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Introduction: PWM Technique:

» Pulse Width Modulation is a powerful technique émntrolling
analog circuits with a power sent to a load. PWMaisvay of
digitally encoding analog signal levels.

« Duty cycle is defined as the ratio of(T), where T is the period
in seconds.

e There are a several PWM techniques which are beingloyed
for diverse applications, a few of them being saidal, square
wave, trapezoidal, stair-case, delta, delta-sigapmce vector,
harmonic injection, third harmonic PWM techniques.

e PWM techniques aim at providing better controllalmetput
voltage along with reduction of harmonics.

e The project deals with the comparison of harmomalgses
performed by some of the PWM techniques using Féol of
simulink in MATLAB, undertaking a few of them, tleby
inferring that which technique is the best one agiitrem.

Literature Survey: The world literature reports that Pulse Width

Modulation (PWM) techniques are being used in happlications

for their innumerable advantages over the conveationethods of

controlling the output voltage. However, the vas®WM techniques
differ from each other in the Total Harmonic Redlret(THD) content
and this harmonic analysis is one of the major iclemations for
ascertaining about a better one among them, s@ axploit it in

diverse applications. The literature pertainingthe various PWM
techniques, their harmonic analysis and their appbins are
presented under the following headings:

A Loss Minimised Sinusoidal PWM Inverter:

» It was reported by Prof. J.T. Boys and S.J. Waltt@85) that
traditional PWM AC motor drives perform well overwide
speed range and have many positive features atmbeiih their

www.ijarst.com

Jagadish Chandra Pati , Jayanta Kumar Sahu

simplicity. However, the waveforms used are sigaifitly less
than ideal at high modulation depths and low sviighrates,
particularly with regard to harmonically induced tordosses.

« An improved strategy for digitally producing PWM ded on
conventional triangulation methods is presented. nAvel
technique for reducing the harmonic losses regyltfrom
sinusoidal PWM waveforms is analyzed in depth aalized on
a 40 kVA inverter. Tests with this inverter on K& and 15 kW
motors confirm that the inverter's performance ignificantly
enhanced for certain operating conditions, witreout significant
sacrifice.

e The paper shows that with the addition of a thirntonic
component to the PWM modulating waveform, it is gioke to
minimise the losses in a PWM inverter drive.

» Theoretical savings of up to 30% of the distortioduced motor
losses can be gained by adding a third harmonigooent to the
modulating sinusoid of conventional sine wave PWierters.
An improvement of this magnitude represents thatgrepart of
the maximum attainable loss reduction for this nemtif pulses
per cycle of the fundamental. The optimum amountadfied
distortion is almost a constant 28% of the fundaalargardless
of other modulation parameters.

Introduction of the Harmonic Distortion Determining Factor and

Its Application to Evaluating Real Time PWM Inverters:

* Shoji Fukuda and Yoshitaka Iwaji (1995) reportedt thequency

spectra of inverter output currents are one ofrfportant factors
in order to evaluate PWM methods.
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¢ These spectra are, however, influenced not onlythey PWM
method itself but by the operating conditions @ thverter such
as the switching frequency or load parameters.

¢ The harmonic distortion determining factor (HDDE cbnsidered
to be a common quality index that represents ttrangic spectral
property of individual PWM methods.

* As it has a close relation to RMS values of thertaric current
or torque ripples of driven motors and, further,ist almost
independent of the operating conditions, HDDF igequseful for
evaluating PWM methods.

« In this paper three typical analog PWM methods fand digital
PWM methods are compared and evaluated based onFHDD
values.

« HDDF is also useful for predicting the harmonic pedies of
PWM inverters. For instance, the harmonic charaties such as
the spectra of motor current harmonics or torqpeles in the
case of ac drives are usually obtained by Fourarsformation
or simulation.

Methods and Materials

An Overview of Voltage Source Inverters (VSI):

¢ The word ‘inverter’ in the context of power-electics denotes a
class of power conversion (or power conditioningfudts that
operates from a DC voltage source or a DC currentce and
converts it into AC voltage or current.

« Even though input to an inverter circuit is a DQ®e, it is not
uncommon to have this DC derived from an AC soweeh as
utility AC supply. Thus, for example, the primamgusce of input
power may be utility AC voltage supply that is ‘eented’ to DC
by an AC to DC converter and then ‘inverted’ bagkAIC using
an inverter. Here, the final AC output may be oflifferent
frequency and magnitude than the input AC of tlilgyusupply.

e Ifthe input DC is a voltage source, the invergecalled a Voltage
Source Inverter (VSI). One can similarly think of Gurrent
Source Inverter (CSl), where the input to the direaia current
source.

¢ Uninterruptible Power Supply (UPS) units, Adjustal$peed
Drives (ASD) for AC motors, electronic frequency adger
circuits etc. are few of the practical applicatiafisVSls.

Fig: 1. Topology of Single Phase VSI And
Three Phase VSI

Introduction to PWM Inverters:

¢ Because of advances in solid state power devices an
microprocessors, switching power converters arel uisemore
and more modern motor drives to convert and delither
required energy to the motor. The energy that &hkivig power
converter delivers to a motor is controlled by Bulidth

Modulated (PWM) signals applied to the gates of plosver
transistors.

¢ Pulse width modulated (PWM) inverters are among rtroest
used power-electronic circuits in practical applmas. These
inverters are capable of producing ac voltages afiable
magnitude as well as variable frequency.

e The switches of PWM inverters are turned on and aiff
significantly higher frequencies than the fundarakfrequency
of the output voltage waveform.

¢ In case of such inverters the magnitude of fundaahesutput
voltage is fixed by suitable Pulse Width Modulation

e Because of large number of switching per outputecit PWM
inverters, the load current frequently jumps fromntcolled
switch (say, IGBT) to diode and hence the diodesthaf
switches must also be rated to carry the peak ratmiof load
current. It is to be kept in mind that in theseeirters that the
load current polarity changes only according to theput
frequency and not according to the switching freqye For
load power factor close to one, as the PWM invirtentput
voltage decreases the diode conduction duratioeases.

Principle of Pulse Width Modulation (PWM):

¢ Pulse width modulation (PWM) is a powerful techreqfor
controlling analog circuits with a processor's @ioutputs.

< PWAM of a_signabr powersource involves the modulatiaf its
duty cycle to either convey information over a communicagion
channel or control the amount of power sent tcad lo

e Duty Cycle:

~ It is defined as the fraction of time during whitie switch remains

on.

~ Mathematically, duty cycle can be representeilémnys:

0 = Ton /( Ton + Tot)
or, a=Ton/ T

Where, T, is the on-time, which is the time during which thE€

supply is applied to the load,

To IS the off-time, which is the period during whidhat supply is
switched off.

~ Duty cycle can be varied from 0 to 100 % as shiowfigure (2).

Cm = High Level Gt = Law Level

50

0%

Fig: 2. Duty Cycle Modulation
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~ When a switch is closed fopJseconds, the input voltage appears
across the load; if switch is off for,{ seconds, then the voltage
across the load is zero.

e Governing Equations:

~ Average DC voltage ()

=1 " Vs dt

=6NT) Vin=0 Vi,

~ Average DC current (I, 9 = (Vavg/ R) =a Vin/R
~ RMS value of o/p voltage ¥y

= [/, "vsr2dt] % = oMVin

~ Output power (B = (Vimd)/R = @Vn2)/R

e The duty cycle can be varied from 0 to 1 by varyliogp and T.

«  Therefore, the output voltage;\tan be varied from 0 to Vs by
controlling o and the power flow can thus be controlled.
Basically, the width of the pulse is varied in théshnique and
is called Pulse Width Modulation (PWM) Control.

Various PWM Techniques:

e There are several PWM techniques which differ ireirth
implementation. However, in all these techniques dam is to
generate an output voltage.

«  Often, PWM techniques are classified on the basiolbage or
current control, feed-forward or feedback methocksyrier or
non-carrier based control, etc.

e Some of the important among them are sinusoidal PWM
modified SPWM, square wave PWM, trapezoidal PWM,
stepped PWM, stair case PWM, space vector PWM ehasis
current controller based PWM, harmonic injection R\W\ielta
PWM, delta-sigma PWM, third harmonic PWM etc.

e Some of the PWM techniques can be realized usirajogn
circuits alone; some others are more easily rehlviéh the help
of digital processors like microprocessor, Digitaignal
processor (DSP) or Personal Computer (PC), whesease
other PWM controllers could be a hybrid betweenl@nand
digital circuits.

« Afew of the PWM techniques have been describedvbel

1) Sinusoidal PWM Technique:

e The sinusoidal PWM technique is very popular fodustrial
converters.

. In the SPWM technique, as shown in the figure belohere an
isosceles triangular carrier wave of frequency sfccompared
with the fundamental frequency f sinusoidal modotatwave
and the points of intersection determine the switgtpoints of
power devices.

¢« The notch and pulse widths of voltage waveformsy viar a
sinusoidal manner so that the average or fundamenta
component frequency is the same as f and its amdplitis
proportional to the command modulating voltage.

e The same carrier wave can be used for all thresgsha
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The Fourier analysis of the output voltage wavevelved and
can be shown to be in the following form :

V =0.5mVd sin (@t + ¢ ) + high-frequency (Mc + Nw) terms
where m = modulation index,

o = fundamental frequency

¢ = phase shift of output, depending on the positdrithe
modulating wave.

The modulation index m is defined as :

m=VP/VT

where VP = peak value of the modulating wave

VT = peak value of the carrier wave

It can be varied between 0 and 1 to give a linedation
between the modulating an output wave.

The inverter basically acts as a linear amplifier.

COMPARATOR
Vaoo” r
Vewd
Viriane

. %u

1000

000
100,00

:

SO0~

400,00
300,00
200,00

400 mf
200, [:ﬂj

200,00

—400, I\CIL

Time {ms)

Fig: 3. Sinusoidal PWM
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Fig: 4. Block Diagram of SPWM Technique

Output of PWM Generator

A

Fig: 5. Output of SPWM Generator
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4) Square Wave PWM Technique:

2) Modified Sinusoidal PWM Technique:

The widths of the pulses nearer to the peak okihe wave do
not change significantly with the variation of theodulation
index.

This is due to the characteristics of a sine wawne, the SPWM
technique can be modified so that the carrier wiavapplied
during the first and the last 600 intervals pef-bgtle.

This is referred to as the modified SPWM technique.

It helps in the reduction of harmonics thus impnavthe quality
of power.

The algorithm for generating the gating signalsaime as that of
the sinusoidal PWM technique.

51
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Fig: 6. Modified Sinusoidal PWM

3) Trapezoidal PWM Technique :

www.ijarst.com

The gating signals are generated by comparing amgular
carrier wave with a modulating trapezoidal wavéaven in the
figure below.

The trapezoidal wave can be obtained from a trilmguave by
limiting its magnitude to + Ar which is related ttee peak value
Ar (max) by :

A; =6 A; (max)
whereo is the triangular factor.

1 1Ml wave

——

PWM
pettam ~

o = pmr v

=3 23 L

Fig: 7. Trapezoidal PWM Technique

To limit switching losses it is necessary to cohtte device

switching frequency, irrespective of the fundamefriequency

of the current waveform. This can be achieved bkintathe

parameter M, the pulse number in half cycle of iteerter

operation, constant in many segments of the fund&he
frequency (see next slide for switching frequentiHz).

Similarly the gating signals are generated by camgaa
triangular carrier wave with a square wave.

The harmonic content can thus be reduced by usiveral
pulses in half cycle of the output voltage.

Harmonics — Origin and Effects:

Harmonics are defined as the sum of all compongaterated
as a percentage of the fundamental waveform.

Non-linear loads generate current harmonics.

Harmonic currents flow largely through capacitors.

The flow of harmonic currents causes voltage haroson
Harmonics are thus injected to other linear loaoisnected in
the same bus.

Harmonics injected into the network flow towardéiet users
connected to the network.

Loads generating harmonics:

Jagadish Chandra Pati , Jayanta Kumar Sahu

Equipments using switched mode power supplyTelevision,
Computers and other IT loads

Equipments using power electronic devicesAC & DC drives,
Frequency converters, Rectifiers, Arc & inductionrnaces,
UPS, Compact fluorescent & other discharge lamps

Linear loads

200 WOLTAGE
% —— LINE&R LOAD
100 2 CURREMT
8]
o
-100 f T e
=200

Degrees (0 - 360)

MNon-linear loads
WOLTAGE

200
100 :|: /A\_ — MON-LINEAR LOAD
o LUHREM |

oo | \

-200 T

Degrees (0 - 360)
Fig: 8. Voltage and Current Waveforms for Linear and Non-
Linear Loads

The main effects of voltage and current harmonickide :
=  Malfunctioning and failure of electronic equipment.

= Electromagnetic interference with TV, radio,
communication & telephone systems.

=  Overheating and failure of electric motors.

= Reduction of efficiency of power generation,

transmission, and utilization.
=  Excessive measurement errors in metering equipment.
Types of equipments and effects of harmonics:

= Rotating machines : Increased losses, over hedtieg
to skin effect, pulsating torque

=  Transformer, switch-gear, power cables : Over hegati
increased power consumption

=  Protective relays : Mal-operation, nuisance trigpin
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=  Power electronics : Mal-operation, failure

=  Control & automation : Erratic operation

= Power capacitors : High currents & failure due to
overload

Harmonic Analysis of Voltage Waveform:

e Harmonics are currents, usually in multiples of thepply
fundamental frequency, produced by ‘non-lineardeasuch as
the AC to DC power conversion circuits.

¢« The pole voltage waveform has half wave odd symnétre
half wave odd symmetry of any repetitive wavefor(wt},
repeating after everynZn duration, is defined by &) = -
f(n+owt). Such a symmetry in the waveform amounts to rdxse
of dc and even harmonic components from the wawefor

e Allinverter output voltages maintain half wave cgldnmetry to
eliminate the unwanted dc voltage and the even twaias.

¢ With the assumed half wave odd symmetry the waneforay
be decomposed in terms of its Fourier componenitekmsyv:-

Vio= Z b, sinnet

n=1335. . =

where Vjo is the instantaneous magnitude of the pole voltage

and his the peak magnitude of it;hharmonic component.

e Because of the half wave and quarter wave symmdtrihe
waveform, mentioned before, the pole voltage haly oadd
harmonics and has only sinusoidal components inFingier
expansion. Thus the pole voltage will have fundamienhird,
fifth, seventh, ninth, eleventh and other odd harice The
peak magnitude of nth harmonic voltage is given as:

e bn=(2E/m)(1-2cosnl+2cosn2—2cosn3+2cos
no4 )

¢« whereol, a2, a3 ando4 are the four notch angles in the quarter
cycle (0< ot <= /2) of the waveform.

¢ The third and multiples of third harmonics do nobdw up in the
load phase and line voltage waveforms of a balar&:ptiase
load. Most of the three phase loads of interestofrealanced
type and for such loads one need not worry abdpietr (3rd
and multiples of 3rd) harmonic distortion of theewoltages.

¢ The peak magnitudes of fundamental (b1) and thiteer dowest
order harmonic voltages that matter most to thel loan be
written as:

e bl=(2E/Ml)(1-2coml+2cos2—2con3+2comnd)

e b5=(2E/m)(1-2cosbl+2coshk?2—2cos&3+2cos
504 )

e b7=(2E/mM)(1-2cosdl +2cos@?2—2cosd3+ 2 cos
To4)

e bll=(2E/M)(1-2cos1dl +2cos1d2—-2cos 1d3 +2
cos 1b4)

¢ 3rd and 9th harmonics have been not considergtiegiswill not
appear in the load side phase and line voltages.

e Most of the industrial loads are inductive in natwith an
inherent quality to attenuate currents due to higbeder
harmonic voltages. Thus, after fundamental voltabe, other
significant voltages for the load are 5th, 7th adth etc.

¢« Generally, only the fundamental frequency comporienthe
output voltage is of interest and all other harmoroltages are
undesirable.

Trade Off Between Low Order And High Order Harmonics:

In case of PWM inverter the magnitude of fundameatdaput
voltage is fixed by suitable pulse width modulation

Also, after fixing the fundamental voltage magnéud it is
desired to eliminate some of the low order harm®ritcwill be
at the cost of increasing the magnitudes of higheder
harmonics.

The reduction in fundamental magnitude leads toe®e in the
rms magnitude of the unwanted ripple voltage. A&fter fixing
the fundamental voltage magnitude if it is desitectliminate
some of the low order harmonics, it will be at tbest of
increasing the magnitudes of higher order harmonics
However considering the fact that most of the loads
inductive in nature with low pass filter type chaeistics the
load current quality effectively improves by eliratimg lower
order harmonics from the pole voltage waveform Keifethe
higher order harmonic magnitudes increase).

The total harmonic distortion, or THD, of a signa a
measurement of the harmonic distortion presentiartkfined
as the ratio of the sum of the powers of all hanmeomponents
to the power of the fundamental frequency.

Lesser THD allows the components in a loudspeaaplifier
or microphone or other equipment to produce a naorirate
reproduction by reducing harmonics added by elagtsoand
audio media. A THD rating < 1% is considered toirbéigh-
fidelity and inaudible to the human ear.
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Fig: 9. Examples of Various Harmonics

Harmonic Analysis Using FFT Analysis Tool In Matlab -
Simulink:

1) Harmonic Limits:

Voltage and Current Harmonic Limits according t&EE519,
harmonic voltage distortion on power systems 6%k below
is limited to 5.0% total harmonic distortion (THDYith each
individual harmonic limited to 3%.
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e The current harmonic limits vary based the short circuit
strength of the system they are being injected. iB&sentially
the more the system is able to handle harmonicentsy the
more the customer is allowed to inject.

e The harmonic current limits specify the maximum amtoof
harmonic curent that the customer can inject into the uti
system.

*  The utility is responsible for providing a cleaowl distortion)
voltage to the customer. The utility can only belyajudged,
however, when the customer meets the harmonic raulirgits.
Othemise, the customer may be guilty of causing theags
distortion himself.

e The intent of IEEE 519 is that this recommendedcixa
recognizes the responsibility that users have oategrade th
voltage of the utility serving other users by reong ncnlinear
currents from the utility.

e |t also recognizes the responsibility of the u#btto provide
users with close to a sine wave of voltage.

e Using PWM control per cycle reduces the load curdéstortion
induced in phase controlled circuits. Synchzation with the
supply mains is not required.

e The THD can be reduced employing specified corgcoPWM
pattern. At high switching frequency, the largeatrhonic car
be reduced using simple capacitive filtering.

2) FFT Analysis Tool:

e The Fast Fourier Tresform (FFT) tool in MATLAE-Simulink
allows the computation of the fundamental componeh
voltage and current while simulation is runn

« This FFT tool of Powergui is used to display thegfrency
spectrum of voltage and current waveforms.

e The fundamental component and total harmonic disto
(THD) of the Vab voltage are displayed above thecspm
window.

e« Harmonics are displayed in percent of the fundaai
component.

3) Simulink Models:

(i) Using R-L Load:

Fig: 10. Simulink Model of SPWM FED to A VSI with -L Load

= sl I
Dig tal Clog 3
i Trigononetic. roduct”

7

L Sequence )

Fig: 11. Components of the Subsystem used In the Simulinée\&oof

SPWNV

4) Output Waveforms:

Tt g —
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Fig: 13. Current Waveform Using-L Load
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Fig: 16. Components of the Subsystem Used In the Simulindéfo
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Fig: 14. Generation of PWM Signal

5) FFT Analysis:
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Fig: 15. FFT Analysis of SPWM

Fig: 18.Current Waveform using R Load

Square Wave PWM Technique:
1) Simulink Model:
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2) Output Waveforms:

Fig: 19. Generation of PWM Signal Fig: 22. Voltage Waveform Using R Load

3) FFT Analysis:

Iag (% of Fundamental)

Fig: 20. FFT Analysis of Square Wave PWM Fig: 23. Current Waveform using R Load

Trapezoidal PWM Technique:

| i |
1) Simulink Model: |
4
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Fig: 21. Components of the Subsystem Used In the Simulindé¥lo

of Trapezoidal PWM

H
§

Fig: 26. Generation of PWM Signal

3) FFT ANALYSIS :
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Fig: 24.FFT Analysis of Trapezoidal PWM
e Modified Sinusoidal PWM Technique:

1) Simulink Model :

Fig: 25. Components of the Subsystem Used in the Simulindé¥lo
of Modified SinusoidaPWM

2) Output Waveforms:

Fig: 26. Voltage and Current Waveforms
Using R Load
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Fig: 27. Generation of PWM Signal

3) FFT Analysis:
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Fig: 28.FFT Analysis of Modified Si Sinusoidal PWM
Summary:

Tab: 1. A Comparision Of The Harmonic Analyses Of The Vaso
PWM Techniques Undertaken In The Project

PWM TECHNIQUE THD %
Sinusoidal PWM 5.26

Square Wave PWM 52.29
Trapezoidal PWM 20.12
Modified Sinusoidal PWM 18.27

Advantages of PWM:

The advantages of PWM based switching power coevexter linear
power amplifier is:

« Easy to implement and control.
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¢ No temperature variation-and ageing-caused drifting
degradation in linearity.

«  Compatible with today’s digital microprocessors.

e Lower power dissipation.

e It allows linear amplitude control of the outputtage/current.

Disadvantages of PWM:

e Attenuation of the wanted fundamental componerthefPWM
fed waveform, in this case from 1.1-0.868%

¢ Drastically increased switching frequencies (irstbase from 1
pu to 21 pu)-this means greater stresses on atsba@aitching
devices and therefore derating of those devices.

« Generation of high-frequency harmonic components.

Some Major Concerns in Comparing Different PWM

Techniques:

¢« Good utilization of DC power supply that is to deli a higher
output voltage with the same DC supply.

e Low switching losses.

¢ Good linearity in voltage and or current toh

¢« Low harmonics contents in the output voltage andiorents,
especially in the low frequency region.

Applications:

¢« The modified sinusoidal PWM techniques can be egplio
generate the notches that would eliminate cert@mmbnics
effectively in the output voltage.

e Such techniques reduce the harmonics and causevepent
in the fundamental peak voltage, thereby enhanitiegguality
of power.

¢ PWM techniques can be employed in the speed comwfrol
PMDC motors and have got a wide extension of apptios in
diverse fields such as DC lamp dimmer, small motortroller,
small heater controller, bicycle motor drive systeabotics, PC
fan etc.

¢« Few of the applications are in the areas of telenamnications,
power delivery , voltage regulation, audio -effectsd
amplification, etc.

Conclusion: The different voltage control techniques produce a

range of harmonics on the output voltage. The SP\W¥Mmore

effective in reducing the LOH. Among the various M\iechniques,

modified SVPWM proves to be more effective in hanio
reduction. PWM techniques with the advantages dsed above are
with increasing applications subsequently. Pulsdttwimodulation

(PWM) is a powerful technique for controlling angloircuits with a

processor's digital outputs. PWM is employed in idewariety of

applications, ranging from measurement and comnratioits to

power control and conversion. Further research svake being
carried out in order to expand the horizon mpleations of the
techniques.

Appendix - 1
Notations & Terms
o Duty cycle
Ton Turn-on time

Toff Turn-off time
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T Chopping period
Vo Output voltage
Vs  Supply voltage
fon On-time frequency
l Average load current
Pi  Input power
Output power

Resistor

R

R

m  Modulation index
® Fundamental Frequency
¢

Phase shift of output
Vp Peak value of modulating voltage
Vr  Peak value of carrier voltage
c  Triangular factor
a, Notch angle
V; Fundamental component of output voltage
V,  nth harmonic of output voltage
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