voltage

Direction 
of conductor 
motion

Figure 2.2 Fleming’s Left hand rule [2.4]

2.4 Motors

All induction motors consists o f two major sections. One is the stator, which is 

stationary and produces the magnetic field and the second is the rotor, which rotates to, 

gives the mechanical output. Apart from these main parts that help to build the 

induction motor there are many other parts, which constitutes a motor. Figure 2.3 

shows the components that make up a typical small or a medium size induction motor.

[2.5]

m r e c t i o n  ot

magnetic
lines

Direction 
of induced 

Equivalent voltage 
motion of 
conductor
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Chapter 2- Fundamentals of Induction Motor

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34

1 Grease nipple 13 Endplate (non-drive end) 25 Interred bearing cap

2 Alternative flange endplate 14 Ertemal bearing cap 26 Fetseal

3 Atematwe face flange endplate 15 V-ring rubber seal 27 Drive end shall

4 Shaft key 16 Fan 28 Die cast retrx

5 Terminal block with terminals, nuts and washers 17 Fan cowl 29 Stator frame, core and windfog

6 Terminal bo* 18 V-ring rubber seal 30 Felt seal

7 Terminal correr seeing gasket 19 External bearing cap 31 Internal bearing cap

8 Terminal boor carer 20 Endplale (drive end) 32 Internal rirdip for retaining bearing

9 CaMe gland 21 External ard ip  retaining bearing on shaft 33 Bal bearing

10 Terminal bat sealing gasket 22 Grease retaining disc 34 External drcip retainmg bearing on shaft

11 Eye bolt 23 Corrugated disc spring for preloading bearing

12 Grease retaining dree 24 Ball or refer bearing

Figure 2.3 Components of induction motor [2.5]

2.5 The principles of induction motor

I
The basis o f the three phase induction motor is for the stator winding to produce a 

continuously rotating field in the iron and air gap and for this to induce currents in the 

rotor conductors such as to generate a torque which will make the rotor turn and allow 

the electrical power supplied to the stator to be converted into a rotational mechanical 

energy which can be drawn from the motor shaft. [2.6]
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2.6 The stator

The stationary part of the induction motor, the stator, is a cylindrical structure, usually 

a stack of lamination of good electric steel that contains carefully insulated copper 

windings. The shape of the teeth in the laminations has an important effect upon the 

operating performance of the motor as well as problem of installing the winding; this 

feature is given the designer’s special attention. Figure 2.4 shows two shapes of the 

teeth employed. With the open slot, winding coils can be formed and insulated 

completely before they are inserted into the core; moreover, windings are reasonably 

accessible when individual coils must be replaced or serviced in the field. With the 

open slot, however, iron is removed from that portion of magnetic circuit near the air- 

gap, where it contributes greatly to good motor performance; this means that easier 

manufacturing and servicing conditions are attained with some sacrifice in the 

performance. The partially closed slots, on the other hand makes winding somewhat 

more difficult because the coil must be tapped and insulated after they are placed in the 

core. Also, since coils usually have several turns of wires, the winding procedure 

requires that individual conductor be fed into slots between the narrow openings 

formed by overhanging teeth. The latter design does, nevertheless, have the advantage 

that iron is provided in the magnetic circuit where it is most useful; for motors of equal 

output and performance, this makes it possible to have a core that is shorter axially 

than one with the open slots. [2.7]
4

( a)  Open slots. (b) Partly closed slots.

Figure 2.4 (a) Open slots (b) Partly closed slots [2.7]
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Chapter 2- Fundamentals of Induction Motor

The stator winding can be of various designs but the essence of all of them is that each 

winding occupies two, 60 electrical degree section of the iron periphery, these two 

sections, being separated by 180 electrical degrees. The three phase windings are then 

arranged in the sequence as shown in figure 2.5, the sequence of the physical winding 

corresponding to the sequence of rotation of the voltage vector applied to the phases. 

Figure 2.6 shows the arrangement of a typical single layer stator windings to 

demonstrate how such winding are arranged in practice. This diagram shows a two- 

pole section of the stator flattened out for clarity. With more pole pairs in the stator this 

sequence is repeated with the coils of each phase usually being connected in series.

[2.6]

The aim of the stator winding is to produce a field flux, which rotates smoothly around 

the air gap so as to induce voltages and current into the rotor conductors. The voltage 

induced in the armature winding is given by

Es = AAAf<f>NKdK p (2.5)

Where Es is the voltage induced in the stator winding per phase, V, /  is the supply 

frequency, Hz, <f> is the flux per pole, Wb, N is the number of stator winding turns in

series per phase, K d is the winding distribution factor and K p is the pitch factor. [2.8]

4

The distribution factor K d , simply put, accounts for the fact that all coils in a group are 

not centered on the group. Pitch factorK  , is the factor by which short pitching each 

coil of lap winding reduce the back emf. [2.11]

If such a winding as shown in figure 2.6 is supplied with three phase currents, displace 

by 120 electrical degree and changing sinusoidally in time, then just two flux poles of 

opposite polarity are produced which will move along the winding and hence rotate in 

the air gap space, at a speed dependent on the cyclic frequency of the currents. [2.6]
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Chapter 2- Fundamentals of Induction Motor

A phase go

B phase 
return

C phase 
return

C phase P "  B phase 
> go

A phase-retum

Figure 2.5 Two-pole stator winding space allocation [2.6]

A1 C2 B1 A2 Cl B2

A+ C -  B+ A- C+ B-

1 I I I - i n

Figure 2.6 Typical Stator Winding [2.6]
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Chapter 2- Fundamentals of Induction Motor

To understand this very key feature of the AC motor it should be appreciated that the 

magneto-motive force (MMF) or ampere-tums produce by each phase winding is 

trapezoidal in shape, with the magnitude of the MMF being dependent on the level of 

the current flowing in the winding. Figure 2.7 shows the MMF’s produced by the 

individual phase windings and the total summation of the three, at one instant in time 

when the phase currents are as shown. The three winding therefore produces a single 

pair of flux poles. [2.6]

B- A+ C -  B+ A -  C+ B- A+

stator perifery

A phase 
MJ4.F

B phase
y . MM.F ____

7 /
C phase 
MJ4.F

 /  ^

total MMF

Figure 2.7 Stator MMF waveform at A-Phase due to current Ia, B-Phase due to 

current lb, C-Phase due to current Ic,and the total MMF. [2.6]
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2.7 The rotating magnetic field

The pattern o f flux produce in an ideal four-pole motor supplied from a balanced three 

phase source is as shown in the figure 2.8(a) at successive instant of times. The term 

‘four-pole’ reflects that the fact that the flux leave the stator from two N pole, and 

returns at two S pole. If  the variation of air gap flux density with respect to the distance 

round the stator is plot, at each of the three instants o f time, the patterns obtained is 

shown in figure 2.8(b). The first feature is that the radial flux density varies 

sinusoidally in space. There are two N and two S peaks, but the transition from N to S 

occurs in smooth sinusoidal way, giving rise to the term ‘flux wave’. The distance from 

the centre o f  one N pole to the distance o f the adjacent S-pole is called the pole pitch. 

Figure 2.8(b) shows that after one quarter o f a cycle o f the main frequency, the flux 

wave retains its original shape, but has moved a round the stator by half a pole pitch 

while after half a cycle it has rotated by full pole pitch. The patterns are plotted at the 

intermediate times, progressed smoothly, advancing at a uniform rate o f two pole- 

pitches per cycle o f the main frequency. The term ‘travelling flux wave’ is thus an 

appropriate one to describe the air-gap field. [2.9]

The general expression for the speed o f  the field N s is given by equation 2.6.

(2.6)

where p  is the pole number.
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R a d i a l  F l u x  D e n s i t y

(b)
Figure 2.8 (a) Flux pattern in a 4 pole induction motor at 3 successive instant of 

time, each one quarter of cycle apart; (b) radial flux density distribution in air 

gap at 3 instant shown in figure (a) with distance in radians [2.9]

Figure 2.9 shows the arrangement with four numbers o f poles, the air gap field shown 

by only two flux lines per pole for the sake o f clarity is uniform between each go 

(positive current direction) and return (negative current direction) coil side. The air gap 

flux i& rectangular, whereas it is deserved to be sinusoidal. It can be improved by 

adding more coils in the adjacent slots, as shown in figure 2.10. All the coils have the 

same number of turns and carry the same current. The addition of the extra slightly 

displaced coils give rise to the stepped waveform o f the MMF and air gap flux density 

shown in figure 2.10. It is still not sinusoidal, but is much better than the original 

rectangular shape. It can be remarkably close to the sinusoidal pattern, especially when 

‘two layer’ windings are used. [2.9]
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360

o pip '  f* ' I  Stator

~;_j ; _____* t_____ j L____J  111”
Airgap

Rotor

N
Airgap Flux D ens i ty

N L.

Figure 2.9 Developed diagram showing elementary 4 pole, single layer stator 

winding consisting of 4 conductor spaced by 90°. The ‘go’ side of each conductor 

(shown o) carries current positive current at the instant shown, while the return 

side is shown as dark dot carries negative current [2.9]

Flux Density

Figure 2.10 Developed diagram showing flux density produced by one phase of a 

single layer winding having three slots per phase [2.9]
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U A Q O D I I t A U  K S I O O O X i  O O Q t M  i i  * * tt « 
Q Q PA* * OOQ» 111 * **ggO»«# » * *

Figure 2.11 Developed diagram showing layout of winding [2.9]

Figure 2.11 shows the developed diagram layout of the winding in a 3 phase, 4- pole, 

two layer induction motor, together with a flux density wave produce by one phase 

acting alone. The three phases are represented by circles, triangles, and squares, the go 

and return sides of the coils being shown by outline and the solid symbol respectively. 

The upper detail shows how the coil sides form upper and lower layers in the slots. The 

figure shows that the field produced by one phase is approximately sinusoidal. When 

the resultant field for the complete 4-pole winding is plotted as shown in figure 2.11, 

for three discrete times during one complete cycle, the patterns shown in figure 2.12 is 

obtained. [2.9]
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Radial Flux Density

after \  cycle

after V2 cycle

W

Figure 2.12 Resultant air-gap flux density wave produced by three-phase winding, 

at three successive instants in time [2.9]

2.8 Main (air-gap) flux, leakage flux and magnitude of rotating flux wave

Broadly speaking the motor designer shapes the stator and rotor teeth to encourage as 

much as possible of flux produced by the stator to pass through the rotor teeth, so that 

before completing its path back to the stator it is fully linked with the rotor conductors. 

In practice the vast majority of the flux produced by the stator is indeed main or mutual 

flux. But there is some flux, which bypasses the rotor conductors, linking only with the 

stator winding. This is known as stator leakage flux. Similarly, not all the flux produce 

by the rotor currents links the stator, but some (the rotor leakage flux) links only the 

rotor conductor. This leakage flux reflects the prominent part played by the associated 

leakage reactance in equivalent circuit models of the induction motor. [2.9]
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If an alternating voltage, V, is applied to the stator winding then an alternating emf E is 

induced. The emf is proportional to B and to/

E  OC B f  (2.7)

and V «E (2.8)

So by combining the above equations equation 2.9 can be derived

D / vB = k — (2.9)
/

k depends upon the number of turns per coil, the number of coil per phase and the 

distribution of the coils. [2.9]

Equation 2.9 shows that if the supply frequency is constant, the flux in air gap is 

directly proportional to the applied voltage, or in other words the voltage sets the flux. 

If the frequency is changed (in order to increase or decrease the speed of rotation of 

field), the voltage needs to be changed in proportion, if the magnitude of the flux to be 

constant. [2.9]

The reluctance will be dominated by the air gap, and the magnitude of the magnetising 

current will therefore depend mainly on the width of the air gap. The magnetising 

current increases with increase in the air gap. Since the magnetising current contributes 

to the stator copper losses, but not the useful power, the air gap should be as small as 

possible, so induction motors usually have the smallest air gap, which is consistent 

with providing the necessary mechanical clearance. [2.9]

The stator is connected to a three-phase supply to set up, a sinusoidally-distributed and 

radially-directed rotating magnetic flux in air gap. The speed of rotation of the field is 

directly proportional to frequency of supply, and inversely proportional to number of
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poles. The magnitude of the flux wave is proportional to the applied voltage, and 

inversely proportional to the frequency. [9]

When the rotor circuit are ignored (i.e. under no load condition), the real power drawn 

from the mains is small, but the magnetising current itself can be quite large, giving 

rise to a significant reactive power demand from the mains.

2.9 The rotor

Two types of rotor are used in the induction motors. In both the rotor ‘iron’ consist of a 

stack of steel laminations with evenly-spaced slots punched around the circumference. 

The cage rotor is by far the most common. Each rotor slot contains a solid conductor 

bar and all the conductor are physically and electrically joined together at each end of 

the rotor by conducting ‘end rings’ as shown in figure 2.13. The conductor may be of 

copper, in which case the end rings are brazed on. The rotor cage comprises 

permanently short-circuited conductor bars, so no external control can be exercised 

over the resistance of the rotor circuit once the rotor has been assembled. This is the 

drawback avoided in second type of rotor, which is known as the ‘wound rotor’ or ‘slip 

ring’ type as shown in figure 2.14. In the wound rotor, the slots accommodate a set of 

three phase windings similar to those on the stator. The winding are connected in star, 

with their other ends connected to three slip rings. In particular the resistance of each 

phase of the rotor circuit can be increased by adding external resistance, as indicated in 

figure 2.14. [2.9]

Figure 2.13 Cage

Conductor

E n d - r i n g

rotor construction [2.9]
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Wound 
v Rotor

& Brushes

Rotor
Res.

Figure 2.14 Wound rotor, showing slip ring and brushes to provide connection to 
an external (stationary) 3-phase resistance [2.9]

2.10 Slip

The behavior of the rotor depends very much on its relative velocity with respect to the 

rotating field. If the rotor is stationary, the rotating field will cut the rotor conductor at 

synchronous speed, thereby inducting a high emf in them. On the other hand, if the 

rotor were running at synchronous speed, its relative velocity with respect to field 

would be zero, and no emf s would be induced in the rotor conductors. The relative 

velocity between the rotor and the field is known as the slip.

(N s  -  N )
s

N s
(2 .10)

where Ns  is the synchronous speed of the field and N  is the rotor speed. [2.9]

2.11 Rotor induced e.m.f., current and torque

When the rotor is at stand still, the rotating flux caused by the stator induced emf s in 

the rotor conductor and as rotor winding are short circuited, significant current are 

caused to flow. The rate at which the rotor conductor cuts the flux and hence their 

induced em f s are directly proportional to slip. The frequency of rotor emf is also 

directly proportional to slip, since the rotor effectively slides with respect to the flux- 

wave, and the higher the relative speed, the more times in a second each rotor 

conductor is cut by a N and S pole. At synchronous speed (s=0) the frequency is zero, 

while at standstill (s=l) the rotor frequency is equal to the supply frequency. The 

relationship is as shown in figure 2.15. [2.9]
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Since the entire rotor bars are short-circuited by the end rings, the induced voltage will 

drive current along the rotor bars, the current forming closed path through the end rings 

as shown in figure 2.16. [2.9]

EMF

1 Slip
■
0  S p eed

Figure 2.15 Variation of rotor induced e.m.f. and frequency with speed and slip 

[2.9]

End-ring
X

Wr
Rotor Bar Currants

Figure 2.16 Instantaneous sinusoidal patterns of rotor current in the rotor bars 

and end rings. Only one pole pitch is shown, but the pattern is repeated [2.9]

In figure 2.16, the lines representing the currents in the rotor bars have drawn so that 

their width is proportional to the instantaneous current in the bars. The axial currents in 

the rotor bars will interact with the radial flux wave to produce the driving torque to the 

motor, which will act in the same direction as the rotating field, the rotor being dragged 

along by the field. [2.9]
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2.11.1 Rotor currents and torque-small slip

When the slip is small the frequency of induce emf is also very low. At these low 

frequencies the impedance of the rotor circuit is predominantly resistive, the inductive 

reactance being very small because the rotor frequency is low. The current in each 

rotor conductor is therefore in time phase with the emf in that conductor, and the rotor 

current wave, which in turn is in phase with the flux wave as shown in the figure 2.17.

Air-gap Flux Density 
.Rotor Bar E.M.F.

_ Rotor Bar Currents

Figure 2.17 Pattern of air-gap density, induced e.m.f. and current in cage rotor 

bars at low values of slip [9]

So the torque is therefore given by:

r  = kBIr (2.11) 

where Ir denotes the rotor current. [2.9]

The equation above shows that the torque is proportional to slip. This relates to low 

value of slip only. [2.9]

If the motor is unloaded, it will need very little torque to keep running, so an unloaded 

motor will run with very small slip at just below the synchronous speed, as shown at 

point ‘A’ in figure 2.18. When load is increased, the rotor slows down and the slip
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increases, thereby inducing more emf and current, and thus more torque as point ‘B’ in 

figure 2.18.

Induction motors are usually designed so that their full load torque is developed for 

small values of slip. At the full load slip the rotor conductor carry safe maximum 

continuous current, and if the slip is higher, the rotor will begin to overheat. This over 

load region is shown by the dotted line in figure 2.18. [2.9]

Torque

\ \
\

0 N, Spood
'------ j___
1 0 Slip

Figure 2.18 Torque-speed relationships for low value of slip [2.9]

2.11.2 Rotor currents and torque-large slip

As the slip increases, the rotor emf and the rotor frequency both increase in direct 

proportional to slip. At the same time the rotor inductive reactance, which is negligible 

at low slip (low rotor frequency), begins to be appreciable in comparison with the rotor 

resistance. At high values of slip, the rotor current also lags behind the rotor emf 

because of inductive reactance. This space lag is shown in figure 2.19. The unwelcome 

space-lag can be allowed by modifying the equation (2.11), to obtain more general 

equation of torque as

r = kBI Cos (f>r (2.12)

where Or is angle of space lag
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For most cage rotors, as the slip increases the term Cos(j)r reduces more quickly than

the current (Ir) increases; so that some slip between 0 and 1 the developed torque 

reaches the maximum value. This is illustrated in the figure 2.20. The peak torque 

actually occur at a slip at which the rotor inductive reactance is equal to the rotor 

resistance, so the motor designer can position the peak torque at any slip by varying the 

reactance to resistance ratio. [2.9]

Air-gap Flux Density 
„ Rotor Bar E.M.F.
_  Rotor Bar Currents

Figure 2.19 Pattern of air gap flux density, induced emf and current in cage rotor 

bars at high values of slip [2.9]

0

Figure 2.20 Typical complete torque-speed characteristic for cage induction 

 ̂ motor [2.9]

2.11.3 Reduction of flux by rotor current

When rotor current is negligible (s«0), the emf that the rotating fields induce in the 

stator winding is very nearly equal to the applied voltage. A reactive current (which is
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termed as magnetizing current) flows into the winding, to set up the rotating flux. Any 

slight tendency for the flux to fall is immediately detected by a corresponding slight 

reduction in emf, which is reflected in a proportionately large increase in magnetizing 

current, which thus opposes the tendency for the flux to fall. Exactly same mechanism 

comes into play when the slip increases from zero, and the rotor currents are induced. 

The rotor current wave gives rise to rotor MMF wave, which rotates at slip speed (S 

Ns) relative to the rotor. But the rotor is rotating at the speed of (1-S) Ns, so that when 

viewed from the stator, the rotor MMF rotates at synchronous speed. The rotor MMF 

wave would, if unchecked, causes its own rotor flux wave, rotating at synchronous 

speed in the air gap, in the same way as the stator magnetizing current originally set the 

flux wave. The rotor flux wave would oppose the original flux wave, causing the 

resultant wave to reduce. [2.9]

However, as soon as the resultant flux begins to fall, the stator emf reduces, there by 

admitting more current to the stator winding, and increasing its MMF. The extra stator 

MMF produced by the large increase in stator current effectively cancels the MMF 

produced by the rotor currents, leaving the resultant MMF (and hence the rotating flux 

wave) virtually unchanged. [2.9]

The flux will be constant when the slip is very small but if the slip is high then the 

leakage fluxes assume a much greater importance than under normal low slip 

condition. So at high slip the flux is not constant. [2.9]

2.12 The equivalent circuit of the induction motor

The equivalent circuit diagram of induction motor is as shown in figure 2.21.
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n R1 Lt 12 L2‘

X2'~2xtfxFxL2#

m

Figure 2.21 Induction motor single-phase equivalent diagram [2.2]

In which is the stator resistance per phase

R2 is the rotor resistance per phase referred to the stator

L\ is the stator leakage inductance per phase

L2 is the rotor leakage inductance referred to the stator

The losses in the magnetic circuit (the iron losses) are represented by the presence of 

resistor RL and the magnetizing impedance XM dictating the magnetizing current Imag 

is shown connected across the transformer primary. [2.6]

In the figure the total mechanical output to the rotor shaft (including the friction and 

windage losses) is t given by (IL ) 2 x R2 ((1 -  S} ) /S x)

2.13 Motor power losses

2.13.1 Copper losses 
+

The electrical winding of a motor always have a finite resistance and this cause power 

losses Ii Rj. The value of the winding resistance will increase with temperature. The 

above approach of using the total RMS value of the current will be satisfactory in most 

circumstances but if more precision is required it is necessary to consider any harmonic 

content in the current more thoroughly. Due to frequency dependent skin effect the
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current tends to concentrate in the outer layers of the conductor and the resistance of 

winding increases with frequency. The more accurate way of assessing the losses in 

this case is to sum up the individual I2R values for each harmonic contained in the total 

current. [2.6]

2.13.2 Iron losses

In motor operation, the flux in the core of the motor will be reversed and this causes a 

loss of energy called hystersis loss. Its value depends on the quality of iron used, the 

value of the flux density over which it is being used and the frequency of operation. [6]

For a particular iron circuit study shows that the hystersis loss is given by

Ph = K hf B x (2.13)

Where Kh is the material constant which depends on core material and x is dependent 

on the quality of the iron and which normally varies between 1.5 and 2.5. [2.6]

The iron losses also contain another component, an eddy current loss due to induced 

currents in the iron. In order to reduce this loss to relative small proportions AC 

magnetic circuit are laminated using thin insulated sheets. There will be an eddy 

current loss and for a specific iron circuit this loss is given by

Pe = K ( J B t ) 2 (2.14)

where Ke is proportionality constant and t is the lamination thickness.

2.13.3 Friction losses and windage losses 
♦

In general the power losses in the bearings will vary in direct proportion to the speed of 

the motor. Windage losses are caused by the fan mounted on the rotor for cooling 

purposes and by the rotation of the motor itself. The power loss caused by the windage
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will be proportional to the cube of rotor speed [2.6]. The friction and windage losses 

accounts for 10% of the total losses.

2.13.4 Stray losses

Apart from all the above losses there are other losses which will occur and which are 

harder to estimate. To be accounted for here are

1. No-load losses in the rotor teeth because of the stator slot opening modulation of 

the fundamental flux density.

2. Load losses in the rotor teeth because of stator zigzag mmf and

3. No-load losses in the rotor body (if exists) due to stator slot opening modulation of 

the fundamental flux density. [2.10]

These losses have somewhat different character from the other miscellaneous losses. 

They show drag on the rotor, so their power is subtracted from the mechanical output 

of the machine. The first and third are very closely related so they are taken first. The 

stator slot openings ‘modulate’ the space fundamental magnetic flux density. The 

amplitude of the magnetic field disturbance is given by

Bh = Br x (2/n) x Sin(0D / 2) (2.15)

Where Br is radial flux density; 0d is slot-opening angle (relative to slot pitch).

In fact the flux disturbance is really in the form of two travelling waves, one going 

forward and one backward with respect to stator. [2.10]

The zigzag order current harmonics in the stator will produce the magnetic field in the 

air gap, which will drive magnetic losses in the teeth of the rotor. This is a bit different 

from the modulation of the space fundamental produce be the stator slot openings.
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Although the harmonic order is be same, the spatial orientation will be different and 

will vary with load current. [2.10]
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CHAPTER 3

DRIVES AND INVERTERS

3.1 Introduction

A combination of power electronic system such as voltage controller and an electric 

motor with the associated control mechanism is referred as variable speed drive. In an 

A.C. type variable speed drive the supply to an induction motor is controlled by an ac 

voltage controller, a cycloconverter, or an inverter to achieve prescribed speed for a 

given load.

The choice of the power semiconductor driving system depends on the type of 

available power supplies and load characteristics.

3.2 Adjustable speed induction motor drives

The speed of an induction motor driving a mechanical load with a given torque-speed 

characteristic can be controlled by controlling either its synchronous speed or the 

rotor slip. For a fixed number of stator poles, the synchronous speed is controlled by 

varying the supply frequency. The slip of the rotor under load is controlled by 

regulating either the stator voltage or current. [3.1]

Schemes of adjustable speed drives for an induction motor can be classified as shown 

in figure 3.1.
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Adjustable speed drive

Stator control slip power, rotor control
I________________________  I___________

Constant frequency Variable frequency Kramer drive Scherbius drive 
variable voltage variable voltage_____________

DC link conversion Cycloconverter drive
i 1---------------- 1

Voltage fed inverter Current fed inverter
r - ^ -------------------- 1

Square wave PWM inverter
Inverter

Figure 3.1 Classification of adjustable speed induction motor drives [3.1]

3.3 Variable voltage, constant frequency drives

In this method the voltage applied to the stator winding is controlled while 

maintaining the frequency of the supply unchanged. The drive is applicable for 

medium power levels such as pumps and blower type loads. This method is simple 

and economical for the control of squirrel cage class D type induction motor with high 

slip. The performance of the drive is poor since line currents carry more harmonics 

and the drive has a poor power factor. [3.1]

3.4 Variable voltage, variable frequency drives

It is reasonable to expect improved performance of adjustable speed drives if a 

variable frequency stator supply is employed. The air gap flux is directly proportional 

to the stator-applied voltage and inversely proportional to the frequency. A reduction 

in supply frequency to achieve speed control below synchronous speed will be 

associated with an increase in the air gap flux if the applied voltage is maintained at 

rated value. [3.1]
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To avoid saturation due to increase flux, variable frequency drives employ a variable 

voltage as well, with the object of maintaining an acceptable air gap flux level. This 

concept is generally as referred as constant v/f control and is used in drives employing 

squirrel-cage induction motor of all classifications. [3.1]

In figure 3.2 a family of torque speed characteristics of a three-phase induction motor. 

The angular speed (oso corresponds to rated frequency operation. The speed at 

maximum torque for rated voltage and frequency defines the division of the speed 

range into constant Volts/HZ region to the left and the constant voltage variable 

frequency region to the right. [3.1]

Increosmg co,

Constant V,Constant
V/a>j variable a>j

Figure 3.2 Torque-speed characteristics with variable frequency condition for an 

induction motor [3.1] 

3.5*DC link converter drive

Adjustable speed drive of an ac motor requiring variable voltage-variable frequency 

from a fixed frequency-fixed voltage supply can be designed using an intermediate dc 

link. Here ac power is converted to dc output of a rectifier and is fed through a dc link 

to the three-phase inverter connected to the motor stator terminal to provide the 

required variable frequency supply. [3.1] Figure 3.3 shows some different dc link 

converter schemes.
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F«Od OC
voHogtand-
frequency

f-*-Dc Nr*-*-

VorioWe Diode 1 inverierfro reformer Ac rectifier 1 Vonoble-
J omotor

Scheme IA)

frequency OC

Scheme (B>

motorVoriable-volioqe dc
Phote-controlled 

fliyrltfof 
bridqe rectifier

Scheme (C)

motorChopper

Scheme 10)

Figure 3.3 Square wave dc link converter drives [3.1]

In all the above schemes the inverter provides adjustable frequency. The voltage 

levels are adjusted externally to the inverter by a variable transformer. In schemes (a) 

and (b) three phase diode rectifiers are employed. In scheme (a) fixed ac is fed to the 

transformer whose ratio is controlled as a function of the desired output. The variable 

♦ ac voltage is then fed to a rectifier. The rectifier variable output is injected into the 

inverter. The inverter output is of variable magnitude and frequency. [3.1]

Scheme (b) differs from scheme (a) in that the output of the inverter is of variable 

frequency but fixed voltage. The desired variable voltage is achieved by using an 

intermediate variable transformer between the inverter output terminals and the motor 

stator terminal. [3.1]
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In scheme (c), a phase controlled thyristor bridge rectifies the incoming ac voltage to 

variable dc voltage while maintaining the desired voltage to frequency ratio. No 

transformers are involved in these schemes.

In scheme (d) the thyristor bridge rectifier of scheme (c) is replaced by a cascade of a 

diode rectifier bridge and a chopper to provide the variable dc input to the inverter. 

The voltage supply to the ac motor's stator terminals is a square wave of adjustable 

voltage and frequency.

A more attractive arrangement uses a pulse width modulation inverter (PWM), which 

provides both frequency and voltage control with the same set of thyristors. The 

output of a PWM inverter is a series of adjustable width pulses, which provides for an 

adjustable rms voltage supply. The dc supply to the inverter is furnished by a diode 

rectifier bridge as shown in figure 3.4.

Fixed ac 
voltage and 
frequency

motorFixed- 
voltage dc

PWM
inverter

Diode
rectifier

Figure 3.4 PWM inverter dc link converter supply [3.1]

In this dc link inverter voltage and current fed drives are used.

3.5.1 Voltage fed inverter drive

♦ Low slip motors are used in this type are resulting in improved efficiencies. Desired 

voltage-ffequency and torque-frequency characteristics are shown in figure 3.5.
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Vi

<—
sub-synchronous fo

T

constant horsepowerconstant

torque

f ffo

Figure 3.5 Voltage-Frequency and Torque-Frequency relation of an induction 

motor drive [3.1]

In the sub-synchronous region voltage/frequency is constant, resulting in a constant 

torque output. For frequency above rated value the voltage is maintained constant, 

resulting in constant horsepower operation. At low frequency, the resistance effect 

dominates that of the leakage reactance and additional voltage is impressed to 

compensate for this effect. [3.1]

The two main classes of voltage fed inverter drives are the square wave inverter and 

the PWM inverter drive.

3.5.1.1 Square wave inverter drive

A square wave inverter ac motor drive is shown in figure 3.6. It is referred to as a 

voltage fed since the capacitor C provides low Thevenin’s impedance to the inverter. 

The inverter voltage waves are not affected by the load. Voltage fed square wave 

drives are employed in low to medium power application. [3.1]
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F i l t e rC o n tr o lled  r e c h f ie r

Figure 3.6 Voltage fed square inverter ac motor drive [3.1]

3.5.1.2 PWM inverter drives

The controlled rectifier shown in figure 3.6 can be replaced by an uncontrolled diode 

rectifier in an uncontrolled dc link voltage. At the same time the inverter is controlled 

using a pulse width modulation strategy to provide variable frequency, variable 

voltage output. [3.1]

PWM voltage control is applicable in constant torque region, whereas in the constant 

power region the inverter operation is identical to a square wave drive. An important 

advantage of the PWM inverter drive is that a number of inverter drives can be 

supplied through a dc bus at the output of a single uncontrolled rectifier. The drive 

can be made uninterruptible for possible ac line failure by switching in a standby 

battery in the dc link. The detail explanation of PWM is given in section 3.8.

♦ 3.5.2 Current fed inverter

A current fed inverter ac motor drive shown in figure 3.7. The differences between a 

voltage fed inverter drive and the current fed inverter drive are that in the latter a 

capacitor C in the voltage fed inverter is absent and the inductor is large enough so 

that the dc link presents a constant regulated dc current to the inverter. This type of 

drive is used with individual motors in medium to high power ranges, which have 

some minimum load present at all times. [3.1]
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Controlled
rectifier

L

Current
mode

inverter

Figure 3.7 Variable current variable frequency induction motor drive [3.1]

T

I C o o k o l le d - c u r r e n t  
-  I ^  to r q u e  n e g le c t in g  

K  s o tu r o t io n

Controlied-current
lorque accounting  
for saturation

Figure 3.8 Torque speed curves for voltage and current control [3.1]

In figure 3.8 the graph of the torque speed characteristic of voltage controlled and 

current controlled inverter. At the low range of speed as the flux is below the rated 

value and the torque due to current control is lower than the corresponding torque 

♦ obtained by rated voltage control. [3.1]

3.6 Cycloconverter drive

A cycloconverter is a direct frequency changer that converts ac power directly from 

one frequency level to another. No dc link is required for a cycloconverter. Normally 

cycloconverter has an output frequency range of zero to one third of the input
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frequency. A cycloconverter is capable of producing variable frequency output 

suitable for induction motor drives. Cycloconverter drives are used in large 

horsepower applications up to 20000 hp. The system can provide reverse operation 

and regeneration. [3.1]

3.7 Regulation of slip power

Speed control can be achieved in a wound rotor induction motor by inserting a passive 

external resistance in the rotor circuit. Speed control using external resistance 

involves channelling portion of the air gap power at slip frequency into the resistor, 

which is dissipated as heat. In this speed control, efficiency is sacrificed to attain the 

required goal. [3.1]

By introduction of new power semiconductor devices and system technology it 

became possible to reliable control speed by regulation of slip power with less cost 

and size.

3.7.1 Static Kramer drives

A conventional Kramer drive used an auxiliary machine connected to the rotor circuit 

of a wound rotor induction motor to convert a portion of the power of the rotor circuit 

from slip frequency to supply frequency and then feeding it to the supply. A static 

Kramer drives employs a diode rectifier connected to the rotor circuit to convert a 

portion of slip frequency power to dc, which then converts to ac at supply frequency 

using a commutated inverter. [3.1]

* 3.7.2 Static Scherbius drives

The static Kramer drive permits flow of slip power only from the rotor circuit to the 

supply lines, and operation is therefore restricted to speed in sub-synchronous range. 

In a Scherbius drive, speed can therefore be controlled in both the sub-synchronous 

region and super-synchronous region. In the later case, power at slip frequency is 

injected in to the rotor circuit. A line commutated phase controlled cycloconverter can 

be used in place of the dc link converter in a sophisticated static Scherbius drive. [3.1]
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3.8 Inverters

The ac induction motor is widely used in a number of variable-speed or torque control 

applications. Predominant applications are in variable speed ac drives, where the rotor 

speed is controlled through the supply frequency, and the machine flux through the 

supply voltage. For these applications dc-to-ac switch-mode inverters are used to 

produce a sinusoidal ac output whose magnitude and frequency can be controlled 

independently. Power semiconductor switches produce temporary connections at high 

repetition rates between the dc terminals and the ac drive motor, one example is a 

three-phase ac motor drive shown in figure 3.9 [3.2] [3.3].

Converter 
(ac to dc'

Inverter 
(dc to  ac)

'" '■ dcB us :.............. i

A . ! i \

! | 1 '< Induction

Motor

i ..  ̂ I ..... — k -O" 1=1I i i  A  i i ;

]13
-

5
-

Figure 3.9 Three-phase ac motor drive [3.3]

There are two types of inverters, which are classified according to their dc input, the 

voltage-source inverters (VSI) and the current-source inverters (CSI). The voltage- 

source inverters can be further divided into three general categories, pulse-width 

modulation type (PWM), square-wave type (also known as six-step inverters) and 

 ̂ single-phase inverters with voltage cancellation [3.4-3.5].

In pulse-width modulated (PWM) inverters, the input dc voltage is essentially 

constant in magnitude and the ac output voltage has controlled magnitude and 

frequency. There are various schemes to pulse-width modulate the inverter switches 

in order to shape the output ac voltages to be close to that of a sine wave [3.4].
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For square-wave inverters, the input dc voltage is controlled in order to adjust the 

magnitude of the output ac voltage, therefore the inverter has to control only the 

frequency of the output voltage. The output ac voltage has a waveform similar to that 

of a square wave [3.4].

In a single-phase inverter with voltage cancellation, it is possible to control the 

magnitude and the frequency of the inverter output voltage with a constant dc input 

voltage for a different switch mode that is not pulse width modulated. The inverter 

output voltage waveform is similar to a square wave. This technique works only with 

single-phase inverters [3.4].

3.9 Pulse-Width Modulated (PWM) schemes

The ideal requirement for sinusoidal motor voltages can be closely approximated by 

the synthesis of voltage waveforms using the pulse width modulation technique, 

characterised by the generation of constant amplitude pulses with the pulse duration 

modulated to obtain a specific waveform. The fundamental component can be 

controlled in magnitude and frequency. The harmonic content can be made low and 

the harmonic order higher than those obtained with the six-step method [3.6].

The waveforms of modulated voltages can be created by modulating a triangular 

carrier wave with amplitude vc and frequency f c, by means of an adjustable direct 

voltage square-wave, figure 3.10. The fundamental frequency component of the 

output (modulated) wave is equal to the frequency of the modulating wave. This 

technique was often used because of its easy implementation by analogue electronics 

♦ but now the modem design technique involving digital electronics and microprocessor 

permit the use of more suitable modulation waveforms [3.6].
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Figure 3.10 Multiple-pulses voltage waveform (v0) obtained from a triangular 

carrier wave with square-wave modulation [3.6]

Sinusoidal PWM is the most basic pulse-width-modulation technique used as standard 

for ac waveform creation. Third-harmonic PWM, 60° PWM, and space vector 

modulation (SVM) are increasing in popularity because they utilise more of the 

available dc bus voltage. Sinusoidal PWM, third-harmonic PWM, and 60° PWM 

share a common implementation scheme. SVM and six-step modulation have 

different calculation and implementation requirements [3.3].

In order to produce a sinusoidal output voltage waveform at a desired frequency, a 

sinusoidal control signal at the desired frequency is compared with a triangular 

waveform as shown in figure 3.11. This particular type of multiple-pulse PWM is 

referred to as sinusoidal pulse width modulation (SPWM) [3.3],

modulating (y   ̂
signal v caf*roU

comparator

A/V.
earner
signal output modulated PWM signal

Figure 3.11 Pulse width modulating PWM waveform produced by comparison between 
sinusoidal control signal and a carrier (triangular) signal
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The frequency of the triangular waveform vtrl establishes the inverter switching 

frequency and it is generally kept constant along with its amplitude Vtn. The control 

signal vcontrol is used to modulate the switch duty ratio and has a frequency /}, which is

the desired fundamental frequency of the inverter voltage output, recognising that the 

inverter output voltage will not be a perfect sine wave and will contain voltage 

components at harmonic frequencies offj  [3.4].

The adjustment of the ac output voltage of the inverter is achieved by adjusting the 

amplitude modulation ratio (or modulation index) ma, defined in equation 1, where
A A

Vcontrol is the peak amplitude of the control signal and Vtri is the amplitude of the 

triangular.

(1)

^tri

The frequency modulation ratio m/  defines the frequencies at which the harmonics 

occur and it is defined by equation 2, where f s is the switching frequency and f x is 

the fundamental frequency.

L
A

mf  (2)

Theoretically, the frequencies where the harmonics occur can be defined by equation 

3 [5.3], where the harmonic order h corresponds to the k^ sideband of j  times the 

frequency modulation ratio mj.

f h =( jmf ± k ) f x (3)

An integer mf  results in synchronous PWM where the triangular-waveform signal and 

the control signal should be synchronised. The reason for using the synchronous 

PWM is that the asynchronous PWM (where mf is not integer) results in sub­

harmonics of the fundamental frequency that are very undesirable in most
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applications. The frequency-modulation ratio mf should be an odd integer except in 

single-phase inverters with PWM unipolar voltage switching. Choosing m f as an odd 

integer results in odd symmetry [f (-t) = -f (t)] as well as a half-wave symmetry [f (t) = 

-f (t+Ts/2)] with the time origin. Therefore, only odd harmonics are presented and the 

even harmonics disappear from the waveform [3.4].

In inverters, the switches are controlled based on the comparison of vcontrol and vtri,

and the output voltage will depend of the circuit configuration of the inverter, i.e., 

single-phase half-bridge, single-phase full-bridge or three-phase.

3.10 Single-phase inverters

There are two circuit topologies commonly used for single-phase inverter, the half­

bridge and the full-bridge. For certain low power applications, the half-bridge may 

suffice but the full bridge is more convenient for adjustment of the output voltage by 

pulse width modulation techniques [3.4].

The half-bridge inverter has two controlled static switching elements, which are 

controlled based on the comparison of vcontro[ andvfr.. The output-voltage waveform 

vAo, shown in figure 3.12, results in

V  Vd * f? d * ̂v . = —— it v , > v or v . = — — it v , < v .Ao  ̂ control tri Ao  ̂ control tri

where V d is the dc bus voltage value in the input of the inverter.

The full-bridge topology has four switching blocks. In the PWM with bipolar voltage 

switching, the diagonally opposite switches are switched as switch-pairs 1 and 2, 

respectively. The inverter output vQ is shown in figure 3.13 and it can be observed 

that the voltage switches between -  V d and + Vd voltage levels.
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*  Figure 3.12 (a) Switching mode, (b) output voltage modulated PWM signal and (c) 
harmonic spectrum of a single-phase half-bridge inverter
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^control

(b)

Figure 3.13 (a) Switching mode and (b) output voltage modulated PWM (bipolar) signal 
of a single-phase full-bridge inverter

In PWM with unipolar voltage switching, the switches of the full-bridge inverter are 

not switched simultaneously, as in the bipolar scheme. Here the legs of the full-bridge 

inverter are controlled separately by comparing vln with vcontrol and -  vcon[rol, 

respectively. As shown in figure 3.14, in this type of PWM scheme, when switching 

occurs, the output voltages change between 0 and + Vd or between 0 and -  Vd voltage

levels. For this reason, this scheme is called pulse-width modulation with unipolar 

voltage switching and has the advantage of effectively doubling the switching 

frequency as far as the output harmonics are concerned, compared to the bipolar 

voltage switching scheme. The harmonic spectrum of the output voltage appears as 

sidebands of twice the switching frequency. Therefore, the frequency modulation m f 

is even in a single-phase inverter with unipolar voltage switching.
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Figure 3.14 (a) Switching mode, (b) (c) output voltage of inverter leg (A and B) with 

respect to the negative dc bus N and (d) output voltage modulated PWM (unipolar) 

signal and (e) harmonic spectrum of a single-phase full-bridge inverter
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3.11 Three-phase inverter

As with the single-phase inverter, the object of a pulse-width modulated three-phase 

system is to shape and control three-phase output voltages in magnitude and 

frequency with an essentially constant input voltage. To obtain balanced three-phase 

output voltages in a three-phase pulse-width modulated (PWM) inverter, the same 

triangular voltage waveform is compared with three sinusoidal control voltages, 

which are 120o out of phase, as shown in figure 3.15.

t/fri
^ ‘'control, A  ‘'control, B  ‘'control. C

( a )

"an

VBN

va b  - " a n  -  vb n

..Fundamental v r.r i

'V

t b )

T

T

m .  =  0 .8 , m f  =  15

* i —i—U — i)— * i 111 i—x— it__ * f f i I y
m f  2 m f  \  3 m  f  " V

( m f  +  2) (2 m f  + 1) {3 m  f  +  2 )

Harmonics of fi
(?)

Figure 3.15 (a) Switching mode, (b) output voltage modulated PWM signal and (c) 
harmonic spectrum of a three-phase inverter.
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3.12 Linear modulation and over-modulation

In the linear region (ma <1.0), the fundamental frequency component in the output 

voltage varies linearly with the amplitude-modulation ratio ma. In PWM over­

modulation (ma >1.0), the peaks of the control voltages are allowed to exceed the peak 

of the triangular wave. Unlike in the linear region, during this mode of operation the 

fundamental frequency voltage magnitude does not increase proportionally with ma. 

Figure 3.16 shows the rms value of the fundamental frequency line-to-line voltage 

V l l i  plotted as a function of m a. As with the single-phase PWM, for sufficiently large 

value of ma, the PWM degenerates into a square-wave inverter waveform.

Vllx (rms)

Vd
Square-wave

*  0.78

-  0.612

Linear

Square-w ave
Overmodulation

m.
3.24  

(for mf =  15)

Figure 3.16 Three-phase inverter Vlli/Vj ratio as a function of ma, where V Ll i  is 
fundamental frequency line-to-line voltage and Vd is the dc bus voltage [3.4]
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CHAPTER 4

THEORY OF STATOR WINDINGS

4.1 Introduction

The winding of a motor conveys electrical energy to the stator, and is concerned with 

emf induction and the development of magneto-motive force (mmf). The ac armature 

winding develops emfs in a number of phases when associated with a heteropolar 

magnetic field. The emfs are normally equal in magnitude and correctly displaced in a 

time-phase relationship. The winding is compose of conductors in slots spaced around 

the periphery of the air gap, connected together at the ends, and grouped to form 

separate phase windings. When excited the phase winding combination should 

produce an mmf that is, as far as possible, sinusoidally distributed in the air gap. [4.1]

The operation of a polyphase induction motor depends upon the creation of a rotating 

magnetic field. This is accomplished by matching the number of winding phases and 

their phase displacements of currents. This implies that the two phases will have two 

winding phases that are displaced by 90 electrical degrees and that a three-phase 

motor will have three winding phases that are displaced in space by 120 electrical 

degrees. [4.2]

It is significant that a polyphase squirrel cage motor may be designed to operate on 

either two standard voltages sources, one twice the other. This is readily accomplished 

by merely connecting the winding properly to correspond with the available line 

voltage, such as 460 or 230 volts. Manufacturers generally take advantage of this 

well-established practice by bringing out the required number of terminal leads for 

interconnection, a practice that makes it possible to reduce the number of stock motor 

and minimize design and service problem. It is, in fact, often simple matter to 

reconnect the winding of a given motor to fulfil one or more combination of voltages, 

frequency and speed. [4.2]
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Coils used for polyphase induction motor windings are for the most part similar to 

that of dc armature; they are moreover, installed, though are not connected in much 

the same way for the both types of machines. Also, since slotted cores are always used 

for ac windings, it is imperative that there be a proper number of slots for the phase- 

pole combination of the motor. For symmetrically placed windings the number of core 

slots is a multiple of polex phase. Interconnection between the coils then follow 

definite patterns which, when clearly understood, simplify practical winding 

procedure. [4.2]

Figure 4.1 shows the stator lamination cross section of an induction motor. The 

windings are embedded in the slots of the stator core.

Back Iron

Skits

Slot
Depression

Teeth

Figure 4.1 Stator lamination cross-section

4.2 The stator coils

A coil of an induction motor is as shown in figure 4.2.
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Figure 4.2 Coils in Induction motor Figure 4.3 Two Turn Coil

One turn consists to two conductors. In figure 4.2, the two conductors are AB and DE. 

One coil may consist of any number of turns; example in figure 4.2 one coil has one 

turn, in figure 4.3 once coil has two turns. The number of turns in any particular coil 

decides the designation, example a coil having one turn is called single turn coil. 

Similarly the coil may designated as 2-tum coil, 3-tum coil or N-tum coil depending 

upon weather it has two turns, three turns or N-tums respectively. A multi turn (N- 

tum) coil is one, which has more than one turn.

4.3 Pole pitch and coil pitch

The term pitch indicates a particular method of measurement in terms of coil sides, 

teeth etc. A pole pitch is defined as peripheral distance between identical points on 

two adjacent poles, see figure 4.4a and figure 4.4b. Pole pitch is always equal to 180° 

electrical.
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LU
Pole Pitch

LU LU LU
■

h
Pole Pitch 
! ■ ■ ■ ■ ■ ■  M

Coil Span ^M■■■■■■■M Coil Span

Figure 4.4a Full Pole Pitch Figure 4.4b Short pitched coil

The distance between the two coil-sides of a coil is called coil-span or coil-pitch. It is

expressed in terms of teeth, slots or electrical degrees. [4.3]

4.4 Open-circuit winding

All winding used in the polyphase induction motor are open circuited; this means that 

the ends of each phase of two of three phase winding are, in effect, free and are closed 

only when connected to the source of supply. The fact that the polyphase ac windings 

do not close is not always apparent, because the individual phases are interconnected 

and often, as in the delta connection, each phase is actually closed through other two. 

When each winding phase is considered independent of the others, however, the open- 

circuit designation is correct. [4.2]
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4.5 Types of winding

Three general coil constructions are employed for polyphase induction motor. They 

are designated as lap, wave, and concentric coils and, when suitably interconnected, 

are called, respectively, lap, wave, and concentric coil windings. Figure 4.5 shows the 

lap and wave coil windings. The difference between them is only the manner in which 

the coil ends are connected. The leads emerging in lap windings are bent inwards and 

that of the wave windings are outwards. In concentric winding the coil concentricity is 

maintained as shown in figure 4.6. [4.2]

A A
\  /  

/  \  /
/  \  /

\  /  v
• C o i ls  Interconnections

Figure 4.5 Lap and Wave connection

Figure 4.6 Concentric Winding

The lap winding is most frequently used on stators, while the wave winding is usually 

preferred for rotors of wound-rotor machines. The concentric winding has limited use 

in practice, although it is widely used in single phase motor and some large diameter 

ac generators.

4-5



Chapter 4-Theory of Stator Winding

All the coils of a lap or wave winding are identical, although those employed for 

concentric coil winding have several shapes and sizes. The coils are, however, placed 

in the slots of the core with complete regularity.

4.6 Single layer and double layer winding

According to the number of coil side occupancy of the slots, the windings are divided 

into single layer and double layer types. In the single layer winding one coil side 

occupies one slot of the stator and in double layer winding two coil sides occupy one 

stator slot.

The main difference between single layer and double layer windings is in the 

arrangement of their overhang. In the single layer winding the coils sides are arranged 

in groups. This is possible only by having individual coil groups of different size and 

shapes from the other sets. This means that the single layer winding requires coils of 

differing shape and size. All this adds to cost of single-layer windings. Single-layer 

windings are usually only used in very small machines.

For double layer windings to be mechanically and electromagnetically symmetrical, it 

is obviously necessary that the same sides of all coil occupy the upper halves of the 

slots and that the corresponding other sides be placed in the lower halves of the slots. 

To fulfil this important requirement, it is necessary to form the coils with ‘knuckle’ 

bends at the front and rear. This is clearly seen in the form-wound coil of figure 4.7.

"Knuckle"
bend

Coil side

Coil ends

Figure 4.7 Coil assembled for double layer winding
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The armature-winding techniques for this kind construction are well established and 

used. An important point in this connection is that all coils are identical and occupy 

exactly similar positions, top and bottom, in the slot to provide an excellent degree o f 

uniformity.

The fact that lap and wave windings for poly-phase induction are double-layer means 

that the total number o f coils will always be exactly the same as the number o f core 

slots. A sketch o f multi turn lap coil and the position o f the coil sides in the slots o f a 

double layer winding are illustrated in figure 4.8. [4.2]

Figure 4.8 Position of two coil sides in double layer winding

The advantages o f double-layer winding over single-layer winding are as follows:

(a) Easier to manufacture and lower cost o f the coils

(b) Fractional-slot winding (slot per pole per phase is not an integer) can be used

(c) Lower leakage reactance and, therefore, better performance o f the machine

(d) Better em f waveform.

4.7 Connecting the three-phase motor with double layer winding

All three-phase motors are usually wound with as many coils as slots. These coils are 

so connected as to produce three separate windings called phases. The number o f 

coils in each phase m ust be one third o f total number o f coil in the stator. Therefore, if  

for example a three-phase motor has 36 coils, each phase will have 12 coils. These 

phases will have 12 coils. [4.4]

All the three-phase motors have their phases arrangement in either a star (Y) 

connection or delta (A) connection. A star-connected three-phase motor is one in 

w hich one end o f each phase are joined together as shown in figure 4.9. [4.4]

Top coil side Bottom  coil side
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Beginning A

End A
End C

End B 

PhtttB
Beginning BBeginning C

Figure 4.9 Star connected three-phase induction motor stator winding

Figure 4.10 shows a correspondingly delta connected winding.

End C

PhaaeAPhase C.

Beginning C .End A

End B

Figure 4.10 Delta connected three-phase induction motor stator winding

4.8 Poles

In the motor under discussion, the coils are connected to produce four poles. Thus in 

36-coil four pole motor each pole consists of nine coils as shown in figure 4.11.

Polel Poie 2 Pole 3 Pole 4

Nine coils to  each polo

Figure 4.11 A 36-coil, three-phase motor with coils divided into poles
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The arrangement showed in figure 4.11 is shown in more detailed in figure 4.12 for a 

lap winding. To the eye the coils appear as shown in figure 4.12. To simplify the 

connection process, each coil can be eliminated from the drawing so that only two 

leads if the coils are shown. Figure 4.13 is such a simplified diagram. [4.4]

\ Pole 1 /\  Pole 2 /\ Rote 3 j\ Pole 4

Figure 4.12 True shape of coils divided into poles

mi
\ Rote 1 A Pote 2 /\ Role 3 A Pole4  I

Figure 4.13 A simplified diagram of coils in a three-phase, four-pole motor

4.9 Group

A group is defined number of adjacent coils connected in series. In all three-phase 

motor there are always three groups in each pole, one of each phase. This section of 

three coils is often called as pole-phase group. Three groups in one pole are shown in 

figure 4.14. Another view of same connection is shown in figure 4.15.

\ Phase A j\ Phase B j\ Phase C j

\______ 1 Pole_____ f
Beginning

Stubs

Figure 4.14 Three groups in one pole Figure 4.15 Coils connected in series for a

group
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Coils are connected in a group when they are individually wound. When coils are 

group-wound, the group are automatically formed by the method shown in figure 

4.16. Most motor are group wound. [4.4]

Group removed from form

Figure 4.16 Method of winding coils in groups [4]

4.10 Connecting the coils into groups and phases

When the number of coils in each group is known, the coils can be connected into 

groups shown in figure 4.14 and figure 4.15, or they can be wound into groups, as 

shown in figure 4.16, thereby eliminating connections between coils. The coils are 

then connected in star or delta form and the direction of current are shown in the 

figure 4.17 and figure 4.18 respectively.

B star

C star

A star

Figure 4.17 Circular diagram for current flow in star connected three-phase 

winding [4.4]
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Figure 4.18 Circular diagram four-pole, three-phase delta connected motor [4.4]
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CHAPTER 5

PREVIOUS WORK ON INDUCTION MOTOR LOSSES AND HARMONIC 
COMPENSATION OPERATION WITH NON-SINUSOIDAL SUPPLY

WAVEFORMS

5.1 Introduction

Prior to the advent of solid-state controllers for the speed control of induction 

machines, the supply voltage was sinusoidal in nature, being practically free from 

time harmonics. The standard integral slot winding, having a similar pattern of 

conductors in each phase winding, has been used with the machine giving reasonably 

good performance. At the present time, induction motors are widely supplied with 

several types of solid state adjustable voltage- frequency controllers with a wide range 

of operating features. However, in many case, the motor has to be derated because of 

the harmonic effect due to the non-sinusoidal nature of voltage supply. The magnitude 

and distribution of additional losses and the related motor derating, in steady state, 

depends on the harmonic contents of the applied voltage and on the motor design.

The output voltage of present day static controllers deviates substantially from 

sinusoidal form and contains a wide spectrum of time harmonics of which lower order 

components predominate in general, having frequency closer to the wanted output 

frequency and the sub-harmonics in particular, are found potentially objectionable in 

practice and are at the same time difficult to filter them out. Besides directly reducing 

the rating of the machine, these time harmonics produce other undesirable effects on 

the performance.

Attempts have, however, been constantly made to modify the design of controller 

circuit for improving the waveform of the output voltage and to modify the motor 

design itself to reduce the harmonic effect on the performance. The success has been 

achieved to a limited extend at the cost of added complications, which has reduced the 

reliability and increase the cost of controller unit besides causing an increase in 

switching losses.
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This chapter gives a state-of-art-discussion of the performance of induction motors 

operating on non-sinusoidal supply waveforms, highlighting the analytical and 

technical considerations as well as various issues addressed in the literature towards 

the practical realization of this technology for better drive stability with improvement 

in performance. A number of publications are reviewed and classified into four sub 

sections.

5.2.1 Modelling and analysis

The basic paper for induction machine analysis has been prepared by Stanley [5.1]. 

Later on, many researchers made contributions to the basis of the machine model 

given by Stanley with some modifications.

Hughes and Alderd [5.2] have suggested a general model for transient and unbalanced 

operation of two and three-phase induction machines. The machine equations are 

expressed with respect to aB-dq coordinates. The model is simulated using an 

analogue computer and the obtained results are compared with practical values.

Sarkar and Berg [5.3] have presented a direct three-phase model using phase variables 

and a two axis models for the three-phase induction machine. The models are 

simulated using a digital computer. The machine performance under a rectangular 

waveform supply is also included.

Jacobides [5.4] has reported the model of a drive consisting of a three-phase induction 

motor fed from a full bridge cycloconverter. The model based on phase variables and 

the Gaussian elimination method is used to reduce the order of the connecting matrix.

Murthy and Berg [5.5] have presented a dynamic model based on instantaneous 

symmetrical component theory. The model is used to obtain the transient behaviour of 

thyristor-controlled three-phase induction motors. The model covers most of the 

operating modes and the analysis is done without reference to the rotor position.
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Krause and Lipo [5.6] [5.7] [5.8] [5.9] and many other researchers have reported 

different analytical techniques based on phase variables and reference frame 

transformations for three-phase induction machine. Various machine and supply 

conditions have been included.

Ueda et al. [5.10] have studied the effect of supplying the machine from a variable 

frequency source from the point of view of stability. The effect of machine parameter 

variation on the machine stability has been discussed and clarifies that for non zero 

stator resistance, the motor become unstable, however the existence of transient 

inductance works to suppress the instability and stabilize of the motor. The analysis of 

the induction motor verifies that the unstable range can be determined analytically.

Neto et al. [5.11] have presented a mathematical model of a three-phase induction 

motor using phase variables. The model is based on the harmonic impedance concept 

and accordingly the voltage and torque equations are derived from which the time and 

space harmonics can be studied. Two cases are included in the analysis, supplying the 

machine from a sinusoidal supply and from non-sinusoidal supplies using PWM 

inverters. It is also shown that the torque oscillations in steady state are higher with a 

sinusoidal source than with the PWM inverter.

Toliyat et al. [5.12] [5.13] have developed an analytical method for modelling the 

multiphase cage induction motor. The model considers the mmf harmonics using the 

winding function approach. It is based on the geometry of induction machine and the 

physical layout of all the windings. This model can simulate the transient and steady 

state performance of induction motors, including the effect of static rotor eccentricity. 

The only drawback of this model is that the effect of stator and rotor slots is not taken 

into account. The model is used effectively to simulate various types of machine 

faults such as asymmetry in the stator winding, air gap eccentricity and rotor bar 

faults.

Joksimovic and Penman [5.14] have presented an induction motor model based on a 

winding function approach to investigate the relation between machine faults and the 

current harmonics. One of the common methods used to simulate the supply faults 

and unbalance in stator and rotor circuit is the symmetrical component method [5.35].
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Result shows that the frequency components at 150 Hz (3rd harmonic) increase under 

the action of inter-turn short-circuit conditions. It is also demonstrated that under short 

circuit conditions, a significant increase in rotor slot harmonic occurs.

Oguchi [5.15] has reported a closed-form, analytical solution for the current and 

torque waveform for a three-phase induction motor, supplied with a multiple phase- 

shifted voltage source inverter system. Motor performance, such as the torque ripple 

factor and the peak stator current ratio, has been calculated for the inverter output 

voltage waveform with 6-48 steps. A guideline for the design of multiple inverter 

systems has been given and a comparison between motor performance of multi­

stepped voltage-fed and a PWM voltage-fed designs has been made.

Bonnet [5.16] has reported the analysis of the impact of the PWM inverter voltage 

waveforms on ac induction motors. The effects of the maximum voltage, rate of rise 

of voltage (dv/dt), switching frequency, capacitors, resonance and harmonics have 

been considered in the study. But this study doesn’t take into account the distortion on 

the line side of the adjustable speed drive, only the load side.

Wang and Liu [5.17] have discussed the steady state harmonic modelling and 

simulation of a cycloconverter drive system (CSD). The operation and control of a 

cycloconverter drive and a synchronous motor load were modelled in the time 

domain. The theme of this paper is to understand harmonic problem associated with a 

CDS from an integrated point of view, with special attention given to harmonic 

filtering and cancellation effect of converter coupling transformers. The study showed 

that the zigzag connection of a transformer, which cancels the current harmonic, 

didn’t show a significant effect when compared to the other types of connections used 

in the experiment. It also showed that delta-star connection is less preferable for a 

CSD application as it injects more harmonics into the power system. Results also 

suggested that the amount of harmonic does not change much at rated speed or above 

but become large below the rated speed of the motor.

Dell’Aquilla et al. [5.18] have presented an analytical method to model and calculate 

the line side currents produced by variable speed induction motor drives. The authors 

say that the function of the d.c link capacitor in the inverter is not only to limit the
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ripple in the inverter input voltage but also to prevent a large part of the input inverter 

harmonic current from flowing in the line. The authors claim that the method has the 

great advantage of being suitable for every type of variable speed drive with a diode 

bridge rectifier and a d.c. link filter. They also state that this method gives correct 

evaluation of the line currents for every set of parameter and every PWM modulation 

technique for VSI inverter.

5.2.2 Induction motor losses on non-sinusoidal supply

Doggett and Queer [5.19] for first time in 1929 have presented the preliminary 

investigation of an induction motor operation with non-sinusoidal impressed voltages 

and suggested that for a known pattern of non-sinusoidal supplies, the voltage profile 

can be analyzed into a fundamental component and a series of time harmonics. If 

magnetic saturation is neglected, a motor operating on such a supply system may be 

regarded as a linear device and the principle of superposition can be applied. The 

overall response to the non-sinusoidal voltage is then obtained as an aggregation of 

responses to the individual components. Klingshim and Jordan showed the 

performance of a three-phase induction motor performance under a non-sinusoidal 

voltage source [5.20]. In 1968, Chalmer and Sarkar studied the induction motor losses 

due to non-sinusoidal supply waveforms [5.21]. In 1972 and 1979, Linders 

investigated the effects of poor quality power sources on ac motors and suggested the 

hidden costs and containment due to the distorted waveforms [5.22] [5.23]. Raphael 

(1977) discussed the additional losses and torque pulsations in PWM inverter-fed 

squirrel-cage induction motors [5.24]. In 1986, Cummings simplified the harmonic 

equivalent circuit and proposed a method to estimate motor loss and temperature rise 

[5.25]. In 1987, Fuchs et al. investigated the sensitivity of electrical appliances to the 

harmonics [5.26].

Sen and Landa in 1990, proposed the derating operation under waveform distortion 

[5.27] according to the enclosure of an induction motor. They used derived loss 

equation to develop the computer programme for loss calculation. Two types of motor 

enclosures were used with three cases of 5% voltage distortion. Results shows that the 

2nd harmonic in a non sinusoidal supply has a most pronounced effect on the 

temperature rise and so the restriction of the second harmonic should be included in
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the harmonic established by IEEE Standard 519 and in some cases the derating should 

be considered less than 5%. They also conclude that the efficiency plays an important 

role in derating of a motor and suggest that smaller machines (less than 5 hp) are 

affected more by the harmonic than larger machines. But this paper does not consider 

skewing and the analysis is limited to a full load study.

In 1993, Wagner et al., presented a summary of the state-of-knowledge of the effects 

of harmonics on power system equipment and load [5.28]. They suggested that the 

losses in an electrical machine are dependent on the frequency spectrum of the applied 

voltage. The core and stray losses become more significant in an induction motor 

driven by an inverter producing high harmonic frequencies.

Lee and Lee in 1999 reported the effects of non-sinusoidal voltage on the operating 

performance of a three-phase induction motor [5.29]. They used a load test to 

investigate the performance of a three-phase induction motor under different voltage 

distortion factors. They used voltage waveform of voltage distortion factor (VDF) 5%, 

10% and 15%. Results shows that the lower order harmonics result in low motor 

efficiency, and a larger VDF causes lower efficiency. The experimental results show 

that the difference between the largest and the smallest harmonics is 3% when 

VDF=10%. At 10% VDF it has been noticed that the lower order harmonic below five 

affect the performance of the induction motor more severely than the harmonic order 

above five. They conclude that when studying the impact of the harmonic on a three 

phase induction motor, one must consider both odd and even order harmonics 

particularly harmonic order below five. If the arrangement of transformers in a 

distribution system cannot eliminate the zero-sequence harmonic completely the 

effect of zero-sequence harmonics on induction motors must be considered.

* There have been many studies of iron losses in induction machines. The equivalent 

circuit has been modified in various ways to improve the accuracy of the loss estimate 

for wide ranges of operating conditions. In the case of a distorted voltage waveform 

supply, it is not possible to use, in general, such a model due to the non-linear 

behaviour of the material and the complexity of the phenomena involved. One such 

modification of the standard equivalent circuit representation of the motor for the k* 

harmonic of the voltage waveform proposed by Vamvakari et al. [5.30] is shown in

5-6



Chapter 5-Previous Work

figure 5.1. In this figure, Vk denotes the voltage harmonic of order k, Rs the stator 

winding resistance, Rrk the corresponding rotor resistance, Xls, Xlr the stator and 

rotor leakage reactances and Xm is the magnetizing reactance at fundamental 

frequency. Rmk is the core loss resistance. RlSk and Rlrk are resistors representing 

harmonic iron losses associated with stator and rotor leakage fluxes, respectively, 

placed in parallel with corresponding leakage reactance terms. This has been tested by 

supplying the voltage waveform with non negligible low order higher harmonics of 

5% of third harmonic and 5% of 5th harmonic. It can be been seen that the modified 

equivalent circuit motor representation provides a good predetermination of the 

induction motor current peak value when supplied by a distorted voltage waveform. 

However, it introduces a slight phase lead with respect to the current estimated which 

indicates model limitation for harmonic loss predetermination.

- m -

-  W i—

Figure 5.1 Modified equivalent circuit of an induction motor for the kth order 

voltage harmonic component [5.30]

Iron loss models suitable for use in dq-models of the induction machine have also 

been studied [5.31] [5.32]. These lumped models of iron loss are useful but do not 

allow the details of iron losses to be studied.

Some studies have specifically addressed losses arising from inverter supplies [5.33] 

[5.34] but are limited in nature. There are models for iron loss in thin laminations 

[5.30] [5.31] [5.35]. These models provide loss density results for a localized flux 

density expressed as a function of time.
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Boglietti et al. [5.36] have reported the effect of inverter characteristics on the iron 

loss increment in induction motors fed by PWM-controlled converters. The inverter 

parameters such as modulation index, modulation waveform and switching frequency 

are considered in the study. The result shows that in order to reduce the iron losses it 

is better to operate the inverter with highest allowed modulation index as can be 

inferred from figure 5.2.

The switching frequency is not so important from the iron loss point of view. The 

modulation waveform is not so important factor for the increase in the iron loss. 

However this study was not about the iron loss in a practical working condition of the 

induction motor with an inverter, on load.

\ Iron lasses at different 
modulation indexes ”m'

[W]

100

Stator ejnX [V]

50. 100. 200.150.

Figure 5.2 Variation of iron loss with fundamental component of output voltage 

V with different modulation indices [5.36]

In another study Boglietti [5.37] has given a method for evaluation of the steady state 

loss in medium power industrial induction motors supplied by PWM inverters. The 

method is based on the no-load and a short circuit test with a PWM supply and is 

quite simple to realize. This technique is similar to the standard no-load and short 

circuit tests used with a sinusoidal voltage supply. The method is based on some 

simple hypothesis that has been verified during the experimental tests by means of 

mathematical models. It is possible to compare the no-load and the short circuit tests 

under sinusoidal and PWM inverter supplies considering the same rms fundamental

5-8



Chapter 5-Previous Work

voltage. The method has been applied to a 7.5 kW induction motor supplied by a 

prototype PWM Voltage Source Inverter (VSI) modulated with a ramp comparison 

technique at a 1 kHz switching frequency. The author claims that the results could be 

utilized in order to define some design criteria and the derating for standard induction 

motors supplied by PWM inverters.

Gerlando and Perini [5.38] have reported a methodology for the calculation of the 

extra iron losses occurring in the core of the inverter-fed electromagnetic devices. The 

results show that with increasing frequency ratio nif, the extra iron losses due to the 

PWM inverter supply decreases because the eddy current losses decrease due to the 

reducing effect of coefficient kfe. The behaviour of eddy current losses when the 

modulation ratio ma increases is similar to that of the first harmonic contribution i.e. 

similar to that of sinusoidal operation. The authors did not explain which modulation 

technique is used for this modelling and the results are not experimentally proved.

Boglietti and co-workers [5.39] have presented results on grain-oriented steel and 

amorphous alloy wound core samples tested under sinusoidal, six-step and a PWM 

inverter supply at 50 Hz. For the PWM waveform, where the modulation technique 

and parameter were not clearly defined, a 42% increase of iron losses was measured 

in the case of the amorphous material and about 100% in the case of grain-oriented 

material which was attributed to the high eddy-current increase linked to the very 

particular waveform of this supply. The loss comparison was made at the same peak 

value of the first harmonic of the flux density. In the PWM case, where it was not 

possible to calculate the relationship between the first harmonic of the output voltage 

and the total rms output voltage, the peak value of the first harmonic of the flux 

density had been obtained using the output waveform of an analog integrator circuit 

and a digital scope (figure 5.3). It is not clear if the peak flux density of the first 

♦ harmonic was used or just the peak flux density since it is necessary for a spectrum 

analyser to check the amplitude of the harmonic component of the induced voltages or 

the integrated signal (from the analog integrator).
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Figure 5.3 Measurement system used by Boglietti and co-workers in [5.39]

In a recent study [5.40], authors have presented a methodology for a convenient 

modification of induction motor equivalent circuit parameters, taking into 

consideration switching frequency iron losses in the case of inverter supply. The 

authors have also presented a modified two axes equivalent circuit as shown in figure 

5.4. The methodology adopted was based on a high fidelity transient model of an 

induction motor simulated on a stationary reference frame, fed by an appropriately 

designed voltage source sinusoidal pulse-width modulated inverter, serving as a 

variable voltage variable frequency three phase power supply. The model includes the 

harmonic iron loss representation as well as the motor equivalent circuit parameter 

variation. The d-q transformation is used in this modelling to give the advantage of a 

fast convergence and to provide sufficient accuracy for greater time steps during 

extended transient phenomenon. The method validity has been checked by 

measurement on a 20 kW cage induction motor drive system.
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Figure 5.4 Modified equivalent circuit for the induction motor dynamic model: 

(a) d-axis equivalent circuit (b) q-axis equivalent circuit [5.40]

One of the recent studies by Ekram and Sarkar [5.41] discussed the effect of 

harmonics on inverter fed induction motors. In this study they have shown through 

simulation that if the number of pulses at the PWM inverter output is either small or 

very large then the magnitudes of the harmonic vary accordingly. In this study via 

simulation using C++ and Matlab it has been seen that when the number of pulses, m, 

is five then the lower order harmonics have significant magnitude and as m is 

increased between 17 and 35 then the lower order harmonics significantly reduce 

whereas when m is equal to 71 the lower order harmonics increased. But the 

magnitude of the fundamental component also has been reduced. The study is related 

to a 500 hp induction motor, the authors did not made clear if this applies to low 

rating machines.

DeWinter and Wu [5.42] presented their review on the medium voltage motor 

harmonic heating, torques and voltage stress when applied on variable frequency 

drives (VFD). The authors suggest that it is important to know the torque and the 

additional heating as a function of a specific motor rather than based on a hypothetical 

♦ideal motor. Generic data provided by a drive manufacturer as to the harmonic losses 

and the torque is of little value unless the specific motor parameters are known 

because motor inductance plays such a large role. They also suggest that generally 

technology is available to reduce the amount of harmonic heating and the torque 

produced by a motor linked to more sophisticated drives to less than the amount 

experienced as a result of normal voltage imbalance.
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Emanuel [5.43] estimated the effect of the harmonic voltage fluctuations on the 

temperature rise of squirrel cage induction motors. In his study he suggested that the 

capability of a squirrel cage motor to tolerate the fluctuating harmonics with the total 

harmonic distortion, THDmax, in excess of the recommended 5% is a function of the 

equivalent thermal time constant of the rotor, the time integral during which the 

distortion voltage reaches and remains at the maximum and the frequency distribution 

function characterising the occurrences of distortion. The calculation provided by the 

author indicates that for the rotor with a thermal time constant of 60 minutes, it is 

possible to tolerate a total voltage distortion, THD of 4% and THDmax of 10% 

provided the duration of maximum distortion lasts for less than 36 seconds. However, 

the author did not measure the temperature rise under different non-sinusoidal 

waveforms and have not provided the background information of the theoretical 

modelling.

Hanna [5.44] presented the characteristic of harmonics produced by an adjustable 

speed drive systems, the method of reducing them, and installation examples. The 

author suggests that theoretically the magnitude of the harmonic in a motor depends 

on the stator winding configuration i.e. three-phase (connected to six-pulse system) or 

six-phase (connected to twelve pulse system), the harmonic reactance and the rotor 

damping effect. He showed in the tables (figure 5.5), the space harmonic produced in 

three-phase and six-phase winding arrangements. It can be seen from the figure that 

more space harmonics are suppressed in the six-phase winding than in the three-phase 

winding. So the heating in the six-phase winding is lower than the other. To 

understand the presence of harmonics in adjustable speed drives (ASD) he presented 

the two installations of a six-pulse system and a twelve-pulse system. In the first 

installation it is clearly seen that the current waveform is distorted and the major 

harmonic components are the 5th, 7th, 11th and 13th. Due to this the temperature rise 

♦under inverter supply was in excess of 150° C. This temperature rise is reduced by 

design modification of the rotor such as adding damper bars in the pole face, 

decreasing the air gap or improving airflow by replacing cooling fans. In the second 

case as the 5th and 7th harmonics exist and not suppressed. This is due to the variation 

in the voltage, difference in thyristor’s firing pulse angle between multi-pulse circuits. 

So the authors suggest that drive design should be carefully taken into account to 

reduce harmonics.
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Figure 5.5a The speed and the direction of rotation of the components of the 

stator MMF of a three-phase winding [5.44]
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Figure 5.5b The speed and the direction of rotation of the components of the 

stator MMF of a six phase winding [5.44]

Lumyong and Chat-Uthai [5.45] proposed the technique, which allows the effect of 

harmonics on the performance of three-phase induction motors to be studied by using 

a non-sinusoidal voltage source obtained from the brushless synchronous reluctance 

generator. The technique is particularly suitable for testing the impact of the
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harmonics on three-phase induction motors since the frequency and the amplitude of
ththe k order harmonic can be independently controlled. Several models of a non- 

sinusoidal voltage source having the fundamental with various orders of harmonics 

and % VDF are presented. The test results indicates that increase of % VDF, the 

fundamental with lower order harmonics will have an influence on the increase of 

input current, power and loss more than those with the higher order harmonics. At the 

same % VDF, fundamental with lower order harmonic will result in higher input 

current, power and loss than those with high order harmonics. Negative sequence 

harmonics will cause slightly higher power loss than positive sequence harmonics, 

however this effect is not significant because of the low amplitude of negative 

electromagnetic torque. Increasing motor load has a slight effect on the power loss of 

the k* order harmonic.

The various studies [5.46] [5.47] [5.48] [5.49] made on harmonic losses reveal that:

• The presence of the harmonic currents in the stator winding causes an increased 

copper loss. When skin effect is negligible, the stator copper loss when a non- 

sinusoidal supply is used is proportional to the square of the total rms current.

• The presence of harmonics also increases the fundamental component of the current 

slightly, due to an increased magnetizing current.

• The assumption of a constant resistance at harmonic frequencies is reasonably 

justified for the stator windings of the wire-wound machines. For large ac motors, 

there is an increase in stator resistance with frequency, which depends on the shape, 

size and disposition of the conductor in the stator slots.

• The skin effect is much more pronounced in the cage rotor, which exhibits a 

significant increase in resistance at harmonic frequencies, particularly in the case of 

deep bar rotors. Since the rotor resistance is a function of the harmonic frequency, the 

rotor copper loss is calculated independently for each harmonic.

♦ • It is appropriate to use a reduced value of per unit reactance because the rotor 

leakage inductance is reduced significantly as a result of skin effect.

• The core loss in the machine is also increased by the presence of harmonics in the 

supply voltage and current.

• The core loss due to the space harmonic air gap flux is negligible, but the end- 

leakage and skew-leakage fluxes, which normally contribute to the stray load loss, 

may produce an appreciable core loss at harmonic frequencies. Consequently, these
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effects must be taken into consideration for a motor operation on non-sinusoidal 

supply.

• The magnitude of harmonic loss obviously depends on the harmonic content of the 

motor voltage and current. Large harmonic voltages at low-harmonic frequencies 

cause a significant increase in machine loss and reduce efficiency.

• The higher order harmonic currents usually have small magnitudes. For such 

waveforms, the reduction in full load motor efficiency is not excessive.

5.2.3 Control scheme for loss minimization in induction motor drives

Selection of the level of flux in the induction motors remains an open problem from 

the perspective of maximizing motor efficiency and many researchers continue to 

work on this problem. Numerous operation schemes have been proposed by many 

researchers concerning the optimal choice of the excitation current or the flux level 

for a given operating point [5.50-5.57]. The techniques aimed at giving an 

improvement to the efficiency can be divided into two categories. The first category is 

the so-called loss model-based approach [5.50] [5.51] [5.52], which consists of 

computing losses by using the machine model and selecting a flux level that 

minimizes these losses. The second category is the power-measure-based approach, 

also known as the search controllers (SCs) [5.53-5.57], in which the flux (or its 

equivalent variables) is decreased until the electrical input power settles down to the 

lowest value for a given torque and speed.

Lorenz and Yang [5.50] took the copper loss and the iron loss into account to 

formulate the loss model. Dynamic programming is used to minimize the loss of a 

field oriented controlled induction motor drive during closed cycle operation. 

Constraints on the input current, input voltage, maximum velocity and the rotor flux 

♦ are taken into account for the problem formulation. Using an objective function that 

depends on the drive’s loss and includes constraints, they calculated the optimal flux 

trajectories for the vector control online. The authors conclude that acceleration 

(storing of kinetic energy to be consumed by the process work function) has greatest 

loss potential and thus, optimization should concentrate on this interval. The 

efficiency of the dynamically optimised (varying flux) trajectories for the whole cycle
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is better than the optimal constant flux by 10% to 20% or more unless a very short 

interval is used.

Garcia et al. [5.51] obtained a loss model after simplifying the induction motor’s 

equivalent circuit by deleting leakage inductance in d-q coordinates. This model is 

based on the theory that when the induction motor is used for adjustable speed drives 

it operates far from the rated conditions and so there is imbalance between the iron 

and the copper losses, which cause the drop in efficiency. This balance can be 

achieved by controlling the magnetic flux. The loss model consists of resistors 

reflecting iron loss, rotor and stator copper losses as a function of stator current ids 

stator field current and iqs stator torque current in the d-q frame. This model allows an 

equation to be established to quantify the copper and the iron losses. Based on this 

equation, a loss minimization algorithm was proposed and simulated to show the 

possibility of energy saving.

Kioskeridis and Margaris [5.52] developed a loss model controller (LMC) for 

determining the optimal air-gap flux that minimise the losses of the scalar controlled 

induction motor adjustable speed drive. The authors suggested that although this 

method is based on the induction motor loss model, its implementation does not 

require the knowledge of the loss model. They calculated the total iron loss, copper 

loss and the stray loss and derived an optimal flux level that minimizes the total loss. 

They also said that the model can be easily implemented both for analogue and digital 

techniques but only the stator current measurement is required which contradicts the 

above statement suggesting that the loss model knowledge is not required.

In the model-based loss-minimization algorithms, the leakage inductance of the stator 

and rotor are usually neglected to simplify the loss model and minimization algorithm

[5.51] [5.52]. However, with this simplified model, the loss minimization cannot be 

achieved, especially for the high-speed operation of motors, since a large voltage drop 

across the leakage inductance is neglected.

Kirschen et al. [5.53] proposed a solution of minimizing the input power by 

decreasing the flux command in steps. This is a very simple technique, but torque 

pulsation is unavoidable. Sousa et al. [5.54] improved the work of Kirschen et al.
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[5.53] by adaptively reducing the reference flux current with the aid of fuzzy logic. 

They solved the torque pulsation problem by applying feed forward compensation. 

This method for efficiency optimization of a vector control drive uses a fuzzy 

controller to adjust adaptively the magnetising current based on the drive measured 

input power, thus yielding the true optimum operation efficiency with a fast 

convergence. The proposed method can be incorporated into an existing vector drive 

system. However, extra hardware needs to be added to the existing drive system.

Kim et al. [5.55] adjusted the squared rotor flux according to a minimum power 

algorithm based on the Fibonacci search method. The torque ripple is not generated in 

this configuration, since the speed and rotor flux are decoupled by means of non­

linear control. For maximum power efficiency, the square root flux is adjusted until 

the measured power input reached a minimum. This method doesn’t need the 

information of stator inductance and stator resistance. The major advantage of this 

modelling was that it doesn’t need a voltage sensor for the identification of rotor 

resistance.

Moreira et al. [5.56] used the information of third harmonic components of the air gap 

flux to reduce the d-axis current. This signal is used to determine the resulting 

instantaneous position of the fundamental component of air gap flux and consequently 

the torque and the flux producing components of the stator current. In addition the 

third harmonic component is used to determine the rotor speed. So the output power 

of the machine can be calculated with only a single sensing wire attached to the 

neutral point of the stator winding. The flux producing component is adjusted to 

produce the minimum input power for a given output power.

Sul and Park [5.57] proposed an efficiency-maximizing technique by defining an 

optimal slip. The optimal slip is firstly searched for by trial and error, and stored in a 

microprocessor memory. Then, the control system is forced to track the optimum slip 

presented in a lookup table.
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5.2.4 Harmonic reduction techniques

The increasing application of power electronic equipment, especially adjustable-speed 

drives (ASDs) in the industrial environment has led to a growing concern for 

harmonic distortion and the resulting impacts on system equipment and operation. 

Possible problems include transformer overheating, motor failures, fuse blowing, 

capacitor failures and malfunctioning of control. Harmonic currents are generated by 

the operation of non-linear loads and equipment on the power system. Voltage 

distortion results from the interaction of these currents with the system impedance 

versus frequency characteristics. The characteristics of the input current for adjustable 

speed drives depend on the drive type, drive loading and characteristics of the system 

supplying the drive. The harmonic distortion in these currents can vary over a wide 

range.

In the last two decades, major focus has been on harmonic reduction techniques. 

Some summaries on three-phase harmonic reduction technique can be found in 

references [5.58] to [5.69].

Domijan et al. [5.58] discussed various techniques for harmonic reduction in 

adjustable speed drives. They summarised the important techniques in six categories 

namely:

1) Phase Multiplication

2) Passive filters

3) Active filters

4) Harmonic injections

5) Harmonic mitigation technique with PWM

6) Wye-Delta transformer connection

They also suggested that the trend among researchers seems to be towards increasing 

utilisation of pulse width modulation (PWM) as a part of their mitigation technique, 

especially the ones that use current injection for the reduction or elimination of 

harmonics. However when the problem arises in the industry due to harmonic 

distortion, field engineers to a large extent use conventional filtering method.
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Rastogi et al. [5.59] presented the comparative evaluation of a harmonic reduction 

technique, which satisfies the current harmonic limit, specified by the IEEE standard 

519, and at the same time provided a regulated dc output voltage. The technique 

considered included the active and hybrid filters and various current wave-shaping 

approaches for the three-phase utility interface. They divided the harmonic reduction 

techniques as show in figure 5.6.

Simnoidal-OKmit Rectification

Wcvesluping of Current*

ActiveActive

Cuncat-Moduiation

Figure 5.6 Classification of the harmonic reduction technique [5.59]

Salmon et al. [5.60] presented numerous circuit topologies, which can be used in 

PWM boost rectifiers. Circuit performances are highly in terms of the switch count, 

cost, conduction losses, the PWM waveform characteristics and the bi directional 

power flow capability. Three-phase topologies exist that lower the per-unit current 

rating of the active switching networks and lower the electrical stress on the switches. 

Operation of the rectifiers with low current distortion is possible with an output dc 

voltage as low as 1.35 times the line-to-line voltage.

The method of harmonic cancellation by mixing nonlinear single-phase and three- 

phase loads was presented by Hansen et al. [5.61]. The reason for mixing is that the 

fifth and seventh harmonic currents of a single and a three phase non-linear loads 

often are in counter phase. This method doesn’t increase the current THD in 

transformer but actually lowers the THD and thereby, lowers the losses. They also 

suggest that care should be taken for when setting the strict limit to harmonic current
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emission for the three-phase diode rectifier because of their harmful effect. Reduction 

of harmonics due to cancellation is shown in figure 5.7.
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Figure 5.7 (a) Measurement of single phase, three-phase and the sum of both 

currents, (b) Harmonic spectrum of single phase, three-phase and the sum of 

both currents [5.61]

Third harmonic injection schemes for the three-phase diode rectifier for reducing the 

^harmonic currents have produced some promising results presented by Mohan [5.62]. 

An approach to achieve nearly sinusoidal line current rectification of a three phase 

utility voltage is presented by the author. The scheme incorporates two dc-dc 

converters to modulate current at third harmonic frequency and then circulated 

through the ac-side of a diode bridge rectifier, using a zigzag transformer as shown in
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figure 5.8. This interface draws input current with a harmonic distortion of less than 

5% and provides regulated dc voltage at the output.

Figure 5.8 Third harmonic injection scheme [5.62]

In a study by Lee et al [5.63], a robust three-phase active power-factor-correction 

(PFC) and the harmonic reduction scheme suitable for the higher power applications 

is proposed. The system is a unique combination of a low-kilovolt ampere 12-pulse 

rectifier system with a single-phase boost PFC scheme to shape the input current to a 

near sinusoidal wave shape. It has been shown that by injecting a low kilovolt ampere 

(0.05Po) active current source Ix into the AIPT (active interface transformer), 

sinusoidal currents with 1% THD can be obtained. Further more an active PWM 

inverter is not directly exposed to line transients. In the event of failure of active 

PWM control, the proposed system reverts to 12- pulse operation with fifth and 

seventh harmonic cancellation in the input utility line current.

♦

Hansen et al. [5.64] have proposed an integrated single-switch approach to improve 

the harmonic performance of a standard pulse width modulation adjustable-speed 

drive. The approach is essentially an add-on solution to a standard ASD topology and 

is based on circulating a third harmonic current to reduce the harmonics in the line 

current. The dynamic braking chopper was used to control the amplitude of the third 

harmonic circulating current. Input current distortion well below 15% is obtained.

Zigzag
Connected
Transformer
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Alexa and Sirbu [5.65] have presented a thorough analysis of the operation for a 

combined filtering system consisting of a passive filter with diodes connected in 

parallel with capacitors and a low-power inverter. The diode limits the voltage across 

the capacitor and the inverter starts to work when disturbances occur in the three- 

phase network, sending back to the network the excess energy taken by the capacitors 

from the network during these disturbances. The authors also discussed the 

advantages and shortcomings of the passive, active and combined filtering systems 

and have suggested essential modifications. The volume of the capacitors used in the 

case of proposed version is 25%-30% of the volume of the ac capacitors used in 

classical versions of passive filters with LC series circuits. It also proves that the 

values of the harmonic current injected into a power system can be maintained within 

the limit imposed by harmonic standards.

Mohapatra et al. [5.66], present harmonic elimination and suppression scheme for a 

dual-inverter-fed open-end winding induction motor drive shown in figure 5.9. Two 

isolated dc link source with voltage ratio of approximately 1:0.366 are used and this 

link feeding two inverter to drive the open-end winding induction motor eliminates 

the triplen harmonic currents from the motor phase. The PWM scheme proposed
tKi *uenables the cancellation of all the 5 and the 7 harmonic voltage and suppresses the 

11th and 13th harmonic voltage amplitude in the motor voltage phase, in all 

modulation ranges. The scheme is experimentally verified for a 1-hp induction motor 

drive. The carrier wave of frequency of 12 times the frequency of modulating wave is 

used experimentally for v/f control for the entire speed range. The authors claims that 

the smooth and linear transition to the over modulation range is possible with this 

method. They also suggest that by properly choosing the frequency modulation ratio 

(12, 24, 48) at different speed ranges (0-50Hz) in the proposed scheme, the switching 

frequency of both inverters can be kept within 600 Hz and also the harmonic current 

amplitude can be controlled within an acceptable limit for variable speed application.
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Figure 5.9 Power circuit for the harmonic elimination and suppression scheme

[5.66]

In a recent study [5.67], Sundareswara and Kumar have reported a voltage harmonic 

elimination technique in PWM ac/ac voltage converter using a genetic algorithm 

(GA). The circuit of the PWM ac chopper and output voltage is shown in figure 5.10. 

The output voltage of the ac chopper with k pulses per half cycle is written in terms of 

the switching angle using a Fourier series, and the best switching angles are identified 

with the dual objective of the harmonic elimination and output voltage regulation. For 

performance comparison of the GA, other optimisation method such as Rosenbrock’s 

rotating coordinate method and Newton Raphson method are also applied to the 

problems. Comparison showed that the GA method is on a par with conventional 

optimisation methods.
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Figure 5.10 (a) Circuit of PWM ac chopper, (b) Output Voltage [5.67]
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A review of harmonics in rotating machine is presented by Wakileh [5.68]. In this 

paper author discussed the impact of harmonics on the losses of induction motor and 

the formulae for the induced emf, pitch factor and distribution factor are extended to 

include the effect of harmonics thus allowing the computation of voltage harmonic 

distortion. The author extended formulae for hysteresis loss due to harmonics to 

Phpu= I  h ‘-"EVi (5.1)
h=l

Where Phpu is the total per unit Hysteresis loss, h is the harmonic order, Ehpu is the h* 

harmonic rms generated in per unit.

The author discussed the elimination of harmonics in rotating machine by chording 

the stator coil and thus he worked out numerically the waveform of full pitch and 

chorded winding as shown in figure 5.11.
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Figure 5.11 (a) Phase voltage waveform, full pitch
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Figure 5.11 (b) Phase voltage waveform, short pitched [5.68]

The author conclude that in rotating machines chording reduces the fundamental 

component of the induced emf, yet it has an advantage of reducing harmonic voltage 

thus resulting in an improved voltage waveform. A coil span chosen to give a pitch 

factor of zero at a certain harmonic results in complete suppression of that harmonic. 

This was presented on a numerical basis experimental verification has not been 

reported.

Chen and Chen [5.69] designed a new winding for an ac three-phase machine, which 

has low harmonic content and high winding coefficient. The new winding designed 

using this principle is not bound to the basic unit of 60°-phase belt (per pole per 

phase) and has a short pitch coil span. The new winding doesn’t have coil groups but 

has the coil side group. In this method there are two types of mixed connection one is 

start-delta in parallel and another is star-delta in series as shown in figure 5.12, for 4
♦

pole 36 slot stator winding. The new winding increased the efficiency of the induction 

motor by 3% and odd harmonics are suppressed.
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Figure 5.12 Star-Delta mixed connections in series [5.69]

Based on all the above findings of the study from section 5.2.4, it is found that:

• The simplest method to provide some level of harmonic control and also accomplish 

power factor correction requirement is to add the power factor correction in the form 

of tuned capacitor banks. This prevents magnification of any characteristic harmonic 

components from the drives.

• A significant harmonic reduction can be obtained from PWM type adjustable-speed 

drives simply by adding a choke inductance at the input. Some drives manufacturers 

include this choke inductance in the dc link of the drive.

• Two isolated dc link sources with voltage ratio of approximately 1:0.366 feeding an 

open-end induction motor are capable of eliminating triplen harmonic currents from 

the motor phase.

• A reduction of harmonic content by increasing the pulse number does not 

necessarily offer a substantial improvement. The application of a PWM inverter 

within a broad time-fundamental frequency range thus offers disadvantages, unless it 

is possible and intended to filter the output.

• Fixed frequency or on/off PWM current-controlled techniques can provide a high- 

quality, controlled-current source.

• A high-carrier ratio improves waveform quality by raising the order of the principle 

harmonics. At low fundamental frequencies, very large carrier ratios are feasible and 

resulting in near-sinusoidal output current waveforms account for one of the main

5-26



Chapter 5-Previous Work

attributes of the sine wave PWM inverter drive-the extremely smooth rotation at low 

speeds.

• Harmonics can be reduced by chording the stator winding.
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CHAPTER 6

EXPERIMENTAL MOTOR WINDING DESIGN

6.1 Introduction

Four, three-phase, four pole commercial squirrel cage induction motors were 

purchased and redesigned to obtain stator short pitch windings. All the motors were 

initially concentrically wound. The windings were stripped out and re-wound.

6.2 Motor specifications

The specification of the commercial motors is as follows;

1) Power output: 1 Horse Power (746 watts)

2) Phase Voltage: 230 Volts

3) Rated Speed: 1420 rpm

4) Phases: Three-phase

5) Rated Current: 3.4 Amperes

6) Insulation Class: B

7) Number of stator slots: 36

8) Number of stator teeth: 36

9) Winding type: Concentric

10) Connection type: Delta

11) Wire diameter: 0.6 mm

12) Layers of coil side in each slot: Single

13) Number of turns in each coil: 78

14) Slot type: Semi-enclosed
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The new winding designed specifications are as follows:

1) Wire thickness: 0.6 mm

2) Coil insulation type: Class-H

3) Layers of coil side in each slot: Double

4) Type of winding: Lap

5) Number of turns in each coil: 39

6) Connection type: Delta

The coil insulation type is changed from Class-B which has maximum temperature 

resistance of 130° C to Class-H which has maximum temperature resistance of 180° C 

as there was a possibility of increase in the temperature while motor was on load due 

to change of the standard winding design. The type of winding was changed to lap as 

it gives advantage of easy manual rewinding. To take advantage of the better emf, 

lower cost of coils and better performance of the motor the double layer winding is 

used.

In the above specifications the number of turns per coil in the motor before rewinding 

is 79. The type of winding is single layer winding. In the re-wound motor it can be 

noticed that the number of turns in each coil is 39 this is because the re-wounded 

motors is double layer winding so as to maintain equal amount of turns in each slot 

the number of turns are reduced from 78 to 39. So for the re-wounded motors one 

stator slot has two coil sides, which consist o f 2 x 3 9  = 78 turns.

6.3.1 Design of motor M l (Full pitched)

A symmetrical m phase winding is defined as one in which the starts of the phases are 
►

displaced around the periphery of

2 n 360°
 =  Electrical degrees
m  m
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In this case m= 3, as it is a three-phase motor. So it is given as

3 6 0 °
 =  120°

3

Each pole-pitch corresponds to n electrical radians or 180 electrical degrees.

If the number of poles are 4, number of slots, S, are 36. So each pole P, the number of 

slots per pole is given by

36  _
Slots p e r  p o le  = —  =  9

So the coil span of 9 slots will cover 180° electrical; more over, the number of 

electrical degrees between adjacent slots i.e. slot pitch is given by equation

• /  180°slo t pitch  = --------=  20
9

One motor was wound with a full pitch winding. The motor is of four poles and the 

pole pitch ‘p  ’ is 180° electrical or nine slots. The winding position of a single coil is 

shown in figure 6.1. The three phase winding distribution relative to two poles is 

shown in figure 6.2. In the figure a, b, c are the three phases and the a  and a' positive 

and negative direction of the currents respectively. The detailed layout of the winding 

is shown in figure 6.3.
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P°=1S0

1 2 3141516 '  SJ9 10

Figure 6.1 Winding design for single coil of 180° Coil pitch Motor (full pitch 

motor)

| Slots

r
j  

i

Pole Pitch. Pole Pitch
1 2 3 4 5 6 7 8 9 10 11 12 13 14

J td td td td ltd td Id td Id bd td td td
15 16 17 18

180° I

J a a a c’ c’ c’ b b b j  a ’ a ’ a’ c c c b ’ b ’ b’ J
| a a a c’ c* c’ b b b | a ’ a ’ a’ c c c b ’ b ’ b’ |

Figure 6.2 Phase distribution and current direction relative to two poles (180c 

coil-pitch motor)
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Figure 6.3 Detailed winding of the 180° coil pitch, 36 slot, experimental stator winding
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6.3.2 Design of motor M2 (160° Coil Pitch)

Motor M2 is designed such that the coil pitch is 160°. The winding design for a single 

coil is shown in figure 6.4. The first coil-side is placed in slot number 1 and the other 

coil side o f the same coil is placed in slot number 9. The three phase winding 

distribution in two poles is shown in figure 6.5. The detailed winding for 36 slots for 

160° is shown in figure 6.6.

ISO1

Figure 6.4 Winding design for single coil of 160° Coil pitch Motor

Slots I I
i---------------Pole Pitch------------------------ ►'<«-------- Pole P itch ------------------ i
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18* 19

yyyyyyyyyHyyyyyyyyiy
160° | | 

a a a c’ c’ c’ b b b I a ’ a’ a’ c c c b’ b1 b’ l a 
a a c’ c’ c’ b b b a j a’ a’ c c c b’ b’ b’ a j a

Figure 6.5 Phase distribution and current direction relative to two poles (160° 

coil-pitch motor)
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+ 8 Slots *

Figure 6.6 Detailed winding of the 160° coil pitch, 36 slot, experimental stator winding
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6.3.3 Design of motor M3 (140° Coil Pitch)

Motor M3 is designed such that the coil pitch is 140°. The winding design for a single 

coil is shown in figure 6.7. The first coil side is placed in slot number 1 and the other 

coil-side o f the same coil is placed in slot number 8. The three phase winding 

distribution in two poles is shown in figure 6.8. The detailed winding for 36 slots for 

140° is shown in figure 6.9.

n  r i
<4_P“= i4 0 o—>

112 b  4 5 4 8  9

Figure 6.7 Winding design for single coil of 140° Coil pitch Motor

Slots
Pole Pitch- Pole Pitch

1 2 3 4 5 6 7 8 9 10 11 12 13 U

Jbd td bl Id td td bl ltd tdbl td td td td td td ltd
15 16 17 18 19

140° | |

a a a c’ c’ c’ b b b | a' a’ a' c c c b’ b’ b' | a

a c’ c’ c’ b b b a’ a’ I a’ c c c b’ b’ b’ a a I a
I I

* Figure 6.8 Phase distribution and current direction relative to two poles (140° 

coil-pitch motor)
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Figure 6.9 Detailed winding of the 140° coil pitch, 36 slot, experimental stator winding
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6.3.4 Design of motor M4 (120° Coil Pitch)

Motor M4 is designed such that the coil pitch is 120°. The winding design for a single 

coil is shown in figure 6.10. The first coil side is placed in slot number 1 and the other 

coil-side o f the same coil is placed in slot number 7. The three phase winding 

distribution in two poles is shown in figure 6.11. The detailed winding for 36 slots for 

120° is shown in figure 6.12.

1 r l
■e p°=i2o^

819 10

Figure 6.10 Winding design for single coil of 120° Coil pitch Motor

| Slots
Pole Pitch- Pole Pitch

1 2 3 4 5 6 7 8 9 ! 10 11 12 13 14 15 16 17 18! 1S

JUUHHNl jyudtdiu
120° I

a a a c’ c’ c’ b b b | a’ a’ a’ c c c b’ b’ b’ | a

c’ c’ c’ b b b a’ a’ a’ I c c c b’ b’ b’ a a a l e ’
I I

Figure 6.11 Phase distribution and current direction relative to two poles (120° 

coil-pitch motor)
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Figure 6.12 Detailed winding of the 120° coil pitch, 36 slot, experimental stator winding
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CHAPTER 7

EXPERIMENTAL APPARATUS AND MODELLING 

7.1 Introduction

The efficiency of the three-phase induction motors under PWM (Pulse width 

modulation) and sinusoidal voltage supplies were measured. This investigation also 

includes the stator voltage harmonic measurements, torque measurement, speed 

measurement and output power measurement under load conditions. The speed, rms 

voltage, rms current and rms power at no load were also measured.

Apart from the above measurements, finite element modelling was performed to 

assess the voltage harmonics component in the air-gap of the three-phase induction 

motor using OPERA 2D Rotating machine model under sinusoidal voltage supply.

7.2 Experimental equipment

This system consists of a test bed on which the machine was mounted. The test bed 

consists of an eddy current brake, NEMA frame to mount motor and a cooling fan. 

The motor was mounted on the platform by adjusting the rail bolts. It was aligned to 

the height of the eddy current brake shaft with a ratchet wrench. The motor shaft was 

coupled to the eddy current brake by using the rubber drive-coupling spider. The 

motor was slid into position and locked down by tee joints.

The eddy current brake was connected to the 110 V, 20 Amp load controller. This 

controller has the smooth slide main control knob and fine control knob to control the 

♦ applied load on the shaft of the motor. There is a 110 V, 15 Amp auxiliary cooling fan 

to assist the cooling of the brake. To display the reading of the output torque, speed, 

power at the shaft the 100 V, 15 Amp Horsepower Computer was installed.
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The torque on the shaft was measured by using a strain gauge. The surface of a shaft 

under torque would experience compression and tension. The strain gauge elements 

were mounted in pairs at 90 degrees to each other on the shaft. One was mounted 

parallel to the length of the shaft, the other perpendicular to it. A Wheatstone bridge 

was used to measure the changes in the compression and tension and thus measuring 

torque. The speed sensor installed to measure the speed at the shaft uses a magnetic 

pulse system. The output power at the shaft is calculated by multiplying shaft torque 

by the corresponding angular speed.

To measure the input parameter Yokogawa WT1600 Digital Power Meter was used. It 

measures three-phase rms current, rms voltage, power, harmonic voltages, voltage 

harmonic distortion, total harmonic distortion, rms fundamental frequency and 

switching frequency.

To supply the motor with the PWM supply an ABB three-phase inverter was used. 

The modulation frequencies and the switching frequencies could be varied from the 

front control panel. Inverter allows the switching frequency of 4 kHz, 8 kHz and 16 

kHz. The sinusoidal supply was supplied from a three-phase source.

The complete set-up is as shown in figure 7.1.
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Sinusoidal Supply

Yokogawa WT1600 Digital Power Meter Eddy current brake

Motor

Torque and Power MeterInverter 3-Phase

Break Controller

Figure 7.1 Experimental -Setup 

7.3 Experiment procedure

The motor was installed on the test bed and energised by the three-phase sinusoidal 

voltage. The motor was made to run for 5 minutes so that the speed was properly 

settled down. The torque was applied on the shaft by brake controller. The torque is 

varied from 1.5 N-m to 7.5 N-m. At each step of applied torque, the input voltage, 

input current, input power and supply frequency are noted from the digital power 

meter. The harmonic voltages at every instant of load were captured and were saved 

in the digital power meter so that the all the harmonics could be measured at same 

time. The output power, torque and speed are measured in the horsepower computer. 

This is repeated with all the four motors with stator coil pitch 120°, 140°, 160° and 

180°.

The same test was performed with the inverter supply by changing the switching and 

modulation frequencies of the inverter. All the test results carried out were expected 

to have the same percentage instrument error as the test were carried out on the same
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setup using the same laboratory equipment. It is also worth noting that the 

repeatability of obtained results and characteristics were investigated. The 

measurements were repeated five times. The recorded values of measurement were 

repeatable with an error in the limits of ±2% of voltages, ±3% of applied torque and 

±2% of out put power.

7.4 Finite Element Method and Modelling

7.4.1 Introduction to Finite Element Method

The finite element method is based on the concept of dividing an original problem 

region, into a group of sub-region, the elements, and applying a numerical formulation 

based on interpolation theory to the element. A numerical solution was then sought 

with respect to some optimal criterion.

The finite-element method (FEM) originated from the needs for solving complex 

elasticity, structural analysis problems in civil engineering and aeronautical 

engineering. Its development can be traced back to the work by A. Hrennikoff [7.1] 

and R. Courant. While the approaches used by these pioneers are dramatically 

different, they share one essential characteristic: mesh discretization of a continuous 

domain into a set of discrete sub-domains. Hrennikoff s work discretizes the domain 

by using lattice analogy while Couranfs approach divides the domain into finite 

triangular subregions for solution of second order elliptic partial differential equations 

(PDEs), which arise from the problem of torsion of a cylinder. In 1970, an article by 

Silvester and Chari entitled “finite element solution of saturable magnetic field 

problem”, in which they proposed a formulation capable of dealing with complex 

geometry and problem o f magnetic non-linearity, signalled the beginning of the new 

era in the field of applied electromagnetism [7.2]. They made major contribution to 

the development of the method and made it so widely applied today in electrical 

engineering.

The finite element method is in fact a numerical technique for solving large scale, 

complex problem, using a simple and flexible data structure. In order to discretise a 

problem region, it is necessary to choose elements of a given shape. Several element
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shapes are used and the principle ones are: the triangle, the quadrilateral, and 

curvilinear shapes [7.2]. Elements are defined in terms of their shape and the order of 

polynomial interpolation of the trial function (the function that describe the variation 

of the solution parameter with in an element in terms of the element’s nodal values).

7.4.2 Potentials and energy minimality

The analysis of the electromagnetic field problem is facilitated by using potential 

rather than field vectors and the earlier was used in this modelling. Poisson’s and 

Laplace’s equations are derived from Maxwell’s equations and solved under specified 

boundary conditions stated in terms of potentials [7.4]. Example of partial differential 

equations describing electrostatic and magnetostatic problems are respectively:

Where V is the electrostatic potential, p  is the electric charge density, 8  is the 

permittivity, and P is the magnetic scalar potential.

The stored energy for electrostatic and magnetostatic problems, W e and Wm 

respectively, may also be expressed in terms of the potentials as follow:

V2F = (7.1)
£

and

v2p=o (7.2)

2  vo/
(7.3)

and

(7.4)
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Where / / i s  the permeability of the material, it is important to notice that both

energies are expressed in terms of the squared values of the field gradient, a feature 

that can be exploited to obtain solution in terms of potentials. This is because the 

principles of the minimisation of the system’s energy will lead to an approximation to 

the solution.

The potentials in the above equations are the functions of the position. For example, 

in a two dimensional problem modelled in the Cartesian coordinates, one can write:

V -  V ( x , y )  (7 .5)

and

P  = P(x,y)  (7.6)

The energy associated with each potential distribution is a function of the potentials, 

which themselves are expressed in terms of position. The energy is therefore 

expressed by a composite function to a functional [7.5, 7.6].

The minimisation of the magnetic energy function over a set of elements (the mesh) 

leads to a matrix equation that has to be solved for the magnetic vector potential. It is 

in fact the minimisation of the potential through the mesh [7.6, 7.7].

7.4.3 Boundary conditions

In some electromagnetic devices, for example electrical machines, the field is mainly 

confined to the region o f the device or else it decays very rapidly with distance. An 

outer boundary is specified and the potential constraints defined on this boundary. The 

boundary conditions are used in two ways. Firstly, they can provide a way of reducing 

the size of the finite element representation of symmetrical problems. Secondly, they 

are used to approximate the magnetic field at large distances from the problem. In 

electrical machines, three main types of boundary are widely used [7.7].
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7.4.4 Tangential magnetic

This boundary requires the magnetic vector potential (A), at a particular point to take 

a prescribed value:

A = m (7.7)

where m is specified value. This boundary forces the flux lines to be parallel to the 

boundary’s angle [7.8]. In two dimensional problems, a flux line is a line of

A  = constant. By using the boundary condition A  =  0 , the flux lines are forced to 

follow the boundary. For example, the outer edge of the stator lamination could be 

assigned to a tangential boundary. This is a simplification to neglect all the flux which 

would extend beyond the stator. The high relative permeability of stator lamination 

ensures that most of the flux remains within the laminations and in most electrical 

machines designs this is a good simplification to make.

7.4.5 Normal magnetic

This boundary conditions requires the normal derivative of the magnetic vector 

potential be zero:

dA
 =  0 (7.8)
dn

This condition implies that flux lines enter the boundary at right angles; the boundary 

thus represents a line of symmetry.
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7.4.6 Periodic boundary

If a device is a symmetrical structure where the geometry and the field repeat at 

intervals, for example in electrical machines, then it is only necessary to model the 

smallest symmetrical part. The potential on one line of symmetry were related to the 

potentials on the other line of symmetry. For example, if one pole pitch of a motor is 

modelled, then the potentials on one line of symmetry are equal and opposite to the 

potentials on the other line. This condition is specified by defining constraint between 

each corresponding pair of nodes.

7.5 Electromagnetic CAD systems

The use of the finite element technique for the numerically solving the 

electromagnetic field equation is nowadays accomplished by fast, powerful and 

general-purpose software packages. Most of these packages are developed to solve 

general electromagnetic system rather than problem oriented programs. These systems 

are known as electromagnetic CAD system, and CAD refers to computer-aided 

design, a terminology that stress the importance of these systems in the design. 

Electromagnetic field simulators or simply finite element package are other popular 

forms of these systems. There are three main factors are contributed to the 

development of these systems:

1. The advent of digital computer power.

2. The development of interactive computer graphics.

3. The advances in numerical analysis, allowing both the topology and the 

equations to be represented in a discretised form.

Most of the CAD systems for the numerical analysis of the electromagnetic problems 

are based on the finite element method (FEM). The method has proved to be flexible, 

reliable and effective. [7.4, 7.7, 7.9].

The finite element packages are powerful tools in research, development and design. 

By using only personal computer, it is possible to analyse a number of different
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geometries and operating conditions. Also, the numerical simulation provides, in most 

cases, reliable and accurate information about device’s behaviour irrespective of 

geometric complexity and material non-linearity. For example, in induction motors, 

the FEM can analyse accurately various shapes and materials. There is no need to 

calculate reluctances, leakage factors or operating point.

Most finite element packages have three main elements:

1. A pre-processor, which enables the user to define the problem’s geometry and 

specify boundary conditions and sources. Mesh generation is conceptually a 

pre-processing operation, and at this stage, the number of sub-divisions of a 

model and tolerances are set and material properties are specified.

2. A solver, for constructing the system of algebraic equations, which model the 

physical situation mathematically, and produce solutions. These solutions are 

usually given as a set of nodal potentials. There are three main solver types 

covering most of the power frequency. Those are:

(i)- The magnetostatic solver: This solver is used for analysing the magnetic field in 

and around a specified current distribution region of a model with magnetic material 

that may be linear or non-linear. The solved field equations are time invariant where 

the source field is constant with no induced current. It is widely used in the analysis of 

permanent magnet devices. In electrical machines, it is used to model at specific 

excitation, such as to calculate the torque of the motor at specified stator currents.

(ii)- The time-harmonic solver: This solver is applicable for devices with sinusoidal 

excitation with eddy current taking the skin depth into account. The source and fields 

are assumed to be time harmonic at one specific frequency, and they are represented 

by complex function. This solver is used to simulate eddy-current problem in 

conductive regions, for example it is used to calculate the locked rotor parameter of an 

induction motor [7.10]. If the model is non-linear the equivalent reluctivity (reciprocal 

of the relative permeability) of the material is used. Permanent magnet and non- 

sinusoidal quantities cannot to be taken into account.

(c)- The transient solver: This is a time dependent solver that solves eddy current 

problems where the driving source in changing with time in a predetermined way. It

7-9



Chapter 7-Experimental Apparatus and Modelling

can analyse the response to multiple drive functions including a dc background field, 

skin effect, non-linear materials and permanent magnet. However, it is expensive in 

terms of computing time, since it solves the model at each time-step throughout the 

excitation cycle.

3. Post-processing, that allows the analysis of result. In this stage, it is possible to 

visualise and manipulate the fields. In addition, important design parameters 

such as force, torque, inductance and losses may be calculated.

Most FEM packages incorporate in the pre and post-processors, both interactive and 

batch operations. The solver may be regarded as the principal part of the system, but 

its operation usually does not require user interaction. On the other hand, the 

modelling of the problem normally involves a number of issues related to the 

magnetic field. The planning of the model may be seen as relevant step even at the 

choice of the appropriate solver, its sequence of solutions and the corresponding 

convergence criteria.

OPERA 2D rotating motion solver was the software package used in this project.

7.6 Problem modelling

When dealing with the problem involving complex geometries, it is important to plan 

the finite element model, especially in its aspect concerned with mesh construction 

and specification of the boundary conditions. This will allow extra flexibility for 

altering material properties, defining sequence of similar problems and facilitating the 

analysis of the results.

Some of the practical issues usually considered during planning of the finite element 

models are:

a) Percentage of entire problem to be examined.

b) Modelling for rotating machine solver

c) Short pitching design

d) Harmonics measurement.
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These points are discussed as they are applied to the modelling o f the three-phase 

induction motor. Figure 7.2 illustrates a sketch o f a one-quarter 2D model o f an 

motor.

Stator
Conductors in 
stator slots

Air-Gap 
Rotor

Rotor

Figure 7.2 O ne-quarter model of an induction motor in 2D 

7.6.1 Inspection of the symmetry

The analysis o f  the entire structure is com putationally expensive and a great deal o f 

time can be saved by analysing only a part o f  the structure. For electrical machines, 

the analysis can be readily identified for such a problem. This inspection usually 

consists of, firstly, enforcing a flux-line boundary along the shaft edge and along the 

* outer periphery o f  the machine and, secondly, specifying periodicity condition for two 

lateral, radial edges, separated by one pole pitch. It is also convenient to place the 

model such that it is symmetrical w ith respect to one o f  the coordinate axes. The 

OPERA 2D rotating m achine supports fixed potential boundary condition but does 

not cater for the periodic boundaries.
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7.6.2 Modelling for rotating machine solver

The OPERA 2D rotating machine programme is used to solve the model in this 

project. This software is a transient eddy current solver, extended to include the effect 

of rigid body (rotating) motion. This assumes that the device is rotating and hence 

inducing eddy currents. The excitation current or voltage is of any form that is 

described by variation over time. The solver also provides for the use of external 

circuits. Modelling of a rotating machine makes use of the ‘Gap Region’, which is 

defined by the user to separate the stationary from the rotating part of the model.

The gap region is a single region, having circular inner and outer radii as shown in 

figure 7.3. This figure is zoomed view of the figure 7.2. The region above the air 

gap’s outer boundary is the stator and the region below the air gap’s inner boundary is 

the rotor of the induction motor. It is automatically assigned material as air with its 

respective properties. The value of radius is defined by user that lies between inner 

and outer radii of the Gap Region. The programme will create the Gap Region by 

extending radially inside inward and outward from the used defined radius until it 

finds the region that defines the rotor and the stator. The snap shot taken of the 

rotating motion of the three-phase induction motor is as shown in the figure 7.4.
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Air-gap outer boundary

Ail-gap iiuier boundary

Figure 7.3 Air-gap in the induction motor 2D model

Stator

Rotor

Figure 7.4 Snapshot of the rotating motion of three-phase induction motor
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7.6.3 Short pitching design

The rotating machine model was designed using the same dimension, excitation 

voltage, number of stator coil turns, and material properties of that of the practical 

motors used for experimentation. The short pitch of the three-phase induction motor 

stator winding is done by changing the phases and direction of the conductors in the 

stator slots. Initially the stator slots were divided into two halves as the motor consists 

of a double layer winding. For the 180° coil pitch motor, the upper half and the lower 

half of a stator slot conductor had same phase and current direction as shown in the 

figure 7.5. The 160° coil pitch motor was designed by changing the phase and 

direction of current in upper and lower half of the stator slot conductor for the one 

pole as shown in figure 7.6. Similarly, the 140° and 120° coil pitch were designed by 

changing the phase and directions of currents in the two and three stator slot 

conductors respectively in one pole pitch as shown in the figure 7.7 and figure 7.8.

Figure 7.5 Stator winding layout of the 180° coil pitch motor
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Figure 7.6 Stator winding layout of the 160° coil pitch motor

Figure 7.7 Stator winding layout of the 140° coil pitch motor
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Figure 7.8 Stator winding layout of the 120° coil pitch motor 

7.6.4 Harmonics measurement

To measure the harmonics in the air-gap the harmonic measurement tool along the 

centre o f  the air gap is used which is embedded in the software. The curvature is 

defined by the start and end values o f  the curvature points. The normal component o f 

the flux density (Bn) is obtained along the air-gap and the wave form thus obtained is 

analysed by software itse lf for its harmonic components using Fourier series described 

by

F ( x )  =  ao +  alCos(2Uxt) + a2Cos(4TIxt) + . . . .

+  bxSin(2Tbct) +  b2Sin(4Ylxt) + .........

(7.9)

This analysis is done by software itself and the harmonic components obtained are 

plotted in the chapter 8.
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7.7 Experimental set-up for inverter characteristics

The measurements were carried out to characterise the behaviour of the inverter 

feeding the three-phase induction motor. The connection of the three-phase inverter 

with measuring instruments is shown in figure 7.9. The 3-phase supply is fed to the 

inverter through a circuit breaker as shown. Power analysers 1 and 2 are used to 

measure the input and output currents, voltage and power respectively. To obtain the 

waveforms of the output PWM current and voltage, an oscilloscope is connected at 

the output of the inverter. A 3-phase induction motor on no load is connected at the 

output side of the inverter to provide a small load for inverter operation. The rated 

frequency of the motor (base frequency) is set up by a control panel of the inverter. 

The frequency of the inverter was varied from 10 Hz to 60 Hz in intervals of 10 Hz, 

which was compatible with the rated frequency of the motor (50 Hz) and with a fixed 

switching frequency of 3 kHz. For completeness, the speed of the motor indicated on 

inverter control panel was recorded. The stator current represents the magnetizing 

current in the motor at no-load. At nominal frequency this current gives the desired 

flux, which gives the desired air gap magnetic induction.

MotorCircuit
Breaker

Power 
analyser 1

Connecting
box

Power 
analyser 2

Resistor

Inverter

Oscilloscope

Figure 7.9 Experimental set-up to measure the efficiency of the PWM inverter 

and to record the output current and voltage waveforms.
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CHAPTER 8

RESULTS BASED ON EXPERIMENTS AND SIMULATIONS

8.1 Introduction

The measurements were carried out for the four, three-phase squirrel cage induction 

motors with stator winding coil pitches of 180°, 160°, 140° and 120°. The first sets of 

measurements were taken under sinusoidal voltage supply and the other set of 

measurement were under PWM voltage, supplied by a PWM inverter. The switching 

frequency and the modulation frequency of the inverter were varied. Simulations were 

carried using OPERA 2D software, rotating machine model under sinusoidal voltage 

supplies.

8.2 Measurements under sinusoidal voltage supplies

All four motors were tested for their efficiencies, voltage harmonic distortion and 

lower level harmonic contents under a sinusoidal voltage supply. The supply voltage 

was 230V, 3.5A. The measurements were carried out at 1 N-m, 2.5 N-m, 3.5 N-m, 4.5 

N-m, 5.5 N-m and 6.5 N-m torques applied to the shaft using eddy current brake. 

Graphs were plotted for lower order harmonics, total harmonic distortion (THD) and 

efficiency against each re-wound motor under sinusoidal supply. The graphs plotted 

in figure 8.1 to figure 8.5 are under a sinusoidal voltage supply.
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3rd Harmonic

— 0.50

2  0.40

= 0.30

'S 0 .20

120° 140°
Half Load ■ Full Load □ Over Load

160° 
Motor Coil Pitch

180°

Figure 8.1 Third harmonic voltages as percentages of the fundamental voltage 

for the 120°, 140°, 160° and 180° coil pitch motors at half load, full load and 

overload under sinusoidal supply voltage.

5th Harmonic
3.00

© 2.00

= 1.00

0.00
120° 140c

I Half Load ■Full Load □ Over Load
160° 180c 

Motor Coil Pitch

Figure 8.2 Fifth harmonic voltages as percentages of the fundamental voltage for 

the 120°, 140°, 160° and 180° coil pitch motors at half load, full load and overload 

under sinusoidal supply voltage.
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0.00
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160°

Motor Coil Pitch
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Figure 8.3 Ninth harmonic voltages as percentages of the fundamental voltage of 

the 120°, 140°, 160° and 180° coil pitch motors at half load, full load and overload 

under sinusoidal supply voltage.

THD S in u so id a l

120‘ 140c
I Half Load  ■ F u l l  Load  D O v e r  L o a d

160° 180' 
M otor Coil P itch

Figure 8.4 Total harmonic distortion voltages due to 3rd, 5th and 9th harmonic 

voltages as percentages of the fundamental voltage for the 120°, 140°, 160° and 

180° coil pitch motors at half load, full load and overload under sinusoidal supply 

voltage.
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Efficiency Sinusoidal

Torque (N-m)

Figure 8.5 Efficiencies of the motors with coil pitches 120°, 140°, 160°, 180° and 

the motor before rewinding at different torques under sinusoidal voltage supply.

8.3 Finite Element Analysis under sinusoidal voltage supplies

The following are the results obtained through finite element analysis using the Opera 

2D rotating machine model, as the rotation machine model doesn’t support 3D 

modelling. The results shown in figure 8.6 to 8.8 are the lower order voltage harmonic 

components and figure 8.9 is total harmonic distortion due to 3rd, 5th and 9th voltage 

harmonic components o f the air-gap flux density waveform under sinusoidal voltage 

supply.
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120< 140° 160°
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Figure 8.6 Third harmonic voltage components for motor with coil pitch 120°, 

140°, 160° and 180° under sinusoidal voltage supply using finite element analysis, 

rotating machine model
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♦ Figure 8.7 Fifth harmonic voltage components for motor with coil pitch 120°, 

140°, 160° and 180° under sinusoidal voltage supply using finite element analysis, 

rotating machine model
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Figure 8.8 Ninth harmonic voltage components for motor with coil pitch 120°, 

140°, 160° and 180° under sinusoidal voltage supply using finite element analysis, 

rotating machine model

M otor Coil P itch

Figure 8.9 Total harmonic distortion voltages due to 3rd, 5th and 9th harmonic 

* voltages in percentages of fundamental voltage for the 120°, 140°, 160° and 180° 

coil pitch motors under sinusoidal supply voltage using finite element analysis, 

rotating machine model
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8.4 Measurement under PWM voltage supply

All four motors were tested for their efficiency, voltage harmonic distortion and lower 

level harmonic contents under PW M  voltage supplied from a PWM inverter with 4 

kHz switching frequency and 50 Hz modulation frequency. The supply voltage was 

230V, 3.5A. The measurements were carried out at 1 N-m, 2.5 N-m, 3.5 N-m, 4.5 N- 

m, 5.5 N-m and 6.5 N-m torques applied to the shaft using the eddy current brake. 

The graphs were plotted for lower order harmonics (figure 8.10 to figure 8.12), total 

harmonic distortion (figure 8.13) and efficiency (figure 8.14) against each rewound 

motor under PW M supply.

3rd Harmonic PVW1
2.50

2.00

s  1.50

1.00

0.50

0.00
120° 140c

lHalf Load ■Full Load DOver Load

160°
Motor Coil Pitch

180c

Figure 8.10 Third harmonic voltages as percentages of the fundamental voltage 

for the 120°, 140°, 160° and 180° coil pitch motors at half load, full load and 

overload under PWM supply voltage at 4 kHz switching frequency and 230 V 

voltage supply
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C 2.00

5 1.50

© 1.00

120° 140°

iHalt Load ■Full Load n O v e r L o a d

160°

Motor Coil Pitch

180c

Figure 8.11 Fifth harmonic voltages as percentages of the fundamental voltage 

for the 120°, 140°, 160° and 180° coil pitch motors at half load, full load and 

overload under PWM supply voltage at 4 kHz switching frequency and 230 V 

voltage supply

9th Harmonic P\M1

Motor Coil PitchmHalf Load ■Full Load D O ver Load

Figure 8.12 Ninth harmonic voltages as percentages of the fundamental voltage 

for the 120°, 140°, 160° and 180° coil pitch motors at half load, full load and 

overload under PWM supply voltage at 4 kHz switching frequency and 230 V 

voltage supply
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4.50
THD PWM

*  3.00

2.00
5
® 1.50

120° 140°

lHalf Load ■Full Load  □ Over Load

160®

Motor Coil pitch

180°

Figure 8.13 Total harmonic distortion voltages due to 3rd, 5th and 9th harmonic 

voltages as percentages of the fundamental voltage for the 120°, 140°, 160° and 

180° coil pitch motors at half load, full load and overload under PWM supply 

voltage at 4 kHz switching frequency and 230 V voltage supply

Efficiency PVW1
60

55

50
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o  40
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35
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25
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■120° -b-140® - tr -160° —*-180° Torque (N-m)

Figure 8.14 Efficiencies of the motors with coil pitches 120°, 140°, 160°, 180° and 

the motor before rewinding at different torques under PWM supply voltage at 4 

kHz switching frequency and 230 V voltage supply
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8.5 Measurement under PWM voltage supply with change in switching 

frequencies

Measurements were carried out for all four chorded motors for their efficiencies, 

voltage harmonic distortion and lower level harmonic contents under PW M voltage 

supplied from a PWM inverter with 8 kHz and 16 kHz switching frequency with 50 

Hz modulation frequency. The supply voltage was 230V, 3.5A. The measurements 

were carried out at 1 N-m, 2.5 N-m, 3.5 N-m, 4.5 N-m, 5.5 N-m and 6.5 N-m torques 

applied to the shaft using eddy current brake. The graphs were plotted for lower order 

harmonics, total harmonic distortion and efficiency against each rewound motor under 

PWM supply. The graphs plotted in figure 8.15 to figure 8.19 are under 8 kHz 

switching frequency and figure 8.20 to figure 8.24 are under 16 kHz switching 

frequency.

3 rd  H a rm o n ic

3.00

5 2.00

s  1.50

© 1.00

120 140<
Half Load ■ F u l l  L oad  □ O v e r  L o ad

160°
M otor Coil P itch

180

Figure 8.15 Third harmonic voltages as percentages of the fundamental voltage 

for the 120°, 140°, 160° and 180° coil pitch motors at half load, full load and 

overload under PWM supply voltage at 8 kHz switching frequency and 50 Hz 

modulation frequency
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5 th  H arm o n ic

120c 1 4 0 :

Half L oad  ■ F u l l  L o a d  D O v e r  L o ad

160° 180° 
Motor Coil Pitch

Figure 8.16 Fifth harmonic voltages as percentages of the fundamental voltage 

for the 120°, 140°, 160° and 180° coil pitch motors at half load, full load and 

overload under PWM supply voltage at 8 kHz switching frequency and 50 Hz 

modulation frequency

9 th  H a rm o n ic

-  3 j00

s  2 5 0

•S 1 5 0

M otor Coil P i tchHalf L oad  ■ F u l l  L o a d  D O v e r  L o ad

Figure 8.17 Ninth harmonic voltages as percentages of the fundamental voltage 

for the 120°, 140°, 160° and 180° coil pitch motors at half load, full load and 

overload under PWM supply voltage at 8 kHz switching frequency and 50 Hz 

modulation frequency
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160
M otor Coil Pitch□  Half L oad  ■ F u l l  L oad  D O v e r  L o a d

Figure 8.18 Total harmonic distortion voltages due to 3rd, 5th and 9th harmonic 

voltages as percentages of fundamental voltage for the 120°, 140°, 160° and 180° 

coil pitch motors at half load, full load and overload under PWM supply voltage 

at 8 kHz switching frequency and 50 Hz modulation frequency

E ffic iency
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T o r q u e  (n-m)______________________________

Figure 8.19 Efficiencies of the motors with coil pitches 120°, 140°, 160°, 180° and 

the motor before rewinding at different torques under PWM supply voltage at 8 

kHz switching frequency and 50 Hz modulation frequency
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Figure 8.20 Third harmonic voltages as percentages of the fundamental voltage 

for the 120°, 140°, 160° and 180° coil pitch motors at half load, full load and 

overload under PWM supply voltage at 16 kHz switching frequency and 50 Hz 

modulation frequency
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Figure 8.21 Fifth harmonic voltages as percentages of the fundamental voltage 

for the 120°, 140°, 160° and 180° coil pitch motors at half load, full load and 

overload under PWM supply voltage at 16 kHz switching frequency and 50 Hz 

modulation frequency
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Figure 8.22 Ninth harmonic voltages as percentages of the fundamental voltage 

for the 120°, 140°, 160° and 180° coil pitch motors at half load, full load and 

overload under PWM supply voltage at 16 kHz switching frequency and 50 Hz 

modulation frequency
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Figure 8.23 Total harmonic distortion voltages due to 3rd, 5th and 9th harmonic 

voltages as percentages of the fundam ental voltage for 120°, 140°, 160° and 180° 

coil pitch motors at half load, full load and overload under PWM supply voltage 

at 16 kHz switching frequency and 50 Hz modulation frequency
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Figure 8.24 Efficiencies of the motors with coil pitches 120°, 140°, 160°, 180° and 

the motor before rewinding at different torques under PWM supply voltage at 16 

kHz switching frequency and 50 Hz modulation frequency

8.6 Measurement under PWM voltage supply with change in modulation 

frequency

Measurements were carried for all four chorded motors for their efficiencies, voltage 

harmonic distortion and lower level harmonic contents under PW M  voltage supplied 

from a PWM inverter w ith 30 Hz, 40 Hz, 50 H z and 60 Hz modulation frequency at 4 

kHz switching frequency. The m easurements were carried out by varying the load on 

the shaft using eddy current brake. The graphs were plotted for lower order 

harmonics, total harmonic distortion and efficiency against each rewounded motor 

♦ under PWM supply. The graphs plotted from figure 8.25 to 8.29 are under 30 Hz 

modulation frequency, from figure 8.30 to figure 8.34 are under 40 Hz modulation 

frequency, from figure 8.35 to figure 8.39 are under 50 Hz modulation frequency and 

from figure 8.40 to 8.44 are under 60 Hz m odulation frequency.
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Figure 8.25 Third harmonic voltages as percentages of the fundamental voltage 

for the 120°, 140°, 160° and 180° coil pitch motors at half load under PWM 

supply voltage at 30 Hz modulation frequency and 4 kHz switching frequency. 

(Experimentally measured)

5 th  H a rm o n ic
2.50------------------------------------------------------ "|-

________ 120° 140° 160° 180°
□  Half L oad  I Motor Coil Pitch_____________

Figure 8.26 Fifth harmonic voltages as percentages of the fundamental voltage 

for the 120°, 140°, 160° and 180° coil pitch motors at half load under PWM 

supply voltage at 30 Hz modulation frequency and 4 kHz switching frequency 

(Experimentally measured)
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Figure 8.27 Ninth harmonic voltages as percentages of the fundamental voltage 

for the 120°, 140°, 160° and 180° coil pitch motors at half load under PWM 

supply voltage at 30 Hz modulation frequency and 4 kHz switching frequency 

(Experimentally measured)

30Hz

Coil Pitch01 Half L oad

Figure 8.28 Total harmonic distortion voltages due to 3rd, 5th and 9th harmonic 

voltages as percentages of the fundamental voltage for the 120°, 140°, 160° and 

180° coil pitch motors at half load under PWM supply voltage at 30 Hz 

modulation frequency and 4 kHz switching frequency (Experimentally 

measured)
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Figure 8.29 Efficiencies of the motors with coil pitches 120°, 140°, 160°, 180° at 

different torques under PWM supply voltage at 30 H z  modulation frequency and 

4 k H z  switching frequency
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Figure 8.30 Third harmonic voltages as percentages of the fundamental voltage 

for the 120°, 140°, 160° and 180° coil pitch motors at half load and full load under 

PWM supply voltage at 40 H z  modulation frequency and 4 k H z  switching 

frequency
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Figure 8.31 Fifth harmonic voltages as percentages of the fundamental voltage 

for the 120°, 140°, 160° and 180° coil pitch motors at half load and full load under 

PWM supply voltage at 40 Hz modulation frequency and 4 kHz switching 

frequency
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Figure 8.32 Ninth harmonic voltages as percentages of the fundamental voltage 

for the 120°, 140°, 160° and 180° coil pitch motors at half load and full load under 

PWM supply voltage at 40 Hz modulation frequency and 4 kHz switching 

frequency
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Figure 8.33 Total harmonic distortion voltages due to 3rd, 5th and 9th harmonic 

voltages as percentages of the fundam ental voltage for the 120°, 140°, 160° and 

180° coil pitch motors at half load and full load under PWM supply voltage at 40 

Hz modulation frequency and 4 kHz switching frequency

T orque (N-m)

Figure 8.34 Efficiencies of the motors with coil pitches 120°, 140°, 160°, 180° at 

different torques under PWM supply voltage at 40 Hz modulation frequency and 

4 kHz switching frequency
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Figure 8.35 Third harmonic voltages as percentages of the fundamental voltage 

for the 120°, 140°, 160° and 180° coil pitch motors at half load and full load under 

PWM supply voltage at 50 Hz modulation frequency and 4 kHz switching 

frequency
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Figure 8.36 Fifth harmonic voltages as percentages of the fundamental voltage 

* for the 120°, 140°, 160° and 180° coil pitch motors at half load and full load under 

PWM supply voltage at 50 Hz modulation frequency and 4 kHz switching 

frequency
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160°
Motor Coil Pitch■ Half Load ■Full Load

Figure 8.37 Ninth harmonic voltages as percentages of the fundamental voltage 

for the 120°, 140°, 160° and 180° coil pitch motors at half load and full load under 

PWM supply voltage at 50 Hz modulation frequency and 4 kHz switching 

frequency
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Figure 8.38 Total harmonic distortion voltages due to 3rd, 5th and 9th harmonic 

voltages as percentages of fundamental voltage for the 120°, 140°, 160° and 180° 

coil pitch motors at half load and full load under PWM supply voltage at 50 Hz 

modulation frequency and 4 kHz switching frequency
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Torque (N-m)

Figure 8.39 Efficiencies of the motors with coil pitches 120°, 140°, 160°, 180° at 

different torques under PWM supply voltage at 50 Hz modulation frequency and 

4 kHz switching frequency
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Figure 8.40 Third harmonic voltages as percentages of the fundamental voltage 

for the 120°, 140°, 160° and 180° coil pitch motors at half load and full load under 

PWM supply voltage at 60 Hz modulation frequency and 4 kHz switching 

frequency
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Figure 8.41 Fifth harmonic voltages as percentages of the fundamental voltage 

for the 120°, 140°, 160° and 180° coil pitch motors at half load and full load under 

PWM supply voltage at 60 Hz modulation frequency and 4 kHz switching 

frequency
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Figure 8.42 Ninth harmonic voltages as percentages of the fundamental voltage 

for the 120°, 140°, 160° and 180° coil pitch motors at half load and full load under 

PWM supply voltage at 60 Hz modulation frequency and 4 kHz switching 

frequency
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Figure 8.43 Total harmonic distortion voltages due to 3rd, 5th and 9th harmonic 

voltages as percentages of the fundamental voltage for the 120°, 140°, 160° and 

180° coil pitch motors at half load and full load under PWM supply voltage at 60 

Hz modulation frequency and 4 kHz switching frequency
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Figure 8.44 Efficiencies of the motors with coil pitches 120°, 140°, 160°, 180° at 

different torques under PWM supply voltage at 60 Hz modulation frequency and 

4 kHz switching frequency
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8.7 Efficiency and output waveform of a three-phase inverter

To understand the behaviour o f the inverter, the output waveforms and efficiency o f  

the inverter were measured by varying the modulating frequency from 10 Hz to 60 

Hz. A three-phase induction motor on no load was connected at the output side o f  the 

inverter to provide a small load for the inverter.

The graphs plotted in figure 8.45 and 8.46 are the output waveforms o f the inverter at 

10 Hz and 60 Hz modulation frequencies respectively. Figure 8.47 and figure 8.48 

shows the current waveforms o f the inverter under 20 Hz and 40 Hz modulation 

frequencies.
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Figure 8.45 Inverter output voltage at 10Hz modulation frequency
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Inverter output voltage
at 60Hz (phase-phase)

Figure 8.46 Inverter output voltage at 60Hz modulation frequency
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Figure 8.47 Variation of instantaneous no-load motor current at 20Hz over one 

cycle of magnetisation
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The analysis and discussion for this chapter is presented in the chapter 9.



CHAPTER 9

DISCUSSION

9.1 General discussion

Most industries use three phase induction motors with inverters to control the speed. 

The stator winding o f these motors are more often full pitched or short pitched to 160° 

for a three-phase induction motor with 36 slots. A short-pitched motor of 160° is the 

classical design for use with a sinusoidal voltage supply. After the introduction of 

inverters with PWM supplies, there were no steps taken to estimate the dynamic 

performance of induction motors with short pitching of less than 160°. Four short 

pitched, three phase induction motors were tested for lower-order harmonic content, 

total harmonic distortion factor and efficiency. The results obtained by short pitching 

these motors shows that the one with 120° coil pitch is the most efficient with a PWM 

voltage supply. An attempt has been made in this chapter to analyse the measurements 

carried out on four re-wound induction motors supplied with both sinusoidal and 

PWM voltage sources.

9.2 Sinusoidal voltage supply

All four motors were tested with a sinusoidal voltage supply with varying load 

conditions. Figure 8.1 shows the third harmonic voltages as a percentage of the 

fundamental voltage for the 120°, 140°, 160° and 180° coil-pitch motors at half load, 

full load and overload under a sinusoidal voltage supply. It has been seen, that in the 

motor with 120° coil pitch, the third voltage harmonic is reduced by 23%, 22% and 

19% when compared to the full-pitch motor at half load, full load and overload 

respectively. It can be seen that due to short pitching, this phenomenal increase in the 

magnitude of voltage harmonic components is much reduced.
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Figure 8.2 shows the fifth harmonic voltages as percentages of the fundamental 

voltage for the 120°, 140°, 160° and 180° coil-pitch motors at half load, full load and 

overload under a sinusoidal supply voltage. It has been observed that the motor with a 

coil pitch of 160° has a reduced fifth harmonic component magnitude when compared 

to the full-pitch motor. This reduction is 13%, 13% and 12% respectively at half load, 

full load and 20% overload respectively.

It can be observed from the figure 8.3 that for the motor with a 160° coil pitch, the 9th 

harmonic is reduced by 79%, 69% and 70% respectively when compared to a full- 

pitch motor. It has also been observed that the 9th harmonic is significantly reduced 

for the other short-pitched motors and this reduction was found to be 54% and 56% 

for 140° and 120° coil-pitch motors respectively at full load.

All the above reductions in the harmonic components are due to the short pitching of 

the motor. It is generally observed that if  the motor coil-pitch is reduced by l/nth of 

the pole pitch then the nth harmonic is suppressed [9.1]. The pole pitch is 180° or 9 

slots. So, for the 160° coil-pitch motor the coil pitch is reduced by 20° i.e. reduced by 

one slot, which is 1/9* of the pole pitch, therefore the ninth harmonic should be
tfisuppressed. If the motor coil-pitch is reduced by 36° (1/5 of 180°) then the fifth 

harmonic is expected to be reduced. As a pole pitch has nine slots, then the coil would 

have to have a span of between seven and eight slots to achieve this condition. This is 

not possible in current configurations but a coil span of seven was chosen as a coil 

span of eight was already used as mentioned above. So, a coil span of seven 

represents a motor with a 140° coil pitch in which the coil pitch has been reduced by 

40° i.e. reduced between the l/4th and 1/5* of the pole pitch, so the fifth harmonic 

should be suppressed. In the 120° coil-pitch motor the coil pitch is reduced by 60° i.e. 

it has a coil span of six and the coil pitch is reduced by l/3rd of the pole pitch, so the 

third harmonic should be suppressed. The same phenomenon is seen in 120° and 160° 

* coil-pitch motors. However, these reduction phenomena were not observed for the 

fifth harmonic in the motor with a coil pitch of 140 °.

The total harmonic distortion due to the 3rd, 5th and 9th harmonic voltages, as 

percentages for the 120°, 140°, 160° and 180° coil-pitch motors at half load, full load 

and overload under sinusoidal supply voltage can be seen in figure 8.4. Low-order
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voltage harmonics have a larger impact on three-phase induction motors than that 

caused by high-order harmonics [9.2]. Only the third, fifth and ninth harmonic 

components are taken into account for the total harmonic distortion due to lower order 

harmonics. This is because of the significant reduction in these (third, fifth and ninth) 

lower order harmonics due to the short pitching of these motors, particularly
thfollowing the 1/n rule mentioned above. In this work, experimental motors were 

designed using this rule. So, the seventh and other harmonic components are not 

considered whilst estimating the total harmonic distortion due to lower order 

harmonic components.

It is seen from figure 8.4 that the total harmonic distortion due to lower order 

harmonics (third, fifth and ninth) is reduced by 1.5%, 3% and 8% at half load, full 

load and overload for the 120° coil-pitch motor. This reduction is significant for the 

160° coil pitch motor and is 11.5%, 12% and 13% at half load, full load and 20% 

overload respectively.

Figure 9.1 shows the winding layout of all four motors. In this figure a, b, c are the 

three phases and a  indicates the current in the positive direction and a ' indicates the 

current flow in the negative direction for phase a. The same is repeated for the phases 

b and c. It can be seen that for the motor with a 180° coil pitch the upper and lower 

coils in each slot have the same phase and current directions. However, for the motor 

with a 160° coil pitch, slot numbers three, six and nine have conductors carrying 

phases with opposite currents, thus overlapping between adjacent phase bands 

benefits the air-gap flux patterns by cancelling out the harmonics [9.3]. This 

overlapping is higher in the motor with 140° coil pitch and higher again in the motor 

with coil pitch 120°. Hence, there are greater possibilities for harmonic cancellation in 

motors with 140° and 120° coil pitches.
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Figure 9.1 Three- phase double layer winding configuration in the stator slots

However, from figure 8.4 for motors with a total harmonic distortion due to the third, 

fifth and ninth harmonics at different loads, the motor with 160° coil pitch had a lower 

total harmonic distortion than the other motors under sinusoidal excitation. This was 

as a result of the boosting of the lower-order harmonics (third, fifth and ninth) due to 

the overlapping of the MMF wave caused by short pitching of the coil. For example; 

the boosting of the fifth and ninth harmonics is more than the suppression of the third 

harmonic in a 120° coil-pitch motor, due to amplitude of harmonic voltage.

The efficiencies of motors with coil pitches of 120°, 140°, 160°, 180° and the motor 

before rewinding, at different applied torques under a sinusoidal voltage supply, is 

shown in figure 8.5. The half load, full load and over load were attained at 2.5 N-m, 

4.5 N-m and 6.5 N-m torques respectively. The maximum efficiencies of all the 

motors before and after rewinding were found to be not more than 60%. This is 

because the motors used in this project are commercially available units purchased 

from ‘off the shelf and are of 1 HP, which usually have low efficiencies [9.4]. It is 

clear that the motor with a 120° coil pitch has the lowest efficiency at half load and
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full load. The maximum efficiency of the motor before rewinding is 55% at half load, 

with this decreasing at full load and overload. The motor with a 160° coil pitch has the 

highest efficiency of all the other motors at half load and full load. This motor has a 

5% increase in efficiency when compared to the full-pitch motor at full load. This is 

because of the decrease in the voltage total-harmonic distortion at full load.

From the above discussion it is clear that the motor with 160° coil pitch is better than 

the other coil-pitch motors at these load conditions due to lower total harmonic 

distortion (due to third, fifth and ninth harmonics).

8.3 Simulation under sinusoidal voltage

A three phase induction-motor model was designed and analysed using an OPERA 

2D rotating machine model. A number of models were produced with the different 

coil pitches and simulations were run under the same voltage conditions for each.

It has been seen in simulations that the short pitching does not show its harmonic 

reduction effect for the motor with a 120° coil pitch as shown in figure 8.6. Rather, it 

has been seen that the full-pitch motor has the lowest third-harmonic voltage 

component. The 120° coil-pitch motor third harmonic voltage was increased by 46% 

when compared with a full-pitch motor.

When the fifth harmonics are compared for the four motors then the motor with 140° 

has the lowest fifth harmonic as shown in the figure 8.7. This reduction in 140° coil 

pitch motor is 72% when compared with a full pitch motor.

Figure 8.8 shows the ninth harmonic voltage components for the motor with coil pitch 

120°, 140°, 160° and 180° under sinusoidal voltage supply and its seen that the ninth 

harmonic is suppressed for the motor with coil pitch 160°. This reduction is 65% 

when compared with the full pitch motor. But interestingly the 120° coil pitch motor s 

ninth harmonic is increased drastically by 500%. It was concluded that the finite 

element analysis (OPERA 2D) results does not match the harmonic suppression 

phenomenon for the 120° coil pitch motor.
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If the total harmonic distortion due to third, fifth and ninth voltage harmonics is seen 

for all the motors from figure 8.9, it is clearly seen that motor with 140° and 160° 

motor has the lowest values due to short pitching of the stator coils.

When these simulation results are compared with the experimental results the 

magnitude of the harmonic components differs for all the motors. This is due to the 

fact that under simulation, pure sinusoidal voltage waveforms are used, whereas in 

practical experiment the input voltage supply waveform is distorted due to harmonics 

in the voltage supply.

It is worth nothing that only the pattern of harmonic suppression is compared for 

simulation and experiment but not the magnitude of harmonic suppression. It has been 

observed under simulation and experimental results that the motors with 140° and 

160° coil pitch have the same harmonic suppression. But the motor with 120° coil 

pitch doesn’t have the same harmonic suppression pattern under simulation and the 

experimental conditions. It is clearly understood that the motor with 160° coil pitch 

was the most efficient motor with sinusoidal excitation in the course of simulation and 

experimentation.

9.4 PWM voltage supply

All four re-wound motors with coil pitch 120°, 140°, 160° and 180° were tested under 

a PWM voltage supply with 4 kHz switching frequency and 230V voltage supply.

Motors were loaded with various torques; half load, full load and over load were 

achieved at 2.5 N-m, 5.5 N-m and 6.5 N-m, respectively. The input voltage was 230 

V rms. The fundamental voltage components were 206 V, 205 V, 204 V and 203 V 

rms for 180 °, 160 °, 140 ° and 120° coil pitch motors respectively. So it is clearly seen 

that as the coil pitch decreases the fundamental voltage component decreases.

Figure 8.10 shows the third harmonic voltages as a percentage of the fundamental 

voltage for the 120°, 140°, 160° and 180° coil pitch motors at half load, full load and at 

20% overload under PWM excitation. It can be seen that third harmonic voltage 

component is suppressed compared to all the other motors. This reduction is 81%
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when compared with the full pitch motor. This reduction is very high when compared 

with a sinusoidal voltage supply. This is because the amplitude of the third harmonic 

voltage component in the PWM voltage supply is three times higher when compared 

to sinusoidal supply for the full pitch motor so there is a higher possibility of 

suppression in harmonic when short pitched.

It can be seen from figure 8.11 that the fifth voltage harmonic component is 

suppressed in the motor with 140° coil pitch motor at all loads under PWM excitation. 

This reduction is 30% when compared with full pitch motor at half load and full load. 

This reduction was not seen under sinusoidal excitation for the same reason; the 

amplitude of the fifth voltage harmonic component is higher in PWM voltage supply, 

which increases the probability of the suppression of higher harmonics.

The motor with 160° coil pitch has the lowest ninth harmonic voltage component 

when compared with the other motors under PWM excitation at all loads as shown in 

figure 8.12. This suppression is 12%, 29% and 7% compared to that of the full pitch 

motor at half load, full load and overload respectively.

When the total voltage harmonic distortion is observed for the third, fifth and ninth 

voltage harmonic component for all the coil pitch motors it is seen that the motor with 

160° coil pitch has the lowest values at the three loads as shown in figure 8.13. This 

decrease in total voltage harmonic distortion is 5%, 8% and 12% at half load full load 

and over load respectively when compared with the full pitch motor. It can be seen 

that that total voltage harmonic distortion due to the third, fifth and ninth harmonic 

components when supplied with sinusoidal supply is less when compared with PWM 

voltage supply as the amplitude of the third and ninth harmonics voltage components 

are less under sinusoidal excitation.

The efficiencies o f the four motors can be seen in figure 8.14. The efficiencies of all 

motors before rewinding at full load were between 49% and 50%. It is very clear that 

the efficiency of the shortest pitched coil motor (120° coil pitch) is lowest below half 

load. The efficiency of the shortest pitched motor starts rising from half load and 

becomes maximum at full load and is highest at full load when compared to all other 

motors. It is 7.5% and 16% more efficient than the full pitch motor at full load and
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overload. The full pitch motor efficiency is lowest of all motors at full load and 

overload. At overload the shortest pitched motor has the highest efficiency compared 
to the other motors.

From the above discussion it is very clear that the motor with 120° coil pitch is the 

best motor which can be used for the PWM voltage supplies at full load and over load.

9.5 Change in switching frequency

The switching frequency o f the inverter was varied up to 8 kHz with the modulating 

frequency being the same as the 50 Hz and measurements were carried out on the four 

re-wound motors and the load was varied using eddy current brake.

The third voltage harmonic component is reduced by 92%, 84% and 84% when 

compared with the full pitch motor at half load, full load and 20% of overload 

respectively as shown in figure 8.15. It can be seen in figure 8.16 that the fifth voltage 

harmonic component is reduced by 74%, 72% and 73% when compared with the full 

pitch motor at half load, full load and overload respectively. The ninth voltage 

harmonic reduction at 8 kHz switching frequency can be seen from figure 8.17. It is 

reduced by 84%, 81% and 86% when compared with the full pitch motor at half load, 

full load and overload respectively. The lower voltage harmonic reduction 

phenomenon is also followed under 8 kHz switching frequency.

The third fifth and ninth voltage harmonics are increased for the full pitch motor at 8 

kHz switching frequency when compared to 4 kHz switching frequency. It can be 

observed that the reduction of the harmonics is increased when compared with the full 

pitch motor as the switching frequency is increased from 4 kHz to 8 kHz. This is 

because as the switching frequency increases, the number of pulses increases, hence 

the amplitude of lower order harmonics rises [9.5] for the fiill-pitch motor and with 

short pitching the suppression o f harmonics related to the coil pitches (third, fifth and 

ninth) increases.

The total harmonic distortion voltages due to third fifth and ninth harmonic voltages 

as percentages for the 120°, 140°, 160° and 180° coil pitch motors at half load, full
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load and overload under PWM supply voltage at 8 kHz switching frequency and 50 

Hz modulation frequency can be seen from figure 8.18. In all the short pitched 

motors the total voltage distortion due to the lower-order harmonic is reduced 

significantly. This reduction when compared to the full pitch motor is as shown in 

table 9.1.

Reduction in THD (%) when compared to 180° coil pitch motor

Loads 120° Coil Pitch 

M otor

140° Coil Pitch 

M otor

160° Coil Pitch 

Motor

Half load 68% 64% 66%

Full Load 66% 60% 63%

Overload 68% 64% 67%

Table 9.1 Percentage reduction of the total harmonic distortion voltage due to 

third, fifth and ninth harm onic distortion of short pitched motors when 

compared with fully pitched m otor at 8 kHz switching frequency and 50 Hz 

modulation frequency

The 120° coil pitch motor has the lowest total harmonic distortion voltage. This is 

because of the increase in suppression of the third, fifth and ninth harmonics in the 

motor 120° coil pitch was more significant when compared with the other short- 

pitched motors.

The efficiencies of the four motors at 8 kHz switching frequency shows that from 

minimum load to maximum load range the motor with 120° coil pitch is more 

efficient than the other motors. The increase in efficiency from half load, full load and 

overload is 5%, 11% and 19% respectively under 8 kHz switching frequency when 

compared with the full pitch motor. This increase in the efficiency of 120° coil 

pitched motor can be easily correlated with the reduction in total voltage harmonic 

distortion with 8 kHz switching frequency supply. As the short pitching is increased 

the efficiencies also increased due to the cancellation of the lower order harmonics. 

The graph also signifies that as the switching frequencies increases the efficiency 

dependence on lower order harmonics also increases. The increase of the efficiency

9-9



Chapter 9-Discussion

of the short-pitched motors when compared with full pitch motor is shown in table 

9.2.

Increase in efficiency compared to 180° coil pitch motor

Loads 120° Coil Pitch 

M otor

140° Coil Pitch 

Motor

160° Coil Pitch 

Motor

Half load 5% 3% 2%

Full Load 11% 9% 9%

Overload 19% 16% 9%

Table 9.2 Increase in efficiency of short pitched motors when compared with the 

fully pitched m otor at 8 kHz switching frequency and 50Hz modulating 

frequency

All motors were supplied with PWM voltage of 16 kHz switching frequency at 50 Hz 

modulating frequency. The suppression of third voltage harmonic can be seen in 

figure 8.20. The motor with 120° coil pitch has the highest third voltage harmonic 

suppression. This suppression is 85%, 90% and 74% at full load, half load and 

overload respectively when compared with the full pitch motor. Figure 8.21 shows the 

reduction of the fifth voltage harmonic and the motor with 140° coil pitch has a higher 

reduction than the other motors. This reduction is 66%, 55% and 53% at full load, half 

load and overload respectively when compared to the full pitch motor. Similarly, the 

motor with 160° coil pitch has the lowest ninth voltage harmonic component and is 

86%, 79% and 90% when compared to the fully pitched motor as shown in figure 

8.22. Interestingly, the motor with 120° coil pitch followed the lower voltage 

harmonic component sequence of the fifth and ninth voltage harmonic component of 

the motor with 140° and 160° coil pitched motor respectively. This reduction is 

shown in table 9.3.
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120° Coil pitch motor voltage harmonic reduction 

when compared with fully pitched motor

Loads 5th Harmonic 9th Harmonic

H alf load 58% 78%

Full Load 49% 76%

Overload 44% 86%

Table 9.3 Suppression of fifth and ninth voltage harmonic component in the 

motor with 120° coil pitch m otor compared with the fully pitched motor at 16 

kHz switching frequency and 50 Hz modulating frequency

The total voltage harmonic distortion due to third fifth and ninth harmonic voltage is 

shown in figure 8.23. The motor with 120° coil pitch has the lowest total voltage 

harmonic distortion. This is because the motor with a 120° coil pitch has the lowest 

third voltage harmonic component and has the additional advantage of possessing the 

second-lowest fifth and ninth voltage harmonic components following to the motor 

with 140° and 160° coil pitch respectively. These advantages were not there in the 

140° and 160° coil pitch motor. The reduction in the total voltage harmonic distortion 

for all three short-pitched motor when compared with the full-pitched motor is shown 

in table 9.4.

Reduction in THD (% ) when compared to 180° coil pitch motor

Loads 120° Coil Pitch 

M otor

140° Coil Pitch 

Motor

160° Coil Pitch 

Motor

Half load 71% 56% 56%

Full Load 70% 50% 47%

Overload 69% 48% 45%

Table 9.4 Reduction in total voltage harmonic distortion due to third, fifth and 

ninth harmonic for the short pitched motors compared with the fully pitched 

motor 16 kHz switching frequency and 50 Hz modulation frequency
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The efficiencies o f the motors with coil pitches 120°, 140°, 160°, 180° and the motor 

before rewind at different applied torques under PWM supply voltage at 16 kHz 

switching frequency and 50 Hz modulation frequency is shown in figure 8.24. Again 

the motor with 120° coil pitch motor has the highest efficiency compared to other 

motors. This increase in efficiency is more significant when compared with the full 

pitch motor. The dependence of efficiency on the lower order voltage harmonic is 

again seen. This increase in efficiency for all the chorded motor when compared with 

the full-pitched motor can be seen in table 9.5.

Increase in efficiency compared to 180° coil pitch motor

Loads 120° Coil Pitch 

M otor

140° Coil Pitch 

M otor

160° Coil Pitch 

Motor

Half load 27% 26% 23%

Full Load 12% 10% 8%

Overload 22% 19% 16%

Table 9.5 Increase in efficiency of the short pitched motors compared with the 

fully pitched m otor at 16 kHz switching frequency and 50Hz modulating 

frequency

The efficiencies of motor with 180° coil pitch and 120° coil pitch motor are shown in 

figure 9.2. It can be seen that as the switching frequency increases, the overall 

efficiency at full load decreases. In figure 9.2, the motor with 180° coil pitch at 4 kHz 

switching frequency has almost the same efficiency as the motor with 120° coil pitch 

motor under 16 kHz switching frequency at full load. It can be concluded that the 

same efficiency of a motor can be maintained with increase of switching frequency 

with chording a motor from 180° to 120°. So the performance of the motor will 

remain the same at higher switching frequency with chording.

When compared with a 180° coil-pitch motor, an increase in the switching frequency 

applied to a 120° coil-pitch motor causes less of a decrease in efficiency at full load.
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It is also seen that the efficiencies of the motor with 120° coil pitch from full load to 

over load is almost constant and if the full pitch motor is considered there is a steep 

fall in the efficiency from full load to over load. So, the motor with 120° coil pitch 

can be utilised for the over load band under a good efficiency condition.

180 0 v s  120°

120

o

40o
£
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6 72 3 4 50 1
T o r q u e  (N-m)

- * - 4  kH z-1800 - * - 8  kH z-1800 - * - 1 6  kHz-1800
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Figure 9.2 Efficiencies of the 180° and 120° coil pitch motor with PWM voltage 

supply at 4 kHz, 8 kHz and 16 kHz switching frequency and 50 Hz modulating 

frequency.

8.6 Change in modulation frequency

The modulation frequency of the inverter was set to 30 Hz, 40 Hz, 50 Hz and 60 Hz in 

a series of test runs. All four motors were tested keeping the switching frequency at 4 

kHz, 230 V PWM voltages and the load at the shaft of the motor was varied using an 

eddy current brake.
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Voltage harm onic reduction compared to 180° coil pitch motor

Load 120° Coil Pitch 

M otor 

(Third voltage 

harmonic 

reduction)

140° Coil Pitch 

Motor 

(Fifth voltage 

harmonic 

reduction)

160° Coil Pitch 

Motor 

(Ninth voltage 

harmonic 

reduction)

Hal Load 65% 36% 53%

Table 9.6 Reduction in voltage harmonic at half load for the short pitched 

motors compared with the fully pitched motor 30 Hz modulation frequency and 

4 kHz switching frequency

It can be concluded from the table 9.6 that the motors follows the law of the reduction 

of the nth voltage harmonic with short pitching of coil to l/nth of pole pitch at 30 Hz 

modulation frequency.

Total harmonic distortion voltages due to third, fifth and ninth harmonic voltages as 

percentages for the 120°, 140°, 160° and 180° coil pitch motors at half load under 

PWM supply voltage at 30 Hz modulation frequency and 4 kHz switching frequency 

can be seen from figure 8.28. The 120° coil pitch motor has the lowest total harmonic 

distortion voltage and was reduced by 51% at half load when compared to the full 

pitch motor. The harmonic reduction for all the chorded motor when compared to the 

full pitch motor is as shown in table 9.7.
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Reduction in THD (%) when compared to 180° coil pitch motor

Loads 120° Coil Pitch 

M otor

140° Coil Pitch 

Motor

160° Coil Pitch 

Motor

Half

Load

51% 40% 22%

Table 9.7 Reduction in total voltage harmonic distortion due to third, fifth and 

ninth harmonic for the short pitched motors compared with the fully pitched 

motor at 30 Hz modulation frequency and 4 kHz switching frequency

The efficiencies of the four motors at different applied torques under PWM supply 

voltage at 30 Hz modulation frequency and 4 kHz switching frequency are shown in 

figure 8.29. It can be noticed that at 1 N-m applied torque the efficiency of the motor 

with the 120° coil pitch is lowest of all the motors. The efficiency then starts to rise 

from one third of full load and reaches maximum at half load for this motor. The 

maximum efficiency of the motor is 50% then it maintains nearly constant efficiency 

till two third of full load and then starts dropping.

The maximum efficiency for the other motors is also below 50%. This is because at 

30 Hz modulating frequency the modulation index is 0.6. At this modulation index the 

voltage output waveform from the inverter is distorted by harmonic components, 

which increase the motor losses [9.6].

Interestingly, the maximum efficiencies of the four motors occurred nearly at half 

load and were at 4.5 N-m torque. The maximum efficiencies of all motors are shown 

in table 9.8. Full load power is not achieved by any motor. This is because at 30 Hz 

modulation frequency the speed of motor is low and with increase in applied torque 

the speed drops and reaches the unstable region. The motor with 120° coil pitch has 

maximum output and was 505 Watts at 7 N-m torque.
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120° Coil pitch 

motor

140° Coil pitch 

motor

160° Coil pitch 

motor

180° Coil pitch 

motor

50% 49% 47% 47%

Table 9.8 Maximum efficiency reached by each motor at 30 Hz modulating 

frequency

Voltage harm onic reduction compared to 180° coil pitch motor

Loads 120° Coil Pitch 

M otor 

(Third voltage 

harmonic 

reduction)

140° Coil Pitch 

Motor 

(Fifth voltage 

harmonic 

reduction)

160° Coil Pitch 

Motor 

(Ninth voltage 

harmonic 

reduction)

Half load 38% 38% 26%

Full Load 40% 12% 43%

Table 9.9 Reduction in voltage harmonic at half load for the short pitched 

motors compared with the fully pitched motor 40 Hz modulation frequency and 

4 kHz switching frequency

Table 9.9 shows that the harmonic suppression is followed by all the chorded motor at 

40 Hz modulating frequency.

The third and fifth voltage harmonics as percentage of fundamental voltage 

component for all the motors are decreasing for the 40 Hz modulating frequency 

compared to the 30 Hz modulating frequency due to reduction in the amplitude of the 

voltage harmonic components.

The total harmonic distortion voltages due to the third, fifth and ninth harmonic 

voltages in percentages for the 120°, 140°, 160° and 180° coil pitch motors at half load 

and full load under PWM supply voltage at 40 Hz modulation frequency and 4 kHz 

switching frequency is shown in figure 8.33. At this modulating frequency the 160°
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coil pitched motor has the lowest total voltage harmonic distortion at half load and the 

120° coil pitched motor has the lowest at full load. This reduction is 26% for the 160° 

coil pitch motor at half load and 30% for the 120° coil pitch motor at full load 

compared to the full pitch motor.

A similar pattern is followed by the 120° coil pitch motor at 40 Hz modulating 

frequency for the starting efficiency when compared with the 30 Hz modulating 

frequency as shown in figure 8.34. However, the maximum efficiency reached in this 

case by the 120° coil pitched motor is 54% and is 4% increase when compared with 

maximum efficiency reached by the full pitch motor. This is achieved at 83% of 

applied full load.

It is again noticed that 120° coil pitched motor has the highest efficiency of the four 

motors at 40 Hz modulation frequency from three quarter of full load and is 

maintained up to over load. The maximum efficiency reached by the other motors is 

shown in the table 9.10. At this modulation frequency the 120° coil pitch motor has 

reached the full load and over load mark. All the other motors have not reached the 

full load point. The 140° coil pitched motor, 160° coil pitched and full pitch motor 

have reached up to the 92%, 84% and 81% of full load respectively and then it goes 

towards unstable region. This happened because as the chording increases the speed 

of the motor at constant applied torque increases and the stable operating region 

increases. It has also been seen that the half load is achieved at 3 N-m torque for all 

the motors.
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120° Coil pitch 

motor

140° Coil pitch 

motor

160° Coil pitch 

motor

180° Coil pitch 

motor

54% 53% 53% 52%

Table 9.10 M aximum efficiency reached by each motor at 40 Hz modulating 

frequency

The third harmonic voltage reduction in the 120° coil pitch motor under 50 Hz 

modulating frequency is shown in figure 8.35. This reduction is 81% at full load when 

compared to the full pitch motor. Similarly, the fifth harmonic voltage for the 140° 

coil pitch motor and ninth harmonic voltage reduction for the 160° coil pitch motor 

can be seen in figure 8.36 and figure 8.37 respectively. This reduction of the fifth 

harmonic voltage is 30% for the 140° coil pitch motor and the ninth harmonic is 29% 

for the 160° coil pitch motor. We can see that the reduction phenomenon is 

successfully continuing for the 50 Hz modulating frequency supply.

The total voltage harmonic distortion due to the third, fifth and ninth voltage 

harmonics at 50 Hz modulating frequency for the 120°, 140°, 160° and 180° coil pitch 

motors can be seen in figure 8.38. It can be observed that the 160° coil pitch motor 

has lowest harmonic distortion than all other motors. This decrease in total voltage 

harmonic is 5% and 8% compared with the full pitch motor at half load and full load 

respectively. It has also been seen that when 50 Hz modulation frequency is applied to 

all four motors, the total voltage harmonic distortion at full load is higher than other 

modulation frequencies.

The efficiencies of all the motors at 50 Hz modulation frequency and at 4 kHz 

switching frequency are shown in figure 8.39. The motor with 120° coil pitch motor 

is not highest until above half load and increases from half load to full load and 

overload. It is 7.5% higher than the full pitch motor at full load. At over load the 

shortest pitch motor is the motor with the highest efficiency. The maximum 

efficiencies reached by all the motor at full load are shown in table 9.11.
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120° Coil pitch 

motor

140° Coil pitch 

motor

160° Coil pitch 

motor

180° Coil pitch 

motor

55% 54% 54.5% 52%

Table 9.11 M aximum efficiency reached by each motor at 50 Hz modulating 

frequency at full load

Voltage harm onic reduction compared to 180° coil pitch motor

Loads 120° Coil Pitch 

M otor 

(Third voltage 

harmonic 

reduction)

140° Coil Pitch 

Motor 

(Fifth voltage 

harmonic 

reduction)

160° Coil Pitch 

Motor 

(Ninth voltage 

harmonic 

reduction)

Half load 45% 22% 30%

Full Load 50% 53% 57%

Table 9.12 Reduction in voltage harmonic at half load for the short pitched 

motors compared with the fully pitched motor 60 Hz modulation frequency and 

4 kHz switching frequency

Interestingly, the harmonic suppression at full load is more than at half load for all the 

motors as show in table 9.12.

The total voltage harmonic suppression due to the third, fifth and ninth voltage 

harmonic for all the motors at 60 Hz modulating frequency is shown in figure 8.43. It 

can be observed that the motor with the 120° coil pitch has the lowest total voltage 

harmonic distortion and is 42% and 22% at full load and half load respectively when 

compared to the full pitch motor. Again the full load total voltage harmonic distortion 

is less.

Figure 8.44 shows the efficiencies of all the motors at 60 Hz modulating frequency 

and 4 kHz switching frequency. This modulating frequency generates over
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modulation. It has been observed that half load occurs at 2 N-m torque for all the 

motors, which is at a much lower applied torque than under the other modulating 

frequencies. The full load occurs at 4.5 N-m torque. It has been seen again that the 

stable operating region for the 120° coil pitch motor is highest than any other motor.

The maximum efficiency reached by each motor is given in table 9.13. The efficiency 

of the 120° coil pitch motor is higher than that of any of the other motors. But these 

efficiencies are lower than those observed with a 50 Hz modulating frequency. The 

increase in the efficiency of the 120° coil pitch motor was 13% compared to the full 

pitch motor at full load under over modulation (60 Hz modulating frequency) where 

as this increase was 10% under 50 Hz modulation frequency.

120° Coil pitch 

motor

140° Coil pitch 

motor

160° Coil pitch 

motor

180° Coil pitch 

motor

52.2% 50.2% 48.4% 50%

Table 9.13 M aximum efficiency reached by each motor at 60 Hz modulating 

frequency

The efficiency of all the motors under over modulation was decreased compared to 

the 50 Hz modulation frequency. This decrease in efficiency was related to the 

inverter efficiency and output waveform supplied by inverter to the motor. To 

understand the effect of the inverter’s behaviour on the motor’s efficiency, the output 

waveforms and efficiency of the inverter were studied.

Figure 8.45 and figure 8.46 show the inverter output voltage at 10 Hz and 60 Hz. The 

number of pulses per cycle at 10 Hz and 60 Hz are 300 and 50 respectively. As the 

frequency increases, the number of pulses per cycle decreases and disturbances in the 

voltage waveform decreases. This is because the modulation index increases with 

increasing frequency and the total harmonic distortion also decreases. Figure 8.46 

shows the over modulation case at 60Hz where the pulses are skipped in the 

waveform.
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It can be observed that as the frequency increases the harmonic component in the 

current waveform decreases as shown in figure 8.47 and 8.48. It is seen from figure 

8.47 that at 20 Hz the spikes are greater than 4 Amps and from figure 8.48 that at 40 

Hz the spikes are less than 4 Amps. The harmonic components at higher frequencies 

are less and are affected by the motor behavior. The observed effects also indicate that 

the magnetic losses o f the motor at partial load are more influenced by the harmonic 

contributions of the inverter current.

Figure 8.49 shows the variation of output rms current with the fundamental frequency 

when the fundamental frequency was varied from 10 Hz to 60 Hz in steps of 10 Hz. 

The speed of the motor at no load was also increased as the frequency increased as 

shown in curve (b) of figure 8.50. It is seen that as the fundamental frequency 

increases the current remains almost constant up to the rated frequency of the motor, 

after that it drops. It is well known that the voltage/frequency ratio should be constant 

to maintain constant current (constant air gap induction) in the motor, but it can be 

seen in curve (a) o f figure 8.50 that the voltage is almost constant in the over 

modulation region, so as the fundamental frequency increases the inductive reactance 

increases therefore to maintain constant voltage the current drops. This is the typical 

behaviour of an asynchronous motor, where the maximum value of the voltage occurs 

at the nominal frequency. Increasing the frequency, the amplitude of the air gap 

induction consequently decreases.

Curve (a) of figure 8.50 shows the variation of output PWM rms voltage with 

fundamental frequency. It is seen that as the fundamental frequency increases the 

output PWM rms voltage increases almost linearly up to the rated frequency of the 

motor then it becomes constant due to over modulation. Over modulation (m>l) 

causes the output voltage to contain many more side band harmonics than in the linear 

range (m<l). The harmonics dominant in the linear range are not so prominent during 

over modulation. More significantly, when over modulated the amplitude of the 

fundamental frequency component does not vary linearly with amplitude modulation 

ratio.
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Figure 8.51 shows the variation of no load output power of the inverter with 

fundamental frequency. It can be seen that as the fundamental frequency increases the 

output power increases up to the rated frequency of the motor then it falls. This is 

because the iron losses increases in the motor core as the frequency increases up to 

base frequency (50 Hz) [9.7], so the power required by the motor to cater for this loss 

increases and the output power o f inverter increases. Above the base frequency the 

iron losses in the motor decrease [9.7], so the power required by the motor decreases, 

hence the output power o f the inverter decreases.

Figure 8.52 shows the variation o f the efficiency of the inverter with fundamental 

frequency. It is seen that as the fundamental frequency increases the efficiency of the 

inverter increases up to the rated frequency of the motor then it drops because the 

output power falls when (m>l) as explained above. Obviously, the inverter output is 

very low compared to its rated value so the efficiency is not representative of normal 

load conditions. The inverter efficiency varied from 60% to 78% but this was at 

around 2% of its rated output so a low efficiency is not surprising since the switching 

losses predominate. Figure 8.53 shows that as the fundamental frequency increases 

the index modulation also increase linearly up to over modulation then it increases 

nonlinearly. If the frequency were increased further then the index modulation would 

tend to become constant.

9.7 Speed torque characteristics

Figure 9.3 to figure 9.6 shows the speed-torque curved of all the motors at 30 Hz, 40 

Hz, 50 Hz and 60 Hz modulating frequency at 4 kHz switching frequency.
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Figure 9.3 Speed torque curves of the motors with coil pitches 120°, 140°, 160°, 

180° at different torques under PWM supply voltage at 30 Hz modulation 

frequency and 4 kHz switching frequency
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Figure 9.4 Speed torque curves of the motors with coil pitches 120°, 140°, 160°, 

180° at different torques under PWM supply voltage at 40 Hz modulation 

frequency and 4 kHz switching frequency

9-23



Chapter 9-Discussion

50 Hz9

8

7

6

5

4

3

2

1
300 500 7 0 0 9 0 0 1100 1300 

S p e e d  (rpm)

1500

180

Figure 9.5 Speed torque curves of the motors with coil pitches 120°, 140°, 160°, 

180° at different torques under PWM supply voltage at 50 Hz modulation 

frequency and 4 kHz switching frequency
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Figure 9.6 Speed torque curves of the motors with coil pitches 120°, 140°, 160°, 

180° at different torques under PWM supply voltage at 60 Hz modulation 

frequency and 4 kHz switching frequency

From the above figures it can be seen that at all the modulating frequencies the motor 

with 120° has the im proved speed-torque characteristics when compared to other
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motors. It also has the higher stable operating region than the 180° coil pitch motor. 

The maximum operating torque is increased by 27% at 60 Hz modulating frequency. 

Thus for the 120° coil pitch motor the increase in the modulating frequency increases 

the maximum operating torque compared to the full pitch motor.
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CHAPTER 10 

CONCLUSION AND FUTURE WORK

10.1 Conclusion

Low order harmonics in the stator voltage of three-phase induction motors fed by a 

sinusoidal voltage source can be reduced by short pitching the stator winding. The 

phenomenon of chording of the stator winding of a three phase induction motor by 

l/nth of the pole pitch to partially suppress the n* harmonic voltage was followed by 

all the chorded motors except the 140° coil pitch motor under sinusoidal voltage 

supply.

This suppression o f harmonics due to chording is also followed under PWM voltage 

supply by all the chorded motors. Particularly, the 120° coil pitch motor follows the 

above law most significantly by suppressing the third harmonic by 81% at full load. 

These suppressions are followed by all the chorded motors under the 4 kHz, 8 kHz 

and 16 kHz switching frequencies and under the 30 Hz, 40 Hz, 50 Hz and 60 Hz 

modulating frequencies.

The 160° coil pitch motor has the lowest total harmonic distortion (THD) voltage due 

to the third, fifth and ninth harmonic voltages under sinusoidal voltage supply and 

under PWM voltage supply at 4 kHz switching frequency. The phenomenon of 

attenuation of lower-order voltage THD due to chording improves with an increase in 

switching frequency and so the 120° coil pitch has the lowest THD under 16 kHz 

switching frequency.

Simulation using OPERA 2D rotating machine model also followed the suppression 

rule all the short pitched motor except for the 120° coil pitch motor under sinusoidal 

voltage supply. The 160° coil pitch motor having the lowest THD was agreed by the 

simulation and experimental results under sinusoidal supply.
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The efficiency o f the motor depends on the lower order voltage harmonics. The motor 

with a coil pitch 160° is considered efficient under sinusoidal voltage supply and has 

5% increase when compared with fully pitched motor due to reduction of THD. The 

motor with 120° coil pitch is considered most efficient under PWM voltage supply 

and the increase is 12% when compared to fully pitch motor at full load.

The same efficiency o f a motor can be maintained with increase of switching 

frequency with chording a motor from 180° to 120°. The 120° coil pitch motor is most 

efficient at all modulating frequencies. Its efficiency increased by 13% at full load 

under over modulation and this motor’s performance is best under 50 Hz and 40 Hz 

modulating frequencies.

There is a significant beneficial effect of chording under PWM and sinusoidal 

supplies for the low-power three-phase induction motors.

10.2 Future work

The present investigation has given rise to the need for obtaining the behavior of the 

motor with different winding designs other than the one used in this project. The 

winding design can be changed to one that is over pitched and the effects on the 

harmonics, the total voltage harmonic distortions and the efficiencies can be assessed.

Similar measurements as mentioned in the present work can be assessed for three 

phase induction motors with higher power ratings. Consequently, the effects on the 

motors, such as total iron losses, core losses etc can be studied to give a better 

understanding of the influence of the coil-pitch winding on the loss distribution.

An investigation of the overall effect of the change in winding design of stator on the 

efficiency of the total system, which includes motor and inverter, can be carried out.
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