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ABSTRACT

The Pulse Width Modulated adjustable speed driv@adpgular in many new
industrial applications where it desire superiaf@enance. Recent developments in fast
switching semiconductor devices have lead to im@rthe modulated power in three
phase voltage source inverter with adjustable geltand frequency to asynchronous
motor. The most commonly used PWM schemes for thheese voltage source inverter
to obtain adjustable voltage and frequency araerabased sinusoidal PWM and space
vector PWM (SVPWM). The hybrid space vector pulsdtivmodulation (HSVPWM) is
one of the modified versions of space vector PWM.

This thesis aims to design hybrid spasaetor pulse width modulating technique
which is combination of continuous and bus clampipglse width modulation
techniques used in voltage source inverter feddtido motor. In continuous modulation
such as Conventional Space Vector Pulse Width Mudohg (CSVPWM) technique,
both the zero states (0 0 U) and (1 1 1)V, applied in every sub cycle, but in bus
clamping PWM methods uses only one zero state @myesub cycle. This thesis also
suggests certain novel switching sequences invgldimision of active vector time for
hybrid space vector based PWM generation in voltsgéarce inverter fed induction
motor. These switching techniques implemented inTMAB simulation and observed
improvement in performance of hybrid space vect?/MP resulted in reduction of

torque ripples.

iv|Page



Table of Contents

1. INTRODUCTION. ...ttt ettt ettt e e e e e e e ee b e e e e e eeeeeeamnsaaa e e e aaeeeesnnnnnes 1
I = Tod (o (o 11 o [P URRUURRR 2
1.2 HAIMNIONICS ...ttt e et e e e e et e e et e e e e e s e mm e e e e e e e s e b b e e e e e e e e e e e aaannnns 2
1.3 Need for Pulse Width MOdUIALION ..........ceeriiiiiiiiiiiiiiie e 3
1.4 Sinusoidal Pulse Width MOdUIALION..........eeriiiiiiiiiiiie e 5
1.5 SPACE-VECIOr PWM ...ttt ceeeeees e e e e e naaat e e e e e e e e ara s 6
1.6 Proposed Hybrid Space VECtor PWM ..o 6
1.7 Over VIeW Of the TRESIS ....ccooiiiiiieeeeee et 8

2. SPACE VECTOR BASED PULSE WIDTH MODULATION ..ccceiiiiiiiiiiii, 9
P2 A [ [ 0T [ B Tox 1o o PP PP T P PP PPPPPPP 10
2.2 V0ltage SPACE VECION...........oeii it s e s e s e s s e e e s ssnnann s nnnennnnennnnnnnans 10
2.3 Determine ¥, Vg, Vier, and @ngled)........cooooeviiiiiiiiiiiii e 15
2.4 Determine time durationg,TToaN0 T e eee et r e et e e e e et e e e reeanees 15
2.5 Determination switching time of each deViCE ... ...uuuuiiiiiiiii s 16

3. NEW SEQUENCES INVOLVING DIVISION OF ACTIVE STATBURATION........... 21
G0 A [ [ 0o [0 Tox 1o o PP PP P PP PPPPPPP 22
B T2 ST =T o [ =T o [ =T 0 T 26
3.3 SEOUENCE 1012 ..oeiiiiiii et smmmmmr e e et et e e e et ——aa e e e e e et e et eaaaaaanra 28

4. ANALYSIS OF CURRENT RIPPLE OVER A SUB-CYCLE ..ot 30
4.1 Derivation of fIUX FPPIE........eveiiiieeeee ettt 31
4.2 Variation of stator flux ripple over a sub @/Cl.............oovvviiiiiiii e 33
4.3. Optimal continuous Modulation............cccceeee e 37
A4 HYDIA PWM .. 38

5. SIMULATION AND RESULTS ....euiiiii s 39
5.1 SIMUIALION CIMCUIT ...t eeeee e e e e e e e e 40
5.2 V/IcoNtrol tECRNIQUE ... 40
5.3 SIMUIALION FESUILS ......ceiiiiiiiii e 42

6. CONCLUSION AND FUTURE SCOPE ........oui et 44
CONCIUSION ...ttt e et e e et e e n et e e e e e e e et n et e e e e e s 45
T L0 =IToT0] o1 PP UUPPPUPTPTR 46
RETEIBNCES ...ttt ettt e e e st e e s et e e e e et e e e e nas 47

v|Page



LIST OF FIGURES

Figure 1.1Harmonic Estimation...............cccceevvveinnnnne Error! Bookmark not defined.
Figure 1.2SPWM Waveform GENEration. .............eeeeeeeeeeeseersreeerssssssnnnnnnssssssnnnnaeasaaeeaseeeees 5
Figure 1.3 V/f Control of an Induction Motor USiIESVPWM.............coooiiiiiiiiiiiiiinn. 8
Figure 2.1 Inverter Showing Pole, Line, Phase &6 ..............ccooevriiiiiiiiiiiiiine 10
Figure 2.2 Three Phase Voltage Source INVerter ............ccccceeieeeeeeeeeeeeieeeeeeiieeeee. 11
Figure 2.3 The Eight Inverter Voltage Vectorsttvvy) .......ccooovvvveiiiiiiiiiiiinneeeeeeee, 13.
Figure 2.4 Basic switching vectors and SECIOLS e vvvvvrriiiieeeieeeeeeeeeeeeeeviiveneanens 14
Figure 2.5 Reference Vector as a Combination obéelpt Vectors at Sector 1 ............ 16
Figure 2.6 Space Vector PWM Switching PatternsaahESector..............cccccceeeieeeeennnn. 19
Figure 3.1 Valid sequences for initial state (ajd),1, (c) 2, And (d) 7. ...cccevvvrenneeen 25.
Figure 3.2 Switching Pattern of Sequence 012 fOt@el ...........cevvveiiiiiiieeeeeeennenen. 21.
Figure 3.3 Switching Pattern of Sequence 1012 &@t@-1 ..........ccoevvviviviivvnnnniinnnnn. 28.
Figure 4.1 Error voltage vectors correspondingctova vector 1, active vector 2 and

pA =T (oI <Tox (0] S PP TP 31
Figure 4.2 Stator Flux Ripple Corresponding To $eqe 0127 over a Sub Cycle ....... 33
Figure 4.3 Stator Flux Ripple Corresponding To ®&qe 012 And 721 Over A Sub
o3 [ PP 33
Figure 4.4 Stator Flux Ripple Corresponding Tougsge 0121 And 7212 Over A Sub
o3 [ EPPPP 34
Figure 4.5 Stator Flux Ripple Corresponding To ®&qe 1012 And 2721 Over A Sub
(@403 [ PRSPPI 35
Figure 4.6 Hybrid PWM with 012-721-0127 SEQUENCE..........ceeeeeeeeieeiiiiiiiiniannns 8.3
Figure 5.1 Open Loop V/f Control Simulation circuit...........cccccevvvvvvivnciinnennnnn..... 40
Figure 5.2 Block Diagram V/f Control Scheme ..........ccccooooviiiiiiiiiiiie e 41
Figure 5.3 Modeling Of INVEIMET ........uueiiiiiiee e e 41
Figure 5.4 Comparison of torque ripple hybrid segpeewith 721 ..........ccccoevieeiieinnnnn. 42
Figure 5.5 Comparison of torque ripple hybrid segpeewith 0127 .........ccccevvvveeeeennnne. 42

vi|Page



LIST OF TABLES

2.1

2.2

3.1

3.2

3.3

5.1

Switching vectors, phase voltages and odipaito line voltages 12
Switching Time Calculation at Each Sectorsiequence 0127 20
Switching sequence in six sectors 23
Switching Time Calculation at Each Sectortfie 012 type sequence 27
Switching Time Calculation for the 10d€quence 29

Comparison of torque ripple Hybrid sequenite 0127 sequence and 721 43

vii|Page



ABBREVIATION
VSI
CSVPWM
HSVPWM
SPWM
PWM
RTRHPWM
RMS

SPDT
SVPWM
THD

NOMENCLATURE

ACRONYM

Voltage Source Inverter

Conventional Space Vector Pulse Width Motioia
Hybrid Space Vector Pulse Width Modulation

Sine Pulse Width Modulation

Pulse Width Modulation

Reduced Torque Ripple Hybrid Pulse Widthddiation
Root Mean Square

Single Pole Double Throw

Space Vector Pulse Width Modulation.

Total Harmonic Distortion

vii|Page



SYMBOLS
fs
f

I rms

Im

P

Ts

Te,

T

T4, T2, T,
Tarw Ton, Ten
Vin

Vet

\ii

Vs

V4

Vq

Vao Voo, Veo
Van Von, Ven

DESCRIPTION
Switching frequency
Frequency

Supply RMS current
Harmonic current
Modulation Index
Poles

Switching time
Electromagnetic torque
Load torque

Switching times
Imaginary switching times
Input voltage
Reference voltage
Voltage/Frequency
Space vector

d-axis voltage vector
g-axis voltage vector
Pole voltages of a, b, ¢

Phase voltages of a, b, ¢

ix| Page



CHAPTER -1

INTRODUCTION
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1.1 Background
In the early decades of the twentieth century tbestant frequency constant

voltage magnitude balanced three-phase AC powercsownas found to be the most
economical for the generation, transmission andribigion .Therefore, industrial
consumer have been supplied with three phase AGpsaurces through large power
grids and inter-ties even located at far-flung arétowever, it has been long recognized
this form of power is not suitable for many indistrapplications, which require
adjustable voltage source, and most of the AC msatequires three phase alternating
voltage with adjustable frequency and magnitudeer&fore, in most of industrial
applications, the utility of adjustable power regsiinterfacing devices to convert fixed
power. The strong demand for power conversion antitioning devices to achieve
these tasks has lead to the establishment of therpelectronics field early this century.
High performance semiconductors power switchesgciefft power converter circuit
topologies, and intelligent control algorithms haween developed. As a result of this
development, today’s industrial loads are connettetthe AC power line through cost
effective power converter circuits which enhance dkierall performance, efficiency and

reliability.

Out Of all the modern power electroriosiverters, the Voltage Source Inverter
(VSI) is most widely used with low power to highvper ranging. It converts a fixed DC
voltage to the three phase AC voltages with adplstiiequency and magnitude [1]-[4].

1.2 Harmonics
The supply harmonics are causes to develop toigptes and current ripples in

an induction motor. The pure sine wave do not ¢ontarmonics called fundamental

wave as shown in fig 1.1(a), and introduction ofl dchrmonics causes the fundamental
wave was distorted as shown in fig 1.1(b) andIfanore number of odd harmonics are
introduced, the fundamental wave was corrupted samdlar to distorted square wave

shown in fig 1.1(d).

@ (b)
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Figure 0.1 Harmonic Estimation

The torque produced in a VSI fed induction motomprsportional to square of VSI
output voltage.

Ta Viy)? (1.1a)

In adjustable speed drives are fed by convengig;h contain harmonics at the
output, These time harmonics have shown effectorgue pulsation and heating [5]-
[10]. The time harmonics in the applied voltagsuits increases the losses in the motor.
The harmonic currents are responsible for produspeed and torque ripple in the motor

[11]. The Fourier series expression for the voltageplied to the motor is

Vin = V2 (V; sinwt + V5 sin 3wt + Vs sin Swt + v, sin 7wt + -
+ V, sinnwt) (1.1b)

The motor current (i9,-,s ) will be
Lms” = 12 + X Iy (1.2)

In the above equation (1.2),m=3,5,7... I, is the harmonic currentg Is the
fundamental current. The interaction of each haimouarrents will results in pulsating
torques. The pulsating torque frequency may rasufiever vibration, causing fatigue,
wearing of gear teeth and unsatisfactory perforrmandhe open loop and closed loop
control systems. Core losses are also increasdthbiyonics and hence the efficiency
will be reduced due to increase in losses. Theeefbis mandatory these harmonics
should be eliminate or reduced from the outputag@tof voltage source inverter (VSI).

1.3 Need for Pulse Width Modulation
Pulse Width Modulation (PWM) strategies are reqlii@ switching the devices

in a VSI and appropriately to generate adjustabléage and frequency. Therefore, the
switching device in VSI requires optimal pulse eait and it determines the
performance. High performance voltage and curregtlators are critical parts of an
inverter drive to achieve the task. Depending @ngérformance requirements, the types

of regulators are opted.
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In practical applications PWM techniqie one among the widely used
techniques in voltage source inverters. These fakgerare capable of producing ac
voltages of variable magnitude as well as varididguency. The quality of output
voltage can be enhanced, when compared with sqwake inverters. The PWM
inverters are very commonly used in adjustable dpkies where the need of variable
voltage, variable frequency supply. For wide vaoiatin drive speed, the frequency of
the applied ac voltage needs to be varied overde wange. The applied voltage also
needs to vary almost linearly with the frequency/N® inverters can be of single phase

as well as three phase types.

There are several different PWM techniques, difigrin their methods of
implementation. However in all these techniqueg #mm is to generate an output
voltage, which after some filtering, would resuit a good quality sinusoidal voltage
waveform of desired fundamental frequency and ntagai In the inverter topology it
may not be possible to reduce the overall voltageodion due to harmonics, but by
proper switching control the magnitude of lower ercharmonic voltages can be
reduced, often at the cost of increasing the madeg of higher order harmonic
voltages. Such a situation is acceptable in mastscas the harmonic voltages of higher
frequencies can be satisfactorily filtered usingdo sizes of filter chokes and capacitors.
Many of the loads, like motor loads have an inhegerality to suppress high frequency
harmonic currents and hence an external filter naybe necessary.

The voltage source inverter employs switching deviwith finite turn-on and
turn-off characteristics. The amount of switchirggd is directly proportional to the
transition time taken from turn-on to turn-off amice-versa. Therefore switching
transients strongly affect the energy efficiencizesand reliability of an inverter.

Therefore the selection of modulation method plaggor role [1]-[4].

Generally the PWM techniques are clasdion the basis of voltage or current
control, feed-forward or feedback methods, carmgr non carrier based control
1.Sinusoidal PWM 2.Selected harmonic elimination NPV8.Hysteresis band current
control PWM,4.Minimum ripple current PWM, 5.Deltaodulation, 6. Sigma-delta
modulation, 7.Random PWM 8.Sinusoidal PWM with améaneous current control
9.Space-vector PWM
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Among all these techniques sinusoidAMP and Space-vector PWM methods
are the most popular approaches to real time PWM 3pace-vector PWM is an
advanced, computation intensive and best amonth@lPWM techniques for variable
voltage and frequency applications. Because dfufgerior performance characteristics,

it has been finding widespread applications inmegears.

1.4 Sinusoidal Pulse Width Modulation
In sinusoidal pulse width modulation the width adck pulse is varied in

proportional to the amplitude of sine wave evalhmatt the center of the same pulse. In
this technique distortion factor and lower ordernmanics can be reduced partially. A
high frequency triangular wave called the carriawevis compared to a sinusoidal signal
representing the desired output reference wave[13]] Whenever the carrier wave less
than the reference wave is compared and produbéghaoutput signal, which turns on
the upper devices in one leg of the inverter onloeer device is off. In the other case
the comparator sets the firing signal low whicmguthe lower switch is on and the upper
switch off. The typical wave forms are shown in.Eig and the modulation index can be
find out and which is denoted as M

M... __ Magnitude reference
triangle —

1.3
Magnltude carrier ( )

Modulated Wawve {sina}

TR
ﬁ\“\.. /

Carrier Wave (iriangle)
& Py Cutput Signal

- —_— = -

Figure 0.2 SPWM Waveform Generation
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The maximum output voltage amplitude obtained wiith approach is 0.5\as

Miyiangiemay not exceed unity. By applying rectangular sgweave on one inverter leg
the fundamental voltage f‘?* 0.5*xV; = % * V4 this mode is known as six step entails

increased harmonic distortion. It follows that oi§.5% of the inverter capacity is used
with sinusoidal modulation. In addition a sepamatedulation has to be used for each of
the inverter legs generating three reference ssgf@ming a balanced three phase

system.

In the SPWM comparing a sinusoidal reference sigvith triangular carrier
wave of frequency {f generated the gating signals. The frequency fefreace signal
(f;) determines the inverter output frequencgy &nd its peak amplitude Acontrols the
modulation index M and then in turn the RMS outypeitage Vo. The number of pulses
per half cycle depends on carrier frequency. Thishe most popular and commonly
used, but suffers from draw backs like low fundatakautput voltage and modulation
index. By using space vector pulse width modulatemihnique those drawbacks are over
come and improve the fundamental output voltage asd increasing the modulation

index.

1.5 Space-Vector PWM
The three phase inverter has eight switching stabesctive states and two zero

states. These six active vectors divides the spact®r plane into six sectors, two zero
vectors leads to zero voltage vector. The refereector has a constant magnitude and
revolves with a constant frequency at steady statieindamental cycle is divided into
several small sub-cycles. By using space vectoroggh, pulses with variable duty
cycle will be generated. The Space-vector PWM teglenis complex and switching
frequency is limited. The proposed hybrid spacdordeWM technique can significantly
increase the switching frequency and improved harcperformance.

1.6 Proposed Hybrid Space Vector PWM
Voltage source inverter fed induction motsrwidely used in variable speed

applications. Even though PWM varies the speeti@hotor efficiently, but it produces
harmonics in the line voltage. The deleterious@ff@f the harmonics on the motor can
be enlisted as follows [5], [9]-[11].

» Torque pulsation in the motor due to frequenciegitdérent harmonic order
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* Increase in the core losses due to the higher fwakiensities

* Increase the stator winding loss, rotor cage logs siray load loss due to the
additional harmonic currents.

* Increase in the peak current due to the additicnalent ripples results in the

increased loss.

Thus newer PWM technique must aim at reduthis harmonic distortion in the
motor line current. A real challenge in the gerieratof PWM wave form is to
minimization of the harmonic distortion in the licarrent along with the simultaneous
reduction of switching loss in the inverter. Thegosed hybrid PWM technique based
on space vector approach which results in reducedué ripples and improved
switching loss performance[12]-[26]. The main foco this work will be on the
reduction of harmonics distortion in the low anddmen power motors. The harmonic
distortion in the motor line currents must be law $atisfactory operation of the motor
drive [10]. The harmonic distortion in the curremtdetermined by switching frequency
and employed PWM technique. The switching frequec&ynot be increased beyond

certain range due to practical limitations.

This thesis focuses on the developmemiewf real time modulation technique for
voltage source inverter. The sinusoidal PWM andcspaector PWM (continuous)
techniques are very popular for real time environneven though both techniques have
own merits and demerits. Space vector PWM (contisydead to higher line side
voltage for given dc bus voltage compared to simdaoPWM, this will results less
harmonic distortion in the motor current than soidal PWM. The space vector PWM
(discontinuous) leads to reduced distortion at éidime side voltage over a space vector

PWM (continuous) for a given switching frequency.

The proposed new hybrid space vector PWM (HSVPW8&/1tombination of
continuous and discontinuous modes of space vétféM. The HSVPWM explores
novel switching sequence and brings out all sucssipte sequences [13], [17], [21]-
[26]. The multiplicity of possible switching sequenprovides a choice in the selection
of switching sequence in the every sub cycle andllfi the proposed hybrid PWM
technique employed lowest torque ripples over &misub cycle, out of given set of

sequences.
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1.7 Over view of the Thesis
Here the hybrid space vector PWM useW Sl fed induction motor shown in

fig 1.3. The hybrid space vector PWM generator sake frequency and voltage inputs
and signals the inverter to switch. DC voltageaswerted back to AC by the inverter
which supplies energy directly to the induction ardhe HSVPWM minimizing the rms
torque ripple over comparable real time space veB{d/M at a given switching
frequency. It was implemented in MATLAB/SIMULINK.

DC supply
V v v
— PULSES |
f— 3| HSVPWM INVERTER >

Figure 0.3V/f Control of an Induction Motor Using HSVPWM
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CHAPTER -2

SPACE VECTOR BASED PULSE WIDTH
MODULATION
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2.1 Introduction
The ac voltage is defined by two characteristian@lgt amplitude and frequency.

Hence it is essential to work out an algorithm thatmits control over both these
guantities. Pulse width modulation controls therage output voltage over a sufficient
small period called sampling period by producingspwf variable duty. By using space

vector approach we can get pulses with variablg dytle [1]-[3], [12]-[15] [29], [31].

2.2 Voltage Space Vector
Three vectors can be represented by one vectohwiais x-axis component and

y-axis component is defined as space vector.

Here the three vectors are defined as 3-phasegesltat,, v, and v,

Now space vector is

v = (Vg + vbejzn/'o’ + vce_jzn/3 ) (2.1)

When we substitutg,, vy, v, in the equation 2.1 we get

3
Vg = (E) * Up, (sinwt — jcoswt) (2.2)

Sov, is having a magnitude of 3/2 and is rotating witsquency ofe as shown in

equation (2.2)

[ 01]

Figure 0.1 Inverter Showing Pole, Line, Phase Voltages
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The space vector can also be represented as shosquhtion (2.3)

Vs = (2/3) * (Va0 + Vboejzn/3 + Uco€j4n/3 ) (2.3)
Here v,, v, ¢, are the pole voltages of an inverter as showngr?R.. In this figure
Vaor Vbo» Voo @re the pole voltages angy, vpy, voy are the phase voltages. At any
instant in the inverter the pole voltages may-l-bvé;£ and —% for an input voltage

of V,., by substituting the pole voltages in the equafihB) thev, = (2/3) V,,

J_ S , Di  Ss J D; S5 , Ds

Vdc/2 ﬁ: , D4 56 ’ D6 Sz ’ Dz

Figure 0.2 Three Phase Voltage Source Inverter

The circuit model of a typical three-phase voltagarce PWM inverter is shown
in Fig.2.2 S to & are the six power switches that shape the outyhith are controlled
by the switching Variables$o S. When an upper device is switched on, i.e., whgn S
S; or S is 1, the corresponding lower device is switched of,,iS$, & or S is O.
Therefore, the ON and OFF states of the upper dsV@& S and $ can be used to
determine theutput voltage.

As illustrated in Fig. 2.3 there are eight possibenbinations of ON and OFF
patterns for the three upper power switches. Thea®i OFF states of the lower power
devices are opposite to the upper one and so teeyasily determined once the states of

the upper devices are determined.
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Table 2.1 Switching vectors, phase voltages anpubline to line voltages

Voltage Switching vectors Linevgit:lggtral Line to line voltage
Vectors
a b c Van | Von | Ven Vab Ve Vea
Vo 0 0 0 0 0 0 0 0 0
Vi 1 0 0 2/3 | -1/3| -1/3 0 1 -1
V, 1 1 1 1/3 1/3 -2/3 0 1 -1
Vs 0 1 0 -1/3 | 213 -1/3 -1 1 0
Vy 0 1 1 2131 1/3 1/3 -1 0 1
Vs 0 0 1 -1/3 1 -1/3|  2/3 0 -1 1
Vs 1 0 1 1/3 | -2/3 1/3 1 -1 0
V7 1 1 1 0 0 0 0 0 0

The eight switching vectors, output line to neut@tage (phase voltage), and
output line-to-line voltages in terms of DC-linlgy/are given in Table-2.1 and Fig.2.3
shows the eight inverter voltage vectors (% V7).
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Vg

a
@ ’ Vdc
Ve e b )
1 b - C E
T C

V3 (010, V, (011)

Ty P'
vdcabl : 4\_

Vs (101

Vs (001]

n \
V(000! V7(111

Figure 0.3 The Eight Inverter Voltage Vectors (\to v7)
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To implement the space vector PWM, tbkage equations in tha&bc reference
frame can be transformed into the stationdsy reference frame that consists of the
horizontal (d) and vertical (q) axes. As a resaik,non-zero vectors and two zero vectors
are possible [12]-[15]. Six nonzero vectors ¥Ve) shape the axes of a hexagonal as
depicted in Figure 2.4 and feed electric powerhe lbad. The angle between any
adjacent two non-zero vectors is 60 degrees. Meéale, two zero vectors (and V)
are at the origin and apply zero voltage to thelldde eight vectors are called the basic
space vectors and are denoted by Vi, V2, V3, V4, Vs Ve and V.. The same
transformation can be applied to the desired ouiplibge to get the desired reference

voltage vector ¥ in the d-q plane.

The objective of space vector PWM technique isgproximate the reference
voltage vector M using the eight switching patterns. One simple hoet of
approximation is to generate the average outpttieinverter in a small period (T) to be

the same as that of,¥in the same Period.

g-axis ﬂ‘

V;(010) V, (110)

V,;(100)

d-axis

Vs (001) Ve (101)

Figure 0.4 Basic switching vectors and Sectors

Then space vector PWM can be implemented by thewolg steps:

Step 1. Determine ¥/ Vg, Vier, and angled)
Step 2. Determine time duration, >, Ty
Step 3. Determine the switching time of each swiitglievice ($to0 &)
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2.3 Determine 4, Vg, Ve, and angle @)
The 3-phase sinusoidal voltages asengn equation

v, =v, sin(at) (2.6)
V, =V, sin(at—lZOO) (2.7)
v, =v,, sin(at - 240°) (2.8)

The corresponding 2-phase sinusoidal voltage coemtsrare given in equation (2.11)

Vg =V, —% (vp +vc) (2.9)

vy = \/; (Wp + v (2.10)
Vier = Jva? + v,° 12)
Angle (@) =tan™? (Z_Z) (2.12)

2.4 Determine time duration T;, Toand T,
It is observed that space vector istmgawith frequencyn at any instant the

space vector lies in between any two active vectpace vector is synthesized by using
active vectors and zero vectors [12]-[14].If spaeetor lies in between any two active
vectors , then the two active vectors and zeroovemte used to synthesize.s/ PWM

technique maintains the balance between the referand applied volt-seconds over

every sub cycle J

Let V1 be applied for Tand . for T, and zero vector for T

From volt-second balance condition

Viet. Ts= V1 T+ Vo Tot V. T, (2.13)
Zero vector Y having magnitude zero, by substituting®\0 in the equation (2.13)

Vit T V1 T+ Vo To
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V,(110)

V,(000)

—b
»

Vy(111) V,(100)

Figure 0.5 Reference Vector as a Combination of Adjacent Veots at Sector 1

By resolving the equation (2.13) into d and q cotates

V.o Sin (% —oc) T,

T, = — (2.14a)
sin (§)
Vier SIN(X)T,
T, = Yrer ST, (2.14b)
sin (§)
T=TsT1- T2 (2.14c)

2.5 Determination switching time of each device
In Fig. 2.5V, is in sector 1. The corresponding switching seqeestarts from

Vo(000)--M(100)---W% (110)---- V (111). The switching time of all the
switches £ in different sectors are shown in Fig. 2.6. In g 2.6 all the 3 phases

are conducting at a time and there are 3-switchiegsub cycle.

o Ts= 1/(249)
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Figure 0.6 Space Vector PWM Switching Patterns at Each Sector
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Table-2.2 Switching Time Calculation at Each Sector

Sector Sequence Upper switches Lower switches
Si=T, +T,+T,/2 S, =Ty/2
1 0127 Sy = Ty +Ty/2 Se =Ty + Ty/2
Ss =T,/2 S, =Ty + T, +Ty/2
Sy =T, +To/2 Sy =Ty +Tp/2
2 0327 S =Ty + T, +T,/2 Se = To/2
Ss =Ty/2 S, = Ty + T, +Ty/2
S, =Ty/2 S, =Ty +T, +Ty/2
3 0347 S;=T,+T,+T,/2 Se =Ty/2
Ss =Ty + Tp/2 S, =T, +To/2
Sy =Ty/2 Sy =Ty + T, +Ty/2
4 0547 Sy =T, +To/2 Sg = Tp+Tp/2
Ss = Ty + T, +Ty/2 S, =Ty/2
Sy =T, +To/2 S, =T, +To/2
5 0567 Sy =Ty/2 Se =Ty + T, +T,/2
Ss = Ty + T, +Ty/2 S, =Ty/2
S, =T+ T, +T,/2 S, =Ty/2
6 0167 Sy =Ty/2 Se =T, + Ty, +Ty/2
Ss =T, +To/2 Sy =Ty +Tp/2

Taking switching pattern of each sWitn different sectors modulating wave
is generated. When this modulating wave is compaiddramp signal, then pulses for
upper 3 switches can be generated, for lower sest@xactly opposite
because both switches in one leg cannot turn ae gsame. Therefore for the sequence
0127 the pulse generation is similar to trianglenparison approach as in sine PWM

technique but the modulating wave is different athbcases because SVPWM has low

THD when compared to sine PWM technique.
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CHAPTER-3

NEW SEQUENCES INVOLVING DIVISION OF
ACTIVE STATE DURATION
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3.1 Introduction
As discussed in the previous chapter, impteat®on of space vector based

PWM with sequence 0127, there are many other seguehich can be used to reduce
current ripple and torque ripple. Conventional ssope is 0127 in this two active vectors
and two zero vectors are used to represent ¥SVPWM dividesT; equally between 0
and 7, and employs the switching sequence 0-1427/21-0 in a sub cycle in sector 1.
However, a multiplicity of sequences are possiliteesthe zero vector can be applied
either using 0 or 7, and also an active state eaapplied more than once in a sub cycle
[12], [23], [24]. This project explores and bringsit all possible valid switching
sequences, which have three switching’'s per sule @xin CSVPWM. The conditions

to be satisfied by a valid sequence in sector asifellows.

(i) The active state 1 and the active state 2 festpplied at least once in a sub cycle

(i) Either the zero state O or the zero state &tfoe applied at least once in a sub

cycle.

(i) In case of multiple application of an actigeate, the total duration for which the

active state is applied in a sub cycle must safisfy

(iv) The total duration for which the zero vectgesther using the zero state O or the

zero state 7) are applied in a sub cycle mustfgdt)s

(v) Only one phase must switch for a state tramsiti

(vi) The total number of switching’s in a sub @yohust be less than or equal to three.
Conditions (i) to (iv) ensure volt—second balan@ondition (v) avoids unwanted
switching'’s to keep the switching losses low. Cdindi (vi) ensures that the average
switching frequency is less than or equal to tHaC8VPWM for a given sampling
frequency.

The applied inverter state is 0, 1, 2 or 7 at anjtrary instant in sector 1. The
state at the start of a sub cycle, or the inittates can be any of these four states.
Considering 0 to be the initial state, all possg#guences satisfying conditions (i) to (vi)
are illustrated in Fig. 3.1(a). Only such sequerthasresult in exactly three switching’s
in a sub cycle are considered in Fig.3.1 Seque@t2& and 0127 are valid sequences,
while sequence 0101 is invalid since active stateefer gets applied [violation of
condition (i)]. Similarly, all possible sequenceghnwl, 2, and 7 as the initial states have
been brought out in Fig. 3.1(b)—(d), respectivdlgtally ten valid sequences emerge

from Fig. 3.1, which can be grouped into five pafssequences, namely (0127, 7210),
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(0121, 1210), (1012, 2101), (2721, 1272), and (72127). CSVPWM uses the pair of
conventional sequences (0127, 7210) in alterndtecgales in sector 1. The other four
pairs can also be employed in alternate sub cyiclesector 1. These four pairs of
sequences are termed as “special sequences,”thege result in double-switching of a
phase, single switching of another phase and clagngii the third phase in the given sub
cycle. In special sequences of type I, there acettansitions between the active states 1
and 2. In special sequences of type I, there wcettansitions between an active state
and the zero state closer to it (i.e., betweendlGaar between 2 and 7). Further there are
also valid sequences with only two switching’s, eim012, 210, 721, 127. Sequence
012, for instance, can be viewed as a special @a8&27, 0121, or 1012. Similarly, the
other two-switching sequences can also be seenp@siak cases of certain three-
switching sequences. These sequences are termémaaging sequences,” and are
employed by discontinuous modulation methods [2PZ][ Sequences 012 and 210 or
sequences 721 and 127 can be used in alternateyslés in sector 1. All the above
sequences pertain to sector 1. Sequences pertamitige other sectors are listed in
Table-3.1

Table-3.1 Switching sequence in six sectors

Sector| Convectional Type -l Type-lll Type-IV

sequence sequence sequence Sequence

012-210 0121-1210 1012-2101

1| 0127-7210 721-127 7212-2127 2721-1272
032-230 0323-3230 3032-2303

2 0327-7230 723-327 7232-2327 2723-3272
034-430 0343-3430 3034-4303

3 0347-7430 743-347 7434-4347 4743-3474
054-450 0545-5450 5054-4505

4 0547-7450 745-547 7454-4547 4745-5474
056-650 0565-5650 5056-6505

> 0567-7650 765-567 7656-6567 6765-5676
016-610 0161-1610 1016-6101

6 0167-7610 761-167 7616-6167 6761-1676
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@ (state ‘2’ not used)
/ @ (valid)
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(valid)

@ (state ‘2’ not used)
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@ (valid)
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(b)
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(Zero states not
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(State ‘1’ not used)

©,

7

g @00v
\ /'@ e
%@\@ :

(c)

(zero states not

@ State ‘1’ not used
: : / (Valid)

(d)

g

(valid)

Figure 0.1 Valid sequences for initial state (a) 0, (b) 1, Y@, And (d) 7.

Fig. 3.1 shows the derivations of all possildequences that have three
switching’s per sub-cycle and satisfy the abovestramts. For example, starting from

state 0 in Fig 3.1a, the only possibility for thexhstate is 1, since states 2 or 7 will
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involve multiple switching’s. From state 1, throuigansition to state 0 is possible, it will
rule out the use of state 2, and hence is notid satjuence. Therefore the next state has
to be 2. From state 2, transitions to either state state 7 involve only one switching
and hence both are allowed. This leads to two sespsethe conventional sequence 0127
and the new sequence 0121, which involves divigibthe duration of active state 1.
Following a similar procedure all the possible sawes with the above mentioned

constrains can be derived as illustrated in Fify. 3.

3.2 Sequence 012
The implementation of SVPWM technique with othequsence carried out by

taking one zero vector instead of two zero vecawsn conventional SVPWM. The
sequence possible is 012 and 721. For the sequritealculating ¥, angle ¢),
sector and times;J T, and T, is same as conventional SVPWM. The switching tiare
different switches changes with different sequengtée difference between convection
SVPWM based sequence and 012 sequence is thatvitchisg's per sub cycle is
present in 012 sequence (i.e. 0--1-2) but in Ott2@e switching’s per sub cycle is
present (i.e. 0-1-2-7). Hence for a given averag#écking frequency the sub cycle
duration is reduced to two third for the sequerEswhen compared with the sequence
0127. This reduced sub cycle duration could leadettuced RMS torque ripple and
RMS current ripple at high values ofeM[17], [20]-[23].

Therefore

T=1/(2f)  for 0127
T=1/(3f) for 012
T<=1/(3f) for 721

The switching time of switches;,SS;, S is shown in Fig.3.Zor sectorl. It can be

generalized for remaining sectors.
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From the Fig.3.2 it can be observed that only &spls conduct at a time the
other phase is clamped. There will be A2Gmping for sequence 012.The switching

pattern in different sectors for all the switch8s$s)is given in the table-3.2 in terms of

T1, To, To.

Sy

Ss

Vo

To

—>

A

T T,

T, T To

Figure 0.2 Switching Pattern of Sequence 012 for Sector-1

Table-3.2 Switching Time Calculation at Each Seftothe012typesequence

Sector| Sequence Upper switches Lower switches

S, =Ty +T, S, =T,

1 012 S; =T, Se=T,+T,
S:=0 S, =T, +T,+T,
S, =T, S,=T,+T,

2 032 S;3=T,+T, Se =T,
S:=0 S, =T, +T,+T,
$,=0 Sy =Ty + T, + T,

3 034 S;3=T,+T, Se =T,
Ss =T, S, =T, +T,
S, =0 Se =T+ T, + T,

4 054 S3=T, Se = Tp + To
Ss =T,+T, S, =T,
S$1=T, S, =T, +T,

5 056 S3=0 Se =T +T, +T,
Ss =T, +T, S, =T,
S, =T, +T, S, =T,

6 01 S = Se=T,+T,+T,
Ss=T; S, =T, +T,
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By taking above switching pattern in different sestmodulating wave can be
generate which has a clamping of 120 each phase. This modulating wave is similar
to the sequence 0127 clamping in each phase. Tohdulating wave compared with
ramp signal SVPWM pulses will be generated; thedsgs will be given to the switches
S, to S, Therefore this method is also similar to triangutamparison approach. The

only difference modulating wave has 20amping.

3.3 Sequence 1012
The implementation of SVPWM technique with othegugence is carried out by

dividing active vector in to two equal halves irteof dividing zero vectors in to two
equal halves as in conventional SVPWM. The sequenssible is 1012.This sequence
1012 comes under type lll sequence. In this sequtrere will be three switching’s per
sub cycle same as 0127 sequence but the differerbat only two phases conduct at a

time i.e. 128 clamping in the each phase.

S1

S5

Vi | Vo Vi | V2 V, Vi Vo Vi

4
A
A
A 4
A
A 4
A
\4
4
A
A
A 4

T2 | To | Tw2| To | To | Tw2| To |72

o
v
A

o
v

Figure 0.3 Switching Pattern of Sequence 1012 for Sector-1

In this sequence calculating.V alpha ), sector, T, Tz, and T same as 0127
sequence but switching time is different for diffier switches in different sectors. The
switching time of switches 1S S, S are shown in Fig.3.3 for sectorl. It can be

generalized for remaining sectors.
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In the Fig.3.3phase A double switches, phase B single switchimbphase C is
clamped within the sub cycle. So that clamping &he phase is 180 There are 3
switching’s per sub cycle therefore

T=1/(21)).
The switching pattern for all the switches-&) for 1012 sequence is given in the table-

3.3 below in terms of I T> , To.

Table-3.3 Switching Time Calculation for th812sequence

sector sequence Upper switches Lower switches
Sl = T1 + Tz 54_ = TO
1 1012 53 = TZ 56 = T1 + TO
55:0 52:T1+T2+T0

In the two cases 012 and 1012 the switching paitesame for both sequences as shown
in table —3.2 and table-3.3.
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CHAPTER-4

ANALYSIS OF CURRENT RIPPLE OVER A
SUB-CYCLE
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4.1 Derivation of flux ripple
In the previous chapter, it was explained implermgon of SVPWM pulses with

different SVPWM based sequence. In the space vegiproach the applied voltage
vector is equal to the reference voltage vectoe Zéro voltage vector and active voltage
vector are forming the boundary in a sector andewesed to generate this reference
voltage vector. The instantaneous voltage rippletorefor a sampled positioned in the
sector-1 corresponding to the active vector 1,vactiector 2, and zero vector are as
shown in Fig.4.1. In this, when there is a switchithe applied voltage vector is changed
instantaneously hence the voltage ripple vectehanged between any two consecutive
switching instants the applied voltage vector rermdhe same. As the reference voltage
vector keeps revolving the voltage ripple vect@oathanges continuously w. r. t. time
both in magnitude as well as angle.

Figure 0.1 Error voltage vectors corresponding to active vectol, active vector 2 and zero vector

The voltage ripple vectors can be represented sgnahronously revolving d-q
axis reference as shown in Fig.4.1. The g-axia ihe direction of the reference voltage
vector while the d-axis is 8®ehind the g-axis. The instantaneous voltage eippttor
in the synchronously revolving d-q reference fracneresponding to the active voltage
vectors 1, 2 and the zero voltage vector are giveguations (4.1).

2 2
Veipr = EVdcsina +j <§ Vyccosa — Vref) (4.1a)
2 ) (2
Vripz = —§Vdc sin(60 — a) + j (§ Vi cos(60 — a) — Vref) (4.1b)
Vripz = _eref (4.1c)

The time integral of the voltage ripple vector éferred as the stator flux ripple
vector and is a measure of ripple in the line cureg¢ any instant within a sub cycle. In
each sub-cycle one of the two active voltage vectmr the zero voltage vectors is
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applied. When the zero voltage vector is applied,drror voltage vector is equal to the
negative of the average vector to be generated.nVéineactive vector is applied the
voltage ripple vector originating from the tip ¢fet reference voltage vector and ending

at the tip of the active voltage vector applied.

As the voltage ripple vector remains constantrifyele flux voltage changes at a
uniform rate for any applied vector. The applicataf a zero voltage vector results in a
variation of the g-axis component of the flux rigpbut the application of any active
voltage vector results in variation of both thexisaand g-axis components [18], [20],
[23], [24]. The error volt-second quantities areeg by equation (4.2).

2 2
Viipr *Th = EVdC * Tysina + <§ Viccosa — Vref) * Ty
P, +j0, (4.2 a)
2 . (2
Vyipz * Tp = —§Vdc * T, sin(60 — a) + j (§ Vyccos (60 — a) — Vref) * T,

=D, +j0Q; (4.2b)

Vripz = _eref * Ty

=jQ, (4.2¢)
Where
Dy =2V, Tysina (4.3 a)
Dy ==V * Ty sin(60 — a) (B

By substituting T and T, expression in the equation 4.3
D1:D2

Therefore =D,=D.

2
Q= (5 Viccosa — Vref) * Ty (4.4 a)
Q =(EV cos G —a) -V, )*T (4.4 b)
2 3 rdc 3 ref 2 .
Q; = _Vref * Ty (4.4¢)

The sum of equations (4.4) equated to zero, whdicates the balance between
applied volt-seconds and reference volt-seconds aveub cycle. The volt —second

balance ensures that the stator flux ripple vestarts and ends with zero magnitude in
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every sub cycle. The variation in between these zestants is a measure of the
harmonic distortion in the 3-phase current. Thisiateon depends on the reference

voltage generated and switching sequence used.

4.2 Variation of stator flux ripple over a sub cyce
The trajectory of the stator flux ripple vector i along the direction of the

ripple voltage vector, as stator flux ripple vedwtime integral of voltage ripple vector.

The Fig 4.1 shows the variation of the stator figpple vector over a sub cycle for seven
possible switching sequence for a given referemmt@age vector. The corresponding d-
axis and g-axis stator flux ripple vectors are asown. The g-axis stator flux ripple at
the switching instants is given in terms of @, and Q while those d-axis stator flux

ripple are given in terms of D. The quantities @1, @, and D are defined in equations
4.3 and 4.4.

The tip of the stator flux ripple vector for contiemal SVPWM (0127 - sector 1)

sequence has the triangular trajectory over a gclle as shown in Fig. 4.2.

Trajectory q - axis ripple d - axis ripple
0 7 _,-/‘?q Q;+0.5Qz -0.5Qz 0
- 0
2
\7 0.5Q; 0.5T T T, 05T}
L 0.5T, T T, 05T,

Figure 0.2 Stator Flux Ripple Corresponding To Sequence 0123ver a Sub Cycle

The stator flux ripple vector for the sequence @a@ 721 is shown in Fig.4.3

4] 7 0 Tz T T2
A o| 17 2 D
" 2 Q; ol 0 L’A
L [T | T T2
d
T, T,
) \ 0 p4
\ 7 T TS Ty
k ;,-Q UI | | ? |
, \ Q 7 N2 |
3 +

Figure 0.3 Stator Flux Ripple Corresponding To Sequence 012l 721 Over A Sub Cycle
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The stator flux ripple tip trajectory is triangulahich was same as conventional
sequence and was shown in Fig.4.3 for the sampisidered in the first half of the
sector 1. The mean square value of the d-axis aipphs equal for the both the
sequences, but it was not so with g-axis ripple. TAg® g-axis component does not
change appreciably when the active state 2 is egbpfor the sequence 721 the g-axis
ripple continued to remain fairly high through-dhe duration of state 2 and decreased
only when state 1 was applied. Thus the mean sqimpie is high for the sequence 721
than that of 012.

Conversely if the sample is in the second halfhef $ector 1 then the sequence
721 will result in lesser ripple than 012. In gaaievhen a clamping sequence is used, to
minimize the mean square ripple, the active veséonple must precede or succeeded by
a zero vector and there must be only one switchingny instant, so appropriate zero
state must be selected.

The stator flux ripple vector in the case of thgusnce 0121 and 7212 are shown
in Fig. 4.4. The stator flux ripple trajectoriestirese two cases form a double triangle as
shown in fig 4.4. The switching sequence 0121 paréobetter than that of 7212 in the
first half of the sector-1. Conversely if the saen@ in the second half of the sector—1
then the sequence 7212 will result lesser ripplantt0121. Thus the pair of

complementary switching sequences are

() 012 and 721

(i) 0121 and 7212
(i) 1012 and 2721

T, 05T Tz 0.5T;

0 | 1 2 1

N—"

-0.5

D
Tz 0.5T; T 0.5T; T; 05T T 0.5T;

, 08D,

-0.5D
Figure 0.4 Stator Flux Ripple Corresponding To Sequence 012And 7212 Over A Sub Cycle
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TN\ 12 N

Qz+0.5G Tost, T T, Tost, |
0.5T, T 05T, T
’ 2\ 0 0.5 05T, Tz 05T, T,
2
2 , ‘
7o o2l 7 12 f
| A Q,+0.5Q3 N i
e -0.5D
d DSTZ Tz 05T2 T1 .

Figure 0.5 Stator Flux Ripple Corresponding To Sequence 1012nd 2721 Over A Sub Cycle

The RMS stator flux ripple over a sub cycle cormsfing to a sequence is
denoted by Eq (Where seq= 0127, 012, 721, 1012 and 2721). Tipeession for the
mean square ripple can be derived in terms i) Q, and D. The stator flux ripple is

resolved into its component along the d-axis arakig- The d-axis ripple and g-axis

ripple for 0127 switching sequence are given inatign (4.7).

Qzt
l‘Uq(o127) = T_z
=0.5Q, + &4
Ty
=0.5Q, + Q, + 2=
T
Qzt
=05Q, +-=
l‘Ud(0127) =0
— Dbty
=
—p-2t
T;
=0
Where t; =t—0.5T,

tz =t— OSTZ _T]_

t3=t_0.5TZ_T1_

if 0<t<05Tz (4.5 a)

if 05T, < t< (05T,+T)) (4.5b)

if (05T,+T) < t< (T,—0.5T,) (4.5c)
if (Ty—05T,) < t< T, (4.5 d)
If 0<t<0.5Tz (4.6 a)
if 05T, < t < (05T,+T,) (4.6 b)
if (05T, +T,) < t < (T;—0.5T,) (4.6c)
if (T;—05T,) < t < T, (4.6 d)

T
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The mean square stator flux ripple over a sub cjatethe sequence 0127 can be

calculated as
1 (T 1 (%
F?4127 = Fs-fo l1U2¢zl(0127) dt + Fs-fo qu(0127) dt

2 _ 1 2 1 2 2 Ty
Fgi27 = 3 (0.5Q2)*T/2Tg + 3 [(0.5Q7)“ + 0.5Q2(0.5Q7 + Q1) + (0.5Qz + Q1) ]T_s
1 ) ) T,
§ [(0.5Qz + Q1 )* — 0.5Q2(0.5Q7 + Q) + (—=0.5Qz) ]T_s

+ 3 (—O.SQZ)ZTZ/ZTS + 1/3D?(Ty + T,)/Ts (4.7)

1 T
Féi = 5 (Q°To/Ts + 5103 + 020z + Q1) + (02 + 02)? ]— 3000 +0:) 17

+ %D (T, + T)/Ts (4.8)
1
F71 = §(QZ)2TZ/TS [QZ +Q2(Qz + Q) + (Qz + Qx)? ]_ +3 [(Qz +Q;)? ]

+ %D (T, + T,)/Ts (4.9)

2 1 2 1 2 2 Lz
Fio12 = 5(0-5Qz) T;/2Ts + - [(0-5Q1 )*+0.5Q,(0.5Q; + Q) + (0.5Q; + Q,) ]_S

1 T
5 [(0.5Q; + Q,)* + (0.5Qz + Q) (Qz + Q1) + (Qz + Q1)?] 5= 2T

+3 (QZ + Q)?T,/Ts + 1/3D?*(T;y + T,)/Ts + (0.5D)? FZ (4.10)
S

2 1 2 1 2 2 Iz
Fi701 = 5(0-5Q2) T,/2Ts + _[(0-5Q2 )¢+ 0.5Q,(0.5Q; + Q,) + (0.5Q, + Q,) ]_5

wlr—\

[(0.5Q; +Q,)* + (0.5Q; + Q,)(Q2 + Q2) + (@2 + Q2)? ]

+ 3 (Qz + Q)T /Ts + %DZ(Tl +T,)/Ts + (0.5D)? FZ (4.11)

Thus the proposed method of analygsisapable of estimating d-axis ripple and
g-axis ripple individually. It was observed thaetfHD of current wave was equally
affected by the d-axis and g-axis ripples. On ttieiohand, torque pulsation is mainly

depends on g-axis ripple and independent of dsdaier flux ripple. Thus the reduced g-
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axis ripple signifies the reduction of THD and toegpulsation, while the reduction of d-

axis stator flux ripple affects only THD.

From the above observations it can be concludefthdew specified sequences
at high modulation index the d-axis ripple is doamhand results in an overall reduction
of stator flux ripple but g-axis ripple increaséisshows that at high modulation indices
the THD due to bus clamping sequence PWM is b#tear conventional SVPWM, but
moderate increase in torque pulsation due to iser@aqg-axis ripple. The rms stator flux
ripple over a sub cycle depends on the referenceovend the switching sequences

employed.

4.3. Optimal continuous modulation
The duration T is divided into two zero states 0 and 7, as showaquation

(4.12). While x always equals 0.5 in convention®lP8VM, different continuous and

discontinuous modulation methods primarily diffietérms of this fraction x.
Ty, = xT, (4.12 a)
T, =(1-x)T,, x<1 (4.12 b)

The rms current ripple over a sub-cycle is a fuorcof the fraction x , while the ratio
x = 0.5, as in conventional SVPWM, leads to gooapprties, this is still a suboptimal.
The optimal value of x, which results in the minimums current ripple over a sub-cycle

for the given reference vector, is given Ry (4.13)

T,+T, Q1 T1+T,
Xopt = 5 = oo ot 0 < xope <1 (4.13)

Substituting @ Qi T;, T2 and T, in the equation (4.13), the optimal duration fdrieth
the zero state 0 must be applied oy, is shown in equation (4.14 a). The zero state 7

must be applied for the remaining fraction of diarafT,, as shown in equation (4.14Db).
TO(opt) = XOpth (4.14 a)
Toopty = Tz = To(opt) (4.14 b)

The rms d-axis current ripple over a sub cyclendependent of the fraction x, but the

optimal value of x essentially minimizes the rmaxs current ripple. Consequently,x
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leads to minimum possible rms torque ripple ovexr tfiven sub-cycle for the given

reference vector.

4.4, Hybrid PWM
With discontinuous modulation, the fractigns either 1 or 0. Ik = 1, then the

sequence is 012 or 210, where only zero stateued. Ifx = 0, the sequence is 721 or
127, which employs only the zero state 7. Each esggpi consists of two switching per
sub-cycle. Hence, for a given average switchinguescy £ the sub cycle duration can
be reduced to two thirds for these sequences, caupga sequence 0127. The reduced
sub cycle duration could lead to reduced rms torgpple or rms current ripple,
particularly for high values 0¥ . Therefore, given a reference vector in secttnel
following three options could be considered in sitg a switching sequence.

1) Sequence 0127, WiltF Xqpt and T = 1/(2 £);

2) Sequence 012, with=1 and T= 1/(3 §);

3) Sequence 721, with= 0 and T = 1/(3 ).

0&7

Figure 0.6 Hybrid PWM with 012-721-0127 Sequence

A comparison of the three sequences in terms oftomagie ripple or rmsg-axis
current ripple over a sub cycle using equationsf417 brings out the regions of superior
performance of the three, which are shown in Fy.Sequence 0127, with the active
vectors positioned optimally within the sub cydésds to the lowest rms torque ripple in
region A, as shown in Fig. 4.6. Sequence 012 ieb#tian sequence 721 fox 30- and
vice versa fora > 30.. Sequences 012 and 721 are best in regions BlBand
respectively, which are symmetric about the ceotéhe sector (i.eq = 30), as seenin
Fig. 4.6.
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CHAPTER-5

SIMULATION AND RESULTS
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5.1 Simulation circuit
Circuit diagram for open loop control of inductiomotor is shown in Fig.5.1

using hybrid PWM technique. The Fig.5.1 contairtenmal subsystems for both inverter

and induction motor.
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E'—’ MATLAE .
™ J

- h Function M 5 Ven

Constant I

SefVvector_zoh_albe Sc Ven

Va wr

Vb Te

¥ y¥._y5
¥ ¥

Ve iabe

Clock Inverter MOTOR MODEL2 Scapet

Figure 0.1 Open Loop V/f Control Simulation circuit

1.2V/f control technique

The open loop V/f control method is most popularthod of speed control
because of simplicity and considered magnetic tiariaof control variables only this
method is also called as scalar control methodhasis in fig 5.2 the flux and torque are
function of frequency and voltage respectively. Tha@uced voltage in the air gap is

Eqg =k * @y

Eqg
g,, = constant = —= =
ag f

Whereg,,, is the air gap flux in Weber’s

Speed is varied by varying the frequeaog maintains V/f constant to avoid
saturation of flux. With constant V/f ratio motoewklops constant maximum torque i.e.
constant torque mode except at low speeds becausge drequency becomes small at
low speeds the stator voltage drop comes into i@dtuus weakening the flux. To over
cum this draw back the boost voltage Vo is addeth@@asing the gain (G=V/f) that the
rated flux and corresponding full torque becomeslalle down to zero speed as shown

in Fig.5.2. Here note the effect of boost voltagedmes negligible at high frequency.
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Figure 0.2 Block Diagram V/f Control Scheme

INVERTER

As seen in space vector implementation requiresarsion of 3 axis to 2 axis

i.e. abc-dq axes, calculating,V calculating angle, sector finding, switching tsne

T1,To, T, calculation, and switching times of all the swéshare implemented by coding

in MATLAB. From that coding pulses are generatedoagput. When the pulses are

given to inverter and with an input DC voltage A@pmut voltage is obtained. Modeling

of inverter is shown in Fig.5.3

Figure 0.3 Modeling Of Inverter

(A

e

In the Fig.5.3 § S and S are the pulses which are given to the phases. We a

giving pole voltage as input. The pole voltagedswerted into phase voltage. This phase

voltage is given as input to the induction motor.
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5.3 Simulation results
The torque plots for different sequencespaesented here

Comparision of Hybrid and 721 Sequence
1
T T T

— hyhrid sequence
721 sequence

i \ \ | |
04 042 0.44 045 048 0s
time

Figure 0.4 Comparison of torque ripple hybrid sequence with 21

— 0127 sequence ||
hybrid sequence |{

Torque Ripple

04 0.42 044 0.46 0.48 05
time

Figure 0.5 Comparison of torque ripple hybrid sequence with @27
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The rms values of current ripple as well as torgpple are proportional to the sub

cycle duration T The normalized rms torque ripple correspondindneHiybrid PWM is

compared against that of CSVPWM (i.e. 0127 seqyemcd-ig. 5.5. Similarly, rms
torque ripples due to Hybrid PWM and that of bumaghing PWM method (i.e. 721

sequences) are shown in Fig. 5.4.

5.1 Comparison of torque ripple Hybrid sequencéWit27 sequence and 721

znce

Torque ripple

Time 0127 sequence 721 sequence Hybrid seque
0.40 2.0853 2.1008 2.0598

0.42 2.1208 2.0903 2.0954

0.44 2.0996 1.9905 1.9992

0.46 1.9920 1.9724 1.9665

0.48 2.0122 1.9878 1.9860

0.5 2.0253 1.9979 1.9994

It can be observed from the table 5.1 the reduatiotorque ripple with Hybrid

PWM is more than that of bus-clamping PWM and tm@ant of ripple is less than that

of conventional PWM.
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CHAPTER -6

CONCLUSION AND FUTURE SCOPE

44 |Page



Conclusion
The space vector approach to generabbdiPWM waveform offers several

advantages over the traditional triangle comparmsethods. Novel switching sequences
which can be employed in space vector PWM generatre brought out. Influence of
the switching sequence on the torque ripple owartacycle is investigated. A procedure
is presented for designing hybrid PWM techniqueolmvg multiple sequences for

reduced torque ripple.

The application of advanced bus-clexggwitching sequences for torque ripple
reduction in induction drives has been studied.yrid PWM technique, which is a
combination of a conventional sequence and advamgsdalamping sequences, has been
proposed for the reduction of the pulsating torddewever, the conventional sequence
0127 and the existing bus clamping sequences, Ad27321 in space vector duration,
offer additional degree of freedom that are notsgae in triangle comparison approach.
All possible sequences that involve division ofiaetvector duration, and satisfy
constraints similar those of conventional sequer@e& been identified in this work.
With the new sequences , it is possible to realmgble switching , single switching or
zero switching (clamping) of a phase within a syble, as appropriate, whereas the
conventional sequence always results in just sisgleching per phase per sub-cycle.
The number of pulses per sub-cycle in the line-lioltages is also different when the

new sequences are used.

Hybrid PWM technique refers to the wé different sequences in different sub-
cycle with in a sector, unlike the conventional PYWAWhich applies 0127 throughout
sector 1. These hybrid techniques result redudtotorque ripples compared to the
conventional SVPWM. Simulation results are showargjgnificant reduction of torque
ripple and a marginal improvement in harmonic digta of line current due to the
proposed hybrid PWM method, compared to SVPWM.
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Future scope:
Possible future work in this area that stamise of further improvement in the

performance of induction motor drives are listetble

1. In the present study, the active state durgasrwell as zero state duration) is divided
equally into two intervals, to form new sequenddaequal division of active vector

duration can lead to further improvement in stestdye performance.

2. The present study has focused on three- phasdgevel converters, which have only
eight states. Multi-level PWM converter has beaullgject of vigorous research recently.
With a total of i possible states, the multi-level PWM can reduce THD

significantly, though at the expense of increasedtrol complexity. The concept of
division of active state duration can be investddior multi—-level converters to achieve

improved performance in terms of THD, switchingsl@nd input current ripple.
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