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ABSTRACT 

Tk aim of this thesis is to present a technique to reduce harmonics in output voltage of singll 

fias.e inverters. The thesis explains how harmonics is one of the most dangerous threats for th, 

appliances. The thesis also deals with the technique to reduce harmonics. A circuit based 01 

�1eling of two invertors by using interface reactors is investigated. The interface reactor is thl 

�ic reducing element. Sine Pulse-width modulation is used to generate the gating signal: 

• the inverters. There is a phase difference between the gating signals of parallel branches. B� 

�ing the phase difference, an analysis is done to find the best situation when maximun 

�'"'Ilic elements can be reduced. Another two analyses are done by varying frequency rati( 

.. lDL-xiulation index. A conclusion is made about the finest modulation index depending 01 

DIS \-alue of fundamental component and presence of 3rd, 5th th harmonic components 

.� between frequency ratio and specific harmonic components is also studied. It is possibl, 

• diminate all harmonics up to a certain limit by setting the frequency ratio. An equation i: 

�ed for that. Analysis is carried out by using MA TLAB and PSPICE software. 

xii 



l.'IRODUCTION 

CHAPTER I 

INTRODUCTION 

..ar.strialized nation today, an increasingly significant portion of the generated electrical 

is processed through power electronics for various applications in industrial, commercial, 

_IDiILl aerospace and military environments [1]. Harmonics is always a problem for the 

"IIZS- So reduction of harmonics is necessary. 

�� the DC voltage is converted to AC. During this conversion the harmonics affect 

quality a lot. Harmonics occur for the nonlinearity of the load. That is why harmonics 

in inverters is very important. In early days harmonic distortion was less because the 

fIi po\\'er system was simple. But nowadays the distortion has increased because now the 

afpo\\-er system is nlore complex [1]. Every appliance needs pure sinusoidal wave. If the 

iIm:t of voltage is not sinusoidal then it is affected by harmonics. The output of the home 
_� can be affected by harmonics. 

roDyersion is necessary, because only DC can be stored. As Storing AC is not possible 

dIi...-ient conversion is always desired. There are some techniques which can make this 

in a desired manner. Full reduction of harmonics is desired, but aln10st unachievable. 

_KIlIOll up to a certain limit is possible. There are some modulation techniques which can 

6e effect of harmonics up to a desired level. In these techniques different types of 

signals are compared with the carrier signal to generate the gating signals. By varying 

.... Deters desired reduction in harmonics can be achieved. 
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OBJECTIVE 

et;ective of this thesis is to design and analysis of the reduction of harmonics at inverter 

A single phase inverter is studied to reduce harmonics from its output voltage. The basic 

- is based on parallel ing two inverters with a current sharing reactor. The main concern of 

6esis is to reduce harmonics as harmonics introduce a lot of difficulties which are also 

_1&Si� here. The parallel bridges of inverter are operated with shifted gating signals. B y  

this shifting angle a n  analysis is  done to get the best shifting angle t o  reduce harmonics 

_a:.llbl�_". Specially, el imination of the low order harmonics is preferred. Sine pulse width 

technique is followed to generate and control the gate voltages. The study of 

•• IlKKl index with respect to the harmonic components is also done here to get a better idea 

Analysis of the frequency ratio is another objective. A relation between the harmonic 

.,.1IeI1IS and frequency ratio is established. The relation shows the required frequency ratio to 

lip to a certain hannonic component. 

objective of the present research work are as follows: 

T • .ma1yze the best shifting angle for the proposed circuit to achieve an output voltage of 

To malyze the modulation index with respect to fundamental and harmonic components. 

To malyze the relation between the harmonic component and frequency ratio. 

that this study will yield an effective design strategy of single phase inverter with 
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'DIESlS LAYOUT 

_._ of this thesis includes five chapters. Chapter one gives a general introduction 

re\;e\\'s inverter fol lowed by its operating principle, types and applications. 

«reduction is also discussed in this chapter 

... a:tDtains the description of the proposed circuit. Analysis using MA TLAB for 

_.CDCY ratio (fr), modulation index (M) and shifting angle (9) is also shown here. 

- of the output voltages using PSPICE is illustrated in chapter five. The outputs found 

IK reproduced here again for justification 

- �n in chapter s ix. Some recommendations leading to future scope of work are 
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L'��RTER 

CHAPTER II 
OVERVIEW OF INVERTER 

il-cn.er is an electrical circuit that converts direct current (DC) to alternative current CAe). 

and frequency of the alternative current can be changed using different 

_�es [2]. 

�- changing the DC voltage. 

iit �- changing the gain of the inverter. 

dllnge the DC voltage then in that case the gain of the inverter wil l  be constant. In this 

_ changing the DC voltage we can get our desired output. 

orher hand if we change the inverter gain then the DC voltage must have to be constant. 

6ti "'3y by changing the inverter gain desired output AC voltage can be obtained. The gain 

"ater may be defined as the ratio of the AC output voltage to DC input voltage . 

.. ��ener the output should be pure sinusoidal wave but in practical the output is not 

._It. h contains some harmonics. 

OPER-\ TING PRINCIPLE OF INVERTER [2] 

2J is the circuit diagram of a single phase bridge voltage source inverter. This is a ful1 

a.ac:rtef. It consists of four choppers. They are QI, Q2, Q3, Q4. When transistors QI and 

CIl simultaneously then the input voltage which is V s, appears across the load but on 

Dld if transistors Q3 and Q4 are turned on simultaneously then the voltage across the 

"�rseCl So the voltage across the load becomes -V s. These transistors behave as switch. 

IE and D4 are called feedback diodes. When diode D 1 and D2 conduct, the energy i� 

die DC source. Figure 2.2 shows the voltage waveforms of the output voltages. If thE 

-.d one lower switch conduct together the switch state is 1 and the output voltage i� 
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• � are off at the same time then the switch state will be O. A table is providing to 

the function of the switch state. Table 2. 1 is the switch states for a Single Phase Full-

_! V1 
. ---

01 + 
vs/2 C1 D1 

LOAD 
a io 04 

+ 
Vs/2 C2 D2 

Figure 2. 1 :  Circuit diagranl of an inverter. 

so 

Vsl21------.,. 

o 

Vbo 

VsJ2 

D3 

b 

D4 

o I---------+-------+-------�t ToJ2 To 

Vab 

Vs t----------.. 

Fundamental 
Curren't, io 

o I--�---��----+-��----� 
Tof2 o 

Fig 2.2: Waveforms of the output voltages. 
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Switch states for a Single Phase Full-bridge Voltage-Source Inverter (VSI) 

State Switch Vao Vbo Vo Components 

no state conducting 

I and S2 are on and S4 and S3 1 10 Vs/2 -Vs/2 Vs S 1 and S2 if io>O 

Dl and D2 if 
io<O 

and S2 2 0 1  -Vs/2 Vs/2 -Vs D4 and D3 if 
io>O 

S4 and 83 if io<O 

3 1 1  Vs/2 Vs/2 0 SI and D3 if 
io>O 

Dl and S3 if 
io<O 

4 00 -Vs/2 -Vs/2 0 D4 and S2 if 
io>O 

S4 and D2 if io 

<0 

S3 and S4 are all off 5 off -Vs/2 Vs/2 -Vs 04 and D3 if 

Vs/2 -Vs/2 Vs io>O 

D4 and D2 if io 

<0 

= Vs1 

ll\tS output voltage is obtained from the above equation. 
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_.De()tJS output voltage can be written as Vo = L�=�a;s ::Sin ll(Jt 

kai the instantaneous current becomes io = b:=l/<1"Sm:,'/R:::r.Wr.): sin (nrot-an) 

of the current is io(t) = Vol 10 Coste!) -
VOl 10 Cos(2(ut -91) 

VJ vs 

i= 1he fundamental r.m.s output voltage 

1k load impedance angle at the fundamental frequency. 

• 

abo'\-e equation it is clearly viewed that the current contains second-order harmonics. 

OF INVERTERS 

� of different types. But in this thesis we will discuss about three kinds of inverter. 

�""I"'P Sine wave Inverters 

• Square wave or Modified Square wave Inverters 
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2.3.1 SQUARE WAVE INVERTER 

This type of inverter produces a square wave at the output. It consists of a DC source, four 

S"'itches, and the load. The switches are power semiconductors that can carry a large current and 

.ithstand a high voltage rating [3]. The operation of the switches should maintain correct on/off 

sequence. The switch will be on or off at a certain frequency [3]. But it produces the lowest 

.wity of power. 

Adl-antages of square wave inverter [4] 

1. Simple Design. 

2. Least expensive. 

3. Less sensitive to noisy power source. 

4. Suitable for most electronic devices. 

llisadvantages of square wave inverter [4] 

1. Produces harmonics. 

2. Generate electrical noise. 

3. Not suitable for high power application. 

4. Not suitable for sensitive or specialized equipment, for example certain laser printers. 

5. Suitable for resistive load only 

SINE WAVE INVERTERS 

A. uue/pure sine wave inverter is one type of inverter that produces sine. This sine wave is not 

i*ntical to the sine wave which is supplied from the power grid. In a sine wave, the voltage rises 

falls smoothly with a smoothly changing phase angle and also changes its polarity instantly 

it crosses 0 Volts [5]. 
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Advantages of true/pure sine wave inverter [5] 

1. Reduces audible and electrical noise in fans, audio amplifiers, TV and some sensitive 

audio system. 

2. Inductive loads like microwave ovens and motors might run faster, quieter and cooler. 

3. Suitable for sensitive electrical or electronic items such as certain medical equipment. 

4. Prevents crashes in computers, weird print outs and glitches in monitors. 

5. The output contains low harmonics. 

Disadvantages of true/pure sine wave inverter 

1. It is expensive. 

2. Complex design. 

3. Least efficient. 

2.3.3 QUASI SQUARE WAVE OR MODIFIED SQUARE WAVE INVERTERS 

The quasi-sine wave is an intermediate approach which can replicate the key characteristics of 

the AC mains supply if properly controlled. Quasi-sine units are now restricted to very low cost, 

low end applications and certain very high inrush applications, such as refrigeration. The quasi

sine wave inverter does not give a true sine wave but they can mimic the key voltage parameters 

fairly well. So the majority of equipment can run successfully [6] . 

. .\dvantages of Quasi Square wave or Modified Square wave Inverters [6] 

1. Cost is low. 

2. Majority of loads can be operated successfully. 

3. Simple design. 

4. More efficient and robust. 
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Disadvantages of Quasi Square wave or Modified Square wave Inverters [7] 

1. The peak voltage varies with the battery voltage. 

2. Inexpensive electronic devices with no regulation of their power supply may behave 

erratically when the battery voltage fluctuates. 

2.4 APPLICATIONS OF INVERTER 

For low and medium-power applications, square-wave or quasi-square-wave voltages may be 
acceptable but for high-power applications, low distorted sinusoidal wave-forms are required [2]. 

InYerters are widely used in different industrial applications [2]. 

1. Variable-speed ac motor drives. 

2. Induction heating. 

3. Standby power supplies. 

4. Uninterruptible power supplies. 

5. Air conditioning. 

6. HVDe power transmission. 
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CHAPTER III 

DIFFERENT TECHNIQUES TO ELIMINATE HARMONICS 

HARMONICS 

llamonics are undesirable currents and voltages. The frequencies of the harmonics are integer 

8Iltiple of the fundamental frequency [8]. Harmonics occur when the current following through 
a load is non-linearly related to the applied voltage. The hannonics can arise in three ways [9] 

1. Through the application of a non-sinusoidal driving voltage to a circuit containing non

linear impedance. 

2. Through the application of a sinusoidal driving voltage to a circuit containing non-linear 

impedance. 

3. Through the application of a non-sinusoidal driving voltage to a circuit containing linear 

impedance. 

of different order. The harmonics are integer multiples of fundamental 

�cy. For an example if the fundamental frequency is 'f then the frequency of the 

r_IJDOIlI·cS will be 2f, 3f, 4f etc. Harmonics increase the current of the system. So the current 

.axmt(!r higher impedance then the fundamental frequency current. This is due to the Skin 

Skin effect is the tendency for higher frequency currents to flow near the surface of the 

__ oct or [10]. 
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PROBLEMS OF HARMONICS 

lIIrmonics can create a lot of problem. Some are mentioned below [11] 

1. Overheating of transformers, cables, motors, generators and capacitors connected to 

the same power supply with the devices generating the harmonics . 

.., Electronic displays and lighting may flicker 

3. False operation of circuit breakers 

-J. Computers may fail and nletering can give false readings. Harmonics can affect the 

home appliances by damaging it with overvoltage, heat damage due to overheating 

of wires. 

5. Large load currents flow in the neutral wire for a three phase system. This can cause 

overheating of neutral wire. This can lead to potential fire hazard. 

6. Harmonics creates high voltage distortion which can exceed IEEE Standard 1100-

1992 "Recommended Practice for Powering and Grounding Sensitive Electronic 

Equipment" and manufacturer's equipment specifications. 

� Harmonics can create high current distortion and excessive current draw on branch 

circuits which can exceed IEEE Standard 1100-1992 "Recommended Practice for 

Powering and Grounding Sensitive Electronic Equipnlent" and manufacturer's 

equipment specifications. 

I. Harmonics can create high voltage between neutral to ground. 

9. Harmonics can also affect the power factor. 

12 



s.-e cause and the effect are mentioned in table 3.1. 

3.1: List of the different factors and their effects (llJ 

The causes The effects 

The larger the motor... The higher the current harmonics 

The higher the motor load. . . The higher the current harmonics 

The larger the DC or AC inductance... The lower the current harmonics 

The higher the number of pulses in the The lower the current harmonics 

rectifier . . .  

The larger the transformer ... The lower the voltage harmonics 

The lower the transformer impedance... The lower the voltage harmonics 

The higher the short circuit capacity 0 The lower the voltage harmonics 

supply . . .  
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OIPORTANCE OF REDUCTION OF HARMONICS 

_aJ(){) of harmonics is very important, because those are undesirable. But all devices were 

to run by pure sinusoidal voltage or current. So the distorted voltage or current creates 

problems. Due to the non-linearity of the load the harmonic problem occurs. Some non� 

i . Motor starters 

--- Variable speed drives 

:. Computers and some other electrical devices. 

..... Personal or notebook computers 

" Laser printers 

6.. Fax machines 

1. Telephone systems 

Stereos, radios 

TVs 
10_ Adjustable speed drives and variable frequency drives 

II. Battery chargers 

which is powered by SWITCH MODE POWER SIPPL Y that creates 

[ 1 1 ]. Problems due to harmonics are discussed in the section [3.2]. So to 

_!IDe problems reduction of harmonics is very important. 
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3.4 MODULATION TECHNIQUES 

3.4.1 SINE PULSE WIDTH MODULATION 

Pulse width modulation is a technique which is used for eliminating the lower order harmonics. 

This technique does not reduce the total harmonics distortion factor of the current or voltage. It 

reduces the non-zero harmonics of higher order. Sine pulse width modulation technique is used 

to generate the gating signal. A carrier wave is compared with the reference signal corresponding 

to a phase to generate the gating signal for that phase [2]. A triangular wave is used as the carrier 
signal and a sine wave is used as the reference signal. A diagram of sine pulse width modulation 

is shown in figure 3.1. In this technique a comparator is used. The output of the comparator is 

pulse width modulated signal. The reference signal is given at the positive terminal of the 

comparator. The carrier is given at the negative terminal of the comparator. As long as the 

reference signal is  high the pulse wil l  be wider. So the width of the pulse depends on the 

reference signal. That means when the reference signal is greater than the carrier signal then the 

output signal wil l  be high. By changing the amplitude of the reference signal the width of the 

pulse can be varied. The frequency of the carrier signal should be higher than the frequency of 

the reference signal. By using this technique lower order harmonics can be eliminated [8]. The 

main advantage of this technique is it provides very low power loss in the switching devices [8]. 

When the switch is off there is no current. When the switch is on then there is no voltage across 

the switch. Power is the product of current and voltage. So in both cases the power loss is almost 

zero. 
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Command 
(modulating) signal 

Chopping 
(carrier) signal 

High 

PVVM signal 

A simple 
comparator with a 

sawtooth earlier 

can turn a 

sinusoidal 
c:ommand in to a 
pulse-width 

modulated output. 
In general. the 
larger the 
command signal, 

the wide r the 
pulse. 

OJtput stays high as 
long as the conmand 
is greater than the camer. 

High 

Low 

Figure 3. 1 :  Sine Pulse width modulation technique [ 12] 

3.4.2 PROGRAMMED PULSE WIDTH MODULATION [8) 

Programmed PWM techniques optimizes a particular objective function such as minimizing 

losses, reducing torque pulsations, selective elimination of hannonics etc. More effective result 

can be obtained by using this technique. The objective functions which are chosen to optimize 

that reduce the effect of harmonics produced in inverter output. The programmed PWM 

techniques are generally associated with the difficult task of computing specific PWM switching 

instants such as to optimize a particular objective function [ 1 3]. But in lower-output frequency 

range this difficulty is encoootered. Despite of these difficulties programmed PWM has some 

advantages too [14] .  

1 .  Higher voltage gain can be achieved due to over modulation. This gain contributes to 

higher utilization of power conversion process. 
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_-\bout 50% reduction in switching frequency is possible. 

This reduction of switching frequency contributes to the reduction in switching losses of 

ihe inverter. 

Elimination of lower order harmonics is possible. 

The use of pre-calculated optinlized programmed PWM switching patterns avoids on-line 

ca:nputations and provides straightforward implenlentation of a high performance 

e:hnique. 

is typically a "real time" control technique but programmed PWM is not a "real time" 

Rdmique. In other words, the switching patterns are not computed and implemented on

a. 3re pre-calculated using optimization programs. A microprocessor is required for 

the pre-calculated switching instants into gating signals for the relevant inverter 

-GLE-PULSE-WIDTH MODULATION [12] 

p1lse-width modulation technique there is only one pulse per half-cycle . The output 

the inverter is controlled by the width of the pulse. The width of the pulse is varied to 

inverter output voltage. The generation of gating signals and output voltage of single 

-�'Lrlge inverters is shown in figure 3 .2. The gating signals are generated by comparing 

reference signal of amplitude Ar with a triangular carrier wave of amplitude Ac. The 

frequency of the output voltage is determined from the frequency of the reference 

"Dr output voltage is Vo = V s (gl -g4), here gl and � are gating signals for transistor Q 1 

n.e generation of gating signal is shown in figure 3 .2. 
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:c Reference Signal 

Ar ����----��-' 

g1 
/ 

� &  

g4 / 

Yo 

Vs 1--0 

�vs 

Carrier Sign.al 
\1-

Figure 3 .2: Single pulse-width modulation 

wt 

wt 

wt 

wt 

_mg Ar from 0 to Ac the width of the pulse can be modified from 0° to 1 800 and the RMS 

,ullage V 0, from 0 to V s.  

are some algorithms to generate the gating signals. They are 

Generate a triangular carrier signal Vcr. Then compare the Vcr with a de reference signal 

J-" to produce the difference Ve = Vcr - Vr, which must pass through a gain limiter to 

produce a square wave of width o. 

To produce the gating signal gh multiply the resultant square wave by a unity signal V z .  

To produce the gating signal g2, multiply the square wave by a logic-invert signal of V z. 
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MULTI-PULSE-WIDTH MODULATION [12] 

In single-pulse-width modulation described earlier there is only one pulse in each half-cycle. 

But in multi-pulse-width modulation there are several pulses in each half-cycle of the output 

,-o.ttage. Here a rectangular reference signal is compared with a triangular carrier wave. The 

�g signal is generated from this comparison.  The generation of gating signal is shown in 

fi!me 3 .3 .  The gating signals are shown is figure 3 .4. This gating signal is generated for 

-.ning on and off of transistors. The frequency of the reference signal (fr) sets the output 

6.:quency (fo) . The carrier frequency (fc) determines the number of pulses per half-cycle (p) . 

1k output voltage is controlled by the modulation index. This type of modulation is also 

.... "l\"\n as uniform pulse-width modulation. The number of pulses per half-cycle is found 

Ian 

I' = .E 2to 

= -1 
2 

Wlf = Ie is defined as the frequency ratio. 
fa 

iRsDntaneous output voltage is Vo = Vs (gJ-g4). The output voltage is shown in figure 3.5.  

� Carrier signa:1 

Figure 3.3: Gate signal generation for multi -pulse modulation 
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Figure 3 .4 :  Gate signals for multi-pulse modulation 

Figure 3 .5 : Output voltage of multi-pulse modulation 

By varying the modulation index from 0 to 1 the output voltage can be controlled as 

described earlier. 
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CHAPTER IV 

PROPOSED CIRDUIT DIAGRAM AND ANALYSIS OF OUTPUT SIGNAL IN 

MATLAB 

4. 1 PROPOSED CIRCUIT DIAGRAM AND MODULATION TECHNIQUE 

4.1.1 DESCRIPTION OF CIRCUIT DIAGRAM [15] 

In this analysis two inverters are connected parallel by using current sharing reactor. The 

proposed circuit diagram is shown in figure 4. 1 .  Here two full-bridge single phase inverters are 

connected in parallel .  Switches 1 to 4 belong to first inverter set while switches 1 * to 4*  belong 

to second inverter set. The biasing circuit is omitted. The circuit is  shown in a simplified form. 

The connection between this two inverter set is establ ished by using a current sharing reactor. 

The function of the current sharing reactor is described in section [4. 1 .2] . The operating principle 

of single phase full-bridge inverter is described in figure 2 . 1 .  The operation of this  circuit is 

similar. The difference between the operating principles is that there is a phase displacement 

between the switching signals of these two inverters . SPWM method is applied for both the 

inverter sets. The SPWM method is explained section [3.4. 1 ] . The main reason for commenting 

these two inverters in parallel is by varying the phase shift between the two switching signals the 

total harmonic distortion can be reduced. Preliminary analysis showed that, as expected, the 

better harmonic performance was achieved when two bridges were operated in three level mode. 

Three level mode means the signal has three levels. 
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ml J1 J1 . J 3  J3* 
0 • • • • 

a a * b b* 
r s 

El2 2 2 *  4 4* 

I------ Load (Vo)------1 

Figure 4. 1 :  Two full-bridge single phase inverters in parallel . 

4.1 .2 CURRENT SHARING REACTOR 

A current sharing reactor is used to operate multiple inverters in parallel. By using an current 

sharing reactor the inverters share the total current [ 1 6] .  This is a current equalizing reactor 

\\"hich is connected between two parallel silicon controlled converters [ 1 7] .  It acts as an inductive 

yoltage divider and provides balanced system operation when both the converters are conducting 

[ 1 7] .  This is also known as current sharing reactor. Current sharing with reactor is more efficient 

method than current sharing with resistance. This reactor improves the transient sharing of 

currents. The most important magnetic requirements of this  kind of reactor are [ 1 8] 

1 .  High saturation 

2. Low residual flux 

h consists of small inductances in order to ensure dynamic and static share of the currents among 

different switches . Each inductor has its specific current level which is fixed [ 1 6] .  
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... u:es [16] 

h is cheap. 

Design is simple. 

�o need of controlling strategy. 

biependent of device switching time. 

Reduces the voltage stress across the switching devices. 

__ es [19] 

1k current across the reactor has a magnetizing component. The component produces 

Willen the DC voltage is applied to the input terminal of the reactor. This magnetizing 

r-... �"" be minimized to reduce the current ratings of the switching devices and also to 

l�NCY RATIO AND MODULATION INDEX 

. is the ratio between the carrier wave frequency and reference wave frequency. 

"lPmcy of the carrier wave. 

_ of the reference signal . 

__ �cy ratio is higher than the reference signal frequency. So the frequency ratio 

anplitude of the reference signal and the carrier signal is cal led modulation 

of modulation index should be greater than one. It can be a fractional value. 

23 



R'ellltiliion of modulation index is given below, 

-��" index, M = A/ Ac. 

r .. .....,"Uu.'�'" of Carrier signal. 

DESCRIPTION OF THE MODULATION TECHNIQUE 

...... � technique that is followed in this design is SPWM is shown in figure 4.2. Here one 

"-ave is compared with two sinusoidal waves. The sine waves are 1 800 shifted from 

_ These three waves are shown in figure 4.2. The compared output of triangular wave 

*fred sine wave is used to generate the switching signal of switch 1 and 2 i .e. signal Va . 
adler hand compared output of triangular wave and 1 800 shifted sin wave is used to 

1lbe switching signal of 3 and 4 i.e. signal Vb. The other two bridges are operated by a 

_ S\\"itching signal of switch 1 *, 2* and 3 * ,  4* respectively. 

Voltage waw fonn for fr=9 & M=1 

-1 .5 '--_�_----'---_---' __ J-..--_---"--_---L. __ L----_---'----_--'--_-----' 
o 0. 002 0.004 0. 006 0. 008 0. 01 0. 01 2 0.014 0 .016 0. 01 8 0. 02 

Time 

Figure 4.2: Comparison of references with carrier signal 
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ANALYSIS AND DISCUSSION OF OUTPUTS IN MATLAB 

OUTPUT VOLTAGE ANALYSIS FOR fr = 9 AND M = 1 

SPWM technique is implemented in MA TLAB for different values of fr and M. The sine 

and carrier triangular waves are generated here. When frequency of triangular wave is  

times higher than the frequency of sine wave and their amplitude ratio is  unity shown in 

4.3. Figure 4.4 shows the signal Va along with the reference sine wave and the carrier 

lar wave to generate it. Similarly figure 4.5 shows the signal Vb along with the reference 

�-ave and the carrier triangular wave to generate it. The theta degree shifted signals Va * and 

• � shown in figure 4.6 and figure 4.7 in similar way. To shift the signal in a specific amount 

the reference and carrier waves are shifted in that amount. Figure 4.6 shows both Va and Va 
* 

ize the shifting. Similarly figure 4.7 i s  for the same purpose but for Vb and Vb
* 

. 

.-....,. ... ,. of this inverter is Vo is the load voltage between point 'r' and's '  which is simply the 

of voltages Vr and Vs. By means of operation of the current sharing reactor the mean 

'-r can be obtained as Vr = (Va +Va
*
)/2. This wave form is shown in figure 4.8.  The other 

1rill provide Vs = (Vb +Vb
*
)/2 . Vs is shown in figure 4 .9. The waveforms of Va, Vb, Va

* 

• .-e attached to the figures to justify the results. Figure 4. 1 0  shows the output voltage Vo 

9 and M= 1 .  Here we see that the output voltage obtained is a five voltage levels. The 

theta (8) is taken 1 0°, as it gives the best output result with minimum harmonics. It is 
-

the frequency ratio and will be discussed further. 
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Voltage wave form for fr= 9  & M=1 
1 . 5����----�----�----�----��----��-----� 

-1 . 5 � ___ .--L--____ ---L-_ ___ -"-___ ----L _____ -'--.-__ �--,-I ______ -L-----
o 0. 005 0 .01  0 .01 5 0 .02 0. 025 0 .03 0. 035 0 . 04 

Time 

43: Comparison of reference sine waves and carrier triangular waves for fr=9 and M= I .  

1:kse waves are generated in MA TLAB . One sine wave is 1 800 shifted from the other. 

Voltage wave form for fr=9 & M= 1 
2 ------�----�----�---�------�----�----�----� 

I 

i :>/VVV\M!vWl\N\A!v�� < -1 - � � ---.. � --1 

I 
�------�----�----�I----�------�----�----_�I----�I 

o 0.005 0. 01 0.01 5 0.02 0.025 0.03 0. 035 0.04 
lime 

Voltage " Va .. 

I 
0, 5 - -I Jill � � � Il nllii n � � I. ' 

0 - � � iJ ULJU U � � U UI�llJ 
-1------�----�----�----�-------'--.----�----�------

o 0.005 0.01 0.01 5 0.02 
lime 

0.025 0 .03 0. 035 0.04 

: Signal Va for fr=9 and M= 1 along with the reference and the carrier wave to generate 

high when reference sine wave is higher than carrier triangular wave and vice versa. 
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0.005 0.01 

Voltage waw form for fr=15 & M=1 

0. 01 5 0.02 
lime 

Voltage " Vb " 

0.025 0. 03 0.035 0.04 

� ------�----�------�----�------�-----�----�---

m � _illilltn '-m�� ,JJ �iTIl] 
� ------�I------�----�------�----�------�----�I�--�I 

0.005 0.01 0.01 5 0. 02 0. 025 0 .03 0.035 0.04 
lime 

... .5: Signal Vb for fr=9 and M =I ,  along with the reference and the carrier wave to 

... This time the triangular wave is compared with 1800 shifted sine wave. Vb is high 

WIllen reference sine wave is higher than carrier triangular wave and vice versa. 

Voltage wave form for fr=9 & M = 1 
2 1 

o - / -�,N\f 
0.005 0.01 0.01 5 0.02 

Time 
Voltage " Va* " 

I 
0.025 0. 03 0.035 0.04 

_: ----�--ru--,-: -------,:-IU------.----�; -----.-:-n-,-----: -----r� \-�-----;--; -L! 
o 0.005 0. 01 0.01 5 0.02 0. 025 0 .03 0.035 0 .04 

lime 
Voltage " Va " 

: @ ; @l �- �Jl 
1 ------�----�------�----�------�----�----��----� 

I 
� ------�----�------�----�------�----�----��--� 

o 0.005 0.01 0.01 5 0.02 0.025 0.03 0.035 0.04 
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Signal Va* for fr=9 and M= l .  This is theta (8) degree shifted from signal Va. In this 

� I Oo. To shift 8° all the reference and carrier waves are shifted in that quantity. 
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Voltage wave fonn for fr=9 & M= 1 
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Figure 4.7:  Signal Vb· 
for fr = 9 and M=1 .  This is theta (9) degree shifted from signal Vb. Also in 

this case 8=1 0°. To shift 9° all the reference and carrier waves are shifted in that quantity. 

G) 
"'0 
� 0 0.. 
E « 

0. 005 0. 0 1  0.0 1 5  

Q) 1 
� 0 0.. 
E « 

0. 005 0 . 0 1  0 . 0 1 5  

(J) 
"'0 � 0 c.. 
E « 

0. 005 0 .01  0 .015 

Voltage " Va .. 

0.02 

Time 

Voltage " Va'" II 

0 . 02 

TIme 

Voltage " Vr " 

0.02 

TIme 

0 .025 

0. 025 

0. 025 

0. 03 0 .035 0. 04 

0. 03 0. 035 0 . 04 

0. 03 0. 035 0. 04 

4.8 : Vr is shown in this figure for fr=9 and M= l .  It is the average of two signals Va and 

Va *. It varies from -0.5 to +0.5 and has 3 levels of voltages. 
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Figure 4.9: Vs is shown for fr=9 and M= l .  It is the average of two signals Vb and Vb
*

. It also 

Q) "C 
� 0 C. 
E 
« -1 

0 

Q) "C ::::J 
=§. 0 

E 
« 

(I) "C 
� 0 c. 
E 
« 

-1 
0 

varies from -0.5 to +0.5 and has 3 levels of voltages. 
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Figure 4 . 1 0: The output Vo is shown for fr=9 and M= l .  It is the difference of Vr and VS. It varies 

from - 1  to 1 and has 5 voltage l evels. 
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Ol"TPUT VOLTAGE ANALYSIS FOR fr = 9 AND M = 0.5 

_ "Sis is done again keeping the same frequency ratio (fr) and different modulation index 

11ris time modulation index is chosen 0.5 i .e. amplitude of reference wave is double of 

-r.-e. The reference sine waves and carrier triangular waves are shown in figure 4. 1 1 . 

procedure is similar as before but here outputs are a little bit changed. Figure 4. 1 2  

6e signal Va along with the reference sine wave and the carrier triangular wave to 

iL Similarly figure 4. 1 3  shows the signal Vb along with the reference sine wave and the 

rmilll��lar wave, required to generate it. The theta degree shifted signals Va· 
and Vb* 

are 

• figure 4. 1 4  and figure 4. 1 5  in similar way. Vr and Vs are shown in figure (4 . 1 6) and 

-; respectively. Figure 4. 1 8  shows the output voltage Vo for fr = 9 and M= 0. 5 .  

1 5  ----.------____ ,-------,------,------,----1 

" -

Q -

0.005 0.01 0.01 5 0 .02 
TIme 

0.025 0. 03 0.035 0.04 

I :  Comparison of reference sine waves and carrier triangular waves for f r = 9 and 

amplitudes of sine waves are half of triangular wave. S ine waves are 1 800 shifted 

from each other. 
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Figure 4. 1 2 :  Signal Va for fr=9 and M=0.5  along with required reference and the carrier wave to 

generate it. Va is  high when reference sine wave is higher than carrier triangular wave and vice 
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Figure 4 . 1 3 :  Signal Vb for fr=9 and M=0.5, along with the reference and the carrier wave to 

generate it. Thi s  time the triangular wave is compared with 1 800 shifted sine wave. Vb is high 

when reference sine wave is  higher than carrier triangular wave and vice versa. 
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Figure 4. 1 4 :  Signal Va
* 

for fr=9 and M=0.5.  This is theta (8) degree shifted from signal Va. In 

this case 8= 1 0°. To shift 8° all the reference and carrier waves are shifted in that quantity. 

I" Voltage wave form for fr=9 & M=0.5 
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Figure 4. 1 5 :  Signal Vb
* 

for fc =  9 and M=0.5.  This is theta (8) degree shifted from signal Vb. Also 

in this  case 8= 1 0°. To shift eo all the reference and carrier waves are shifted in that quantity. 

32 



Voltage II Va " 

i _:�1f �nrLiuw-0fUllm�LJl 
o 0. 005 0.01 0. 01 5 0. 02 0. 025 0. 03 0. 035 0.04 

Time 
Voltage " Va* " 

i _: ��-L----L-' _u\�n-------,-------: --------,:-----"-1 LJ_lUl 
o 0. 005 0.01 0. 01 5 0.02 0. 025 0. 03 0. 035 0.04 

Time 
Voltage " Vr " 

i _�I������� 
o 0. 005 0. 01 0. 01 5 0.02 0.025 0. 03 0. 035 0.04 

Time 

Figure 4.16: Vr is shown in this  figure for fr=9 and M=0.5 . It is the average of two signals Va and 

Va
*
. It varies from -0.5 to +0.5 and has 3 levels of voltages .  
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Figure 4. l 7 : Vs is shown for fr=9 and M=0.5 . It is the average of two signals Vb and Vb
*
. It also 

varies fron1 -0 .5 to +0.5 and has 3 levels of voltages. 
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Figure 4. 1 8 : The output Vo is shown for fr = 9 and M = 0.5.  It is the difference of Vr and Vs. It 

also varies from - 1  to 1 and has 5 voltage levels. But in this case duration of having voltage peak 

1 is shorter than previous case. 
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4.2.3 OUTPUT VOL TAGE ANALYSIS FOR fr = 15 AND M = 1 

This time frequency ratio (fr) is changed and modulation index (M) is kept unchanged. 

Frequency ratio is increased to 1 5 . Thus frequency of carrier signal becomes fifteen times higher 

than frequency of reference signals. The reference sine waves and carrier triangular waves are 

shown in figure 4. 1 9. The whole procedure is similar as before but here outputs are a l ittle b it 

changed. Figure 4.20 shows the signal Va along with the reference sine wave and the carrier 

triangular wave to generate it. Similarly figure 4.2 1 shows the signal Vb along with the required 

reference sine waves and the carrier triangular wave to generate it. The theta degree shifted 

signals Va
+ 

and Vb
* 

are shown in figure 4.22 and figure 4.23 in sinlilar way. Vr and Vs are shown 

in figure 4.24 and figure 4.25 respectively. Figure 4.26 shows the output voltage Vo for fr = 1 5  

3Dd M= 1 .  
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Voltage wave form for 1T= 1 5  & M = 1  

0.01 5 0.02 
Time 

0.025 0. 03 0.035 0.04 

Figure 4. 1 9: Comparison of reference sine waves and carrier triangular waves for f r 1 5  and 

�= 1 .  Thus amplitudes of sine waves are half of triangular wave. Sine waves are 1 800 shifted 

from each other. 
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Figure 4.20: S ignal Va for fr= 1 5  and M= l along with required reference and the carrier wave to 

generate it. Va is high when reference sine wave is higher than carrier triangular wave and vice 
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Figure 4.2 1 : Signal Vb for fr 1 5  and M = 1 ,  along with required reference and the carrier wave 

to generate it. This time the triangular wave is compared with 1 800 shifted sine wave. Vb is high 

when reference sine wave is higher than carrier triangular wave and vice versa. 
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for fr = 1 5  and M = 1 .  This is  theta (9) degree shifted from signal Va. In 

case 9=6°. To shift eO all the reference and carrier waves are shifted in that quantity. 
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for fr = 1 5  and M= l .  This is theta (8) degree shifted from signal Vb. Also 

9=60. To shift eO all the reference and carrier waves are shifted in that quantity. 
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Figure 4.24 : Vr is shown in this figure for fr= 1 5  and M= 1 .  It is the average of two signals Va and 

Va
"'
. It varies from -0.5 to +0.5 and has 3 levels of voltages. 
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Figure 4.25 : Vs is shown for fr= 1 5  and M= 1 .  It is the average of two signals Vb and Vb
*
. 1t also 

varies from -0.5 to +0. 5 .  
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"''''::6: The output Vo is shown for f r= 1 5  and M = 1 .  It is the difference of Vr and Vs. It 
- from -1  to 1 and has 5 voltage levels. But in this case duration of having voltage peak 

1 is larger than any of the previous case. 

39 



4.2.4 HARMONIC SPECTRA OF OUTPUT WAVEFORMS 

Since the output voltage is always a odd-quarter wave symmetry formulae for the Fourier series 

coefficients is [ 1 9] :  

an = (4/n1t) x L Js.cos (nxs) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (4. 1  ) 

for odd n 

for even n 

Wtbere, Js is the jump in the voltage at angle Xs and m is the number of jumps in quarter wave 

,�cle. Figure (4.27) shows the voltage harmonic spectra up to 39th harmonic for fr = 9 and M = 1 .  

already said the shifting angle e is chosen 1 0° in this case. The even harmonics becomes zero 

odd harmonic remain almost zero up to 1 3th harmon ic. 1 5th and 2 1  st harmonics have a value 

than O . 1 V . The RMS value of fundamental component is O.7V if DC voltage is I V. 
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Figure 4.27 : Voltage harmonic spectra up to 39th harmonic for fr = 9 and M = 1 .  
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Figure (4.28) shows the voltage harmonic spectra up to 39th 
harmonic fr = 9 and M = 0.5 . This 

time shifting angle e is chosen 1 0° again as frequency ratio remains unchanged. This value of e 
is the best possible case for fr = 9 which is discussed later. From the figure it is clear that for 

reducing the modulation index RMS value of fundamental component reduces from O.7V to 

0.35V and 33rd, 35th, 3ih and 39th 
harmonic increases than previous setting. However, the 

harmonic components up to 1 5th harmonic are still close to zero . Thus changing the modulation 

index low order harmonic doesn't increase but RMS value of fundamental harmonic decreases. 
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Figure 4.28:  Voltage harmonic spectra up to 39th 
harmonic for fr = 9 and M = 0.5.  
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�nll� (4 .29) shows the harmonic spectra for fr = 1 5  and M = 1 .  Again up to 39th harmonic is 

�ne<1. If this is compared with the output for fr = 9 and M = 1 it is observed that increase in 

-.:meltlcy ratio has a positive effect in harmonic reduction. Except 2 7th and 33rd harmonic all 

harmonic components become zero. The RMS value of fundamental harmonic doesn't  

and remains O. 7V. 
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Figure 4.29: Voltage harmonic spectra up to 39th harmonic for fr = 1 5  and M = 1 .  
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VARIATION OF HARMONIC COMPONENTS WITH SHIFTING ANGLE (9) 

ious sections a fixed shifting angle is chosen depending on the frequency ratio. This 

deals with the best shifting angle for harmonic components with minimum value. To find 

shifting angle fundamental and harmonic voltages versus theta (8) is plotted. Figure 4 .30 

the fundamental and harmonic component versus theta for fr = 9 and M = 1 (up to 2 1  st 

. order). The figure shows that fundamental component reduces a little with the increase 

_"""' n angle. The most important finding is at e = 1 0°, the lowest RMS value of other 

is achieved. 
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-;0: Fundamental and harmonic components V s shifting angle (8) for fr = 9 and M = 1 .  

When 8 = 1 0°, the lowest harmonics is achieved. 
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The same procedure i s  done for fr = 9 and M = 0.5 . Harmonic components up to 2 1  5t is shown in 

figure 4 .3 1 .  Here the RMS values of 1 ih increases a lot and RMS value of fundamental 

component decreases. But still  at e = 1 0° all harmonic components except fundamental 

component are minimum. So change in modulation index doesn't have that much effect on the 

best shifting angle. 
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Figure 4.3 1 :  Fundamental and harmonic components Vs shifting angle (0) for fr = 9 and M = 0.5 . 

When 0 = 1 0°, the lowest harmonics is achieved. 
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Figure 4.32 is for a different frequency ratio. This time fr = 1 5  and M = 1 .  As modulation index 

is again one, the RMS value of fundamental component becomes same as fr = 9 and M = 1 .  But 

here other harmonics becomes the mininlum at different shifting angle. This time the best 

shifting angle is 8 = 6. From the previous analysis it can be said that RMS value of fundamental 

component changes with modulation index but the best shifting angle varies with the frequency 

ratio. Referring the previous results the relation between frequency ratio fr and shifting angle 8 

for minimum harmonics can be given by [ 1 9] ;  
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Figure 4.32 : Fundamental and hannonic components Vs shifting angle (8) for fr = 1 0  and M = 1 .  

The lowest harmonics is achieved when e = 6°. 
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4.2.6 VARIATION OF HARMONIC COMPONENTS WITH MODULATION INDEX 

(M) 
In previous sections it i s  observed that change in modulation index has an effect on RMS value 

of fundamental component. In this  section analysis is done on effect of modulation index on 

fundamental component. It i s  also observed how the other harmonic components changes and at 

the end a conclusion i s  made for the best modulation index in respect of fundamental component 

and other harmonic components. 

Figure 4.33 shows fundamental and harmonic components (up to 2 1  st component) versus 

modulation index. The modulation index is varied from 0 to 1 .6. Fundamental component 

increases almost linearly when modulation i ndex increases from 0 to 1 .  When modulation index 

is 0.7 the RMS, values of fundamental component and highest harmonic are 0.528V and 0.022 V 

respectively. On the other hand when modulation index i s  1 their value becomes 0.703V and 

0.03 8 respectively. Here if 0.0 1 6V increase in harmonic value is considered fundamental 

component increases O. 1 7SV. Up to thi s  the 3rd and Sth harmonic components are zero. When 

nl0dulation index increases from 1 the 3rd and Sth harmonics don't remain zero. They start to 

increase which i s  completely undesired. Because it is hard to avoid thi s  harmonics and lots of 

works has been done just to get rid of these harmonic components. The introduction of 3rd and Sth 

harmonics (for M > 1 )  i s  clear in figure 4.33. Though the Sth harmonic again starts to get low 

after l ittle increase, the 3rd harmonic continues to increase. Considering RMS value of 

fundamental component, highest harmonic component and the presence of 3rd, Sth harmonics it 

can be said that M= 1 is the best setting to get rid of harmonic components as well as wel l  

fundamental component. 
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Fundamental and harmonic components Vs M, for fr=9 & Theta= 90/fr 
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Figure 4.33:  Fundamental and harmonic components Vs modulation index (M). In this  case 

fr =9 and e = 90 / ff' 3rd and 5th harmonics initiate when M > 1 .  
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Figure 4.34 shows the variation of 3rd , 5th , 7th , 9th, 1 1th and 1 3th harmonics with respect to 

modulation index. The fundamental component is not shown here so that the change of these 

harnlonics can be seen noticeably. Now it is clearly observable that the of 3rd and 5th harmonics 

begin when M> 1 .  9th and 1 1 th harmonic also start from this point. 1 3th hamlonic starts to increase 

before that point but its value is not that much high .  
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Fundamental and harmonic components Vs M ,  for fr=9 & Theta=90/fr 
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Figure 4.34: Fundamental and harmonic components Vs modulation index (M). 3rd , 5th , ih , 9th, 

1 1 th and 1 3th harmonics are shown here. 
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Figure 4.35 shows the variation of 3rd , 5th , 1 th , 1 9th and 21 th harmonics with respect to 

modulation index (M). 1 5th , 19th and 21  st harmonic components incorporate before modulation 

index increases to 1 but as they are higher order harmonics they can be easily omitted. Thus there 

inclination is not importat issue. So a conclusion can be drawn that modulation indext, M= 1 is  

the much suitable for harmonic reduction. 

Fundamental and harmonic components Vs M, for fr=9 & Theta= 90/fr 
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0 0. 08 � 21 st harmonic 

� 0 
tJ) 
ro 
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o 0 . 2  0.4 0.6 0. 8 1 . 2 1 .4 1 .6 

Modulation Index(M) 

Figure 4.35 : Fundamental and harmonic components Vs modulation index (M). 3rd , 5th , 1 7th , 

1 9th and 2 1  th harmonics are shown here. 

49 



4.2.7 VARIATION OF HARMONIC COMPONENTS WITH FREUENCY RATIO (fr) 

This chapter contains analysis on the change of harmonic components with respect to frequency 

ratio (fr). Here modulation index is fixed to 1 as already it is considered to the best setting to get 

minimum harmonics. Figure 4.36 shows variation of harmonic components (up to 23
rd 

harmonics). For analysis frequency ratio is varied from 1 to 1 .6.  Fundamental component 

reduces when fr increases from 1 to 2. After that it again starts to increase and holds O.7V in 

further increase of fro From figure 4.36 it is visible that though the value of harmonics is higher at 

the beginning, successively they become zero with the increase of frequency ratio. When fr 1 5, 

all 23rd harmonic are el iminated. 

Harmoni c  components VS fr (for M=1  ,lheta=90/fr) 
0 . 7  

0.6 

-A- Fundamental 

---Ei-- 3rd harmonic 
0.5 5th harmonic 

CJ 
"0 
> -
0 0.4 
'cf. 
fA 
m -

0.3 fA 

I 
c: 

> 
0.2 

0 . 1  

frequency ratio ( fr ) 

Figure 4 .36: Fundamental and harmonic components Vs frequency ratio (fr). Harmonic 
_ .... ""'''n;::>.nts up to 23rd harmonics is shown. All  harmonics are eleminated when fr is 1 5  or above. 
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All harmonic components are plotted individually then. Figure 4.3 7  shows fundamental, 3rd and 

str component. 3rd and 5th harmonics are eliminated when fr = 5 and fr = 6 respectively. 5 th 

..-monic is also close to zero at fr = 2. But with increase of fr it again increases and becomes 

� at fr = 6. Figure 4 .38 shows the 7th, 9th and 1 1  th harmonic components. They become 

.......... ......... "'�rt when value of fr is 7, 8, and 9 respectively. F igure 4.39 shows the 13th, 15th and 1 th 

"',..-ru"�"ic components and they become e l iminated when fr is 1 0, 1 1.2 and 1 3 .  The 19th, 21 st, and 

harmonics are shown in figure 4.40 and they are eliminated when fr is 1 3 , 1 4  and 1 5  

ively. Specific harmonic component and specific frequency ratio for which they become 

" "hIe are shown in table 4. 1 .  Referring the previous results of table 4. 1 ,  it can be said that 

between harmonic component and required harmonic component to eliminate up to that 

fr = ( h  + 7 ) / 2; . . . . . . .. .. .. . . . .. . . . . . . . . . . . . (4. 1 )  

t is the required frequency ratio to eliminate up to hth harmonics. The value of h = 3, 5 ,  7, 

: I " " . "  as even harmonics are zero. 

4.1 : Elimination of specific harmonic component with specific freq uency ratio ( fr )  

Harmonic component Required frequency ratio to eliminate 

3 5 

5 6 

7 

8 

1 1 9 

1 3  1 0  

1 5  1 1  

1 12 

13  

21  1 4  

23 15 
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Harmonic com ponents VS fr (for M= 1 ,  Theta=90/fr) 
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Figure 4.37: Fundamental, 3rd and 5th harmonic components Vs frequency ratio (fr) ' 3 rd and 5th 

harmonics are eliminated at fr =5 and 6 respectively. 
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Figure 4.3 8 :  ih , grd and 11th Harmonic components Vs frequency ratio Cfr)' They become 

eliminated at fr 8 and 9 respectively. 
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Figure 4.39:  1 3th , l Srd and 1 7th Harmonic components Vs frequency ratio (fr) ' They become 

eliminated at fr = 1 0, 1 1  and 1 2  respectively. 
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CHAPTER V 

ANAL YSIS OF THE OUTPUT SIGNALS IN PSPICE 

5.1 CIRClTIT DESCRIPTION 

In this  chapter, SPWM is implemented on PSPICE for different values of fr & M, like the 

previous chapter which was done in MATLAB. The Chapter V (Analysis in MATLAB) 

concludes that for some particular values of fr & M, the output voltage harmonic reduces. 

Because the values of fr & M is known, so a circuit can be i mplemented in PSPICE. The main 

work of this chapter is to design , analysis & simulation of a switching circuit for inverter & to 

compare the simulated output with the output of MA TLAB & to check the similarities & 

discripencies (if available) of the simulated outputs. 

Figure 5 . 1  shows the circuit diagram of the switching circuit of the inverter. Here VSIN & 

VPULSE is used for generating sine wave & triangular wave respectively. There might be a 

question that why VSIN & VPULSE are used to generating waves in place of sine wave & 

triangular wave generator circuit, the answer is that the objective or the main focus of this project 

is to reduce output voltage harmonics of the inverter, wave generating circuits are not a subject 

of concern. To do that the switching circuit is  designed to reduce output voltage harmonics of the 

inverter. The circuit has two arrangements of similar components including two sine wave 

generator, triangular wave generator & two comparator circuits . One sine wave generator 

generates a 0° sine wave & the other generates 1 80° phase shifted sine wave. One (upper part of 

the figure 5 . 1 part of the circuit compares the 0° sine wave & 1 80° phase shifted sine wave with 

triangular wave. The other part (lower part of the figure 5 . 1 )  does the same job but the whole 

arangement is eo shifted from the first one. For a fixed value of fr, e is fixed. In this circuit 

&.\77 1 op-amp ICs are used from the PSPICE l ibrary, which is a fast switching op-amp IC. 
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Figure 5 . 1 :  The Circuit diagram of the switching circuit of the inverter designed in PSPICE 
shown in figure 5 . 1 .  The circuit contains VSIN to generate sine wave, VPULSE to generate 

triangular wave & uA77 1 op-amp lCs. 
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OLlPUT VOLTAGE ANALYSIS FOR fr = 9 AND M = 1 

• section the circuit is  simulated for fr=9 & M= 1 .  To do that the frequency of Sine waves 

a I soc shifted) are set at 50 Hz which is the frequency of the power l ine of Bangladesh. On 

hand the frequency of the triangular wave is set at 450Hz because the frequency ratio is 

,alue of 9 is set at 1 0° because 9=(90° Ifr) = 1 0° where fr=9. The amplitude of all waves is 

1 \- because modulation index is 1 .  In the plots of PSPICE YeA) , V(B), V(Astr) & V(Bstr) 

in place of Va, Vb, Va* & Vb* respectively & Vr , Vs & the final output Vo is used with 

expressions i .e.  (V(A) +V(Astr))/2, (V(B) +V(Bstr))/2 & ((V(A) +V(Astr))/2)-( (V(B) 

l �) is used in place of Vr, Vs & Vo respectively. 

4 00ms 

a V(R3:1)  � V(R1 :1)  
28. 2011 

{A} puis (active) 

a.OOms 
v V{R2: 1)  

Page 1 

12J)Oms 16.00ms 20.55ms 

Tlme ____________________ �----� 
Time: 20:25:54 

..... Plot of three waves in PSPICE for fr=9 & M= l .  The plot of the figure 5 .2 includes a 

phase of 0° & 1 80° shifted sine wave which will be compared with a triangular wave. 

sine wave have same amplitude of 1 V & frequency of 50 Hz. The triangular wave has 

same amplitude of 1 volt but the frequency is 9 times of sine waves. 
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)ate: February 28, 201 1 Page 1 nme: 19:32:19 

Figure 5 .3 :  P lot of Va as V(A) in PSPICE for fr=9 & M= l .  The signal of the figure 5.3 is found 

after comparing the 0 °  sine wave & the triangular wave Le. it' s  YeA) which was previously 

denoted as Va in MATLAB. 
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Figure 5 .4: Plot of Vb as V(B) in PSPICE for fr=9 & M= l .  The signal of the figure 5 .4 is found 

after comparing the 1 800 phase shi fted sine wave & the triangular wave i .e. it' s V(B) which was 

previously denoted as Vb in MATLAB . 
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Date: february 28, 2011 Page 1 Time: 20:48:32 

Figure 5 .5 :  Plot of 1 00 phase right shifted three waves in PSPICE for fr=9 & M= l .  F igure 5 .5 

shows the plot of three waves i .e. two sine waves & a triangular wave which is eo right shifted 

from the signal of Figure 5 .2. Here 9=(90°; fr) = 1 00 where fr =9. 
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Figure 5 .6 :  Plot of Va* as V(Astr) in PSPICE for fr=9 & M= l .  Figure 5 .6 shows the plot of 1 0° 

phase right shifted signal from the signal shown in fig 5 .3 i .e.  V(Astr) which was previously 

denoted as Va* in MATLAB . 
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Figure 5.7 :  Plot of Vb*as V(Bstr) in PSPICE for :&=9 & M=l .  Figure 5 .7 shows the plot of 1 0° 

phase right shifted signal from the signal shown in fig 5 .4 i .e.  V(Bstr) which was previously 

denoted as Vb* in MATLAB. 
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igure 5 . 8 :  Plot of Vr as (V(A) & V(Astr»)/2 in PSPICE for fr=9 & M= l .  The signal is found 

:r adding the signal of fig 5 .3 & fig 5 .6 then dividing by 2 i .e .  (V(A) & V(Astr))/2 which was 

previously denoted as Vr in MATLAB & where Vr= (Va+Va*)/2. 
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;igure 5 .9: Plot of Vs as (V(B) & V(Bstr) /2 in PSPICE for fr=9 & M= l .  The signal of the figure 

5 .9 is found after adding the signal of fig 5 .4 & fig 5.7 then dividing by 2 i .e. (V(B) & 

V(Bstr» /2 which was previously denoted as Vs in MATLAB & where Vs= (Vb+Vb*)/2. 
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·t2V 
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Page 1 
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Time : 20;59:00 

�ure 5 . 1 0 : Plot of final output Vo as ((V(A) +V(Astr))/2)-( (V(B) +V(Bstr))/2) in PSPICE for 

fr=9 & M= 1 .  The plot of the figure 5 . 1 0  shows the final output. Thi s  signal is found by 

lbtracting from the signals of fig 5 .8 to the signal of fig 5 .9 i .e.  «(V (A) +V(Astr))/2)-( (V(B) 

(Bstr))/2) which is previously denoted as Vo in MATLAB & where Vo=Vr-Vs. This output is 

very similar to the output of the MA TLAB but has a theoretically undesired small spike 

(indicated by an arrow). 
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igure 5 . 1 1 :  Zoomed plot at where the problem occurs in PSPICE for fr=9 & M= 1 .  It is clearly 

seen from the upper plot of the figure 5. 1 1 ,  the two signals are not rising at a same time but 

theoretically these two signals should rise with a same race & time. 

is type of problem is very common & usual problem for the practical circuits because the 

lctical ICs may not identical. But in software simulation it shouldn't occur because the ICs are 

m same l ibrary. 

e explanation of thi s  small spike was not found because of time l imitation. It may occur 

�ause of mismatch issue of lC s although the ICs are used from the same PSPICE l ibrary. So 

ding out the correct reason behind this  problem is suggested as a future work. 
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;.3 OUTPUT VOLTAGE ANALYSIS FOR Fr = 9 AND M = 0.5 

�ow changing the modulation index M from 1 to 0.5 & keeping the same frequency ratio of 1 ,  

he circuit is simulated. All the simulation output signals are very similar to the output found 

rom the MA TLAB but there is a little mismatch at the output signal. This mismatch issue is  

liscussed at the end of this  section. 
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Figure 5 . 1 2 : Plot of three waves in PSP ICE for fr=9 & M=0.5 .  The plot of the figure 5 . 1 2  

includes a sine wave phase o f  0 0  & 1 800 shifted sine wave which will  be compared with a 

ian gular wave. The both sine wave have same amplitude of 0.5 volt & frequency of 50 Hz. The 

triangular wave has same amplitude of 1 volt but the frequency is 9 times of sine waves. 
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Figure 5 . 1 3 : Plot of Va as V(A) in PSPICE for fr=9 & M=0.5 . The signal of the figure 5 . 1 3  is 

found after comparing the 0° sine wave & the triangular wave i .e. it' s  V(A) which was 

previously denoted as Va in MATLAB. 
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Figure 5 . 1 4: Plot of Vb as V(B) in PSPICE for fr=9 & M=O.5 . The signal of the figure 5. 1 4  is  

found after comparing the 1 800 phase shifted sine wave & the triangular wave i .e .  it 's  V(B) 

which was previously denoted as Vb in MATLAB . 
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Figure 5 . 1 5 :  Plot of 1 0° phase right shifted three waves in PSPICE for fr=9 & M=0.5 . The plot of 

the figure 5 . 1 5  shows the three waves i .e. two sine waves & a triangular wave which is 8° right 

shifted from the signal of Figure 5 . 1 2. Here 8=(90°/ fr) = 1 00 where fr =9. 

69 



(A) puis {active} 
SOOmV 

re- � r-- r-- -a-- r- � - r- ,---

400mV 

200mV 

OV 
I 

·200mV 

I 
400mV -

'--- '- L-- '--- '-- --a- '---- - '------" 

-SOOmV I I , 
16.0m� 

I 
O.5ms 4.0ms 8J)ms 12.0ms 20.0ms 

D V(Astr) 
lime 

Date: March 02. 2011 Page 1 Time: 21:30:2� 

Figure 5 . 1 6: Plot of Va* as V(Astr) in PSPICE for fr=9 & M=0.5.  The plot of the figure 5 . 1 6  

shows 1 0° phase right shifted signal from the signal shown i n  fi g  5 . 1 3  i .e. V(Astr) which was 

previously denoted as Va* in MATLAB. 

70 



600mV 

400mV -

200mV -

OV -

-200mV -

4t}(}mV -

-600mV 
O.5ms 

[J V(6str} 

Dale: March 02, 2011 

I 
4.0ms 

{A) puls (active) 

-

Page 1 

I 
12.0ms 

I 
16. Oms 

-

Time _____________ --' 

Time: 21:31:35 

Figure 5 . 1 7 : Plot of Vb *as V(Bstr) in PSPICE for fr=9 & M=O.5 . The plot of the figure 5 . 1 7  

ihows 10° phase right shifted signal from the signal shown in fig 5 . 1 4  i .e .  V(Bstr) which was 

previously denoted as Vb * in MA TLAB. 
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(A) puis (actrve) 
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Figure 5. 1 8 : Plot of Vr as (V(A) & V(Astr))/2 in PSPICE for fr=9 & M=O.5 . The signal of the 

�ure 5. 1 8  is found after adding the s ignal of fig 5 . 1 3  & fig 5 . 1 6  then dividing by 2 i .e. (V(A) & 

V(Astr))l2 which was previously denoted as Vr in MATLAB & where Vr= (Va+Va*)I2. 
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(A) puis {active) 
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Figure 5 . 1 9: Plot of Vs as (V(B) & V(Bstr) /2 in PSPICE for fr=9 & M=O.5.  The signal of the 

figure 5 . 1 9  is found after adding the signal of fig 5 . 1 4 & fig 5 . 1 7  then dividing by 2 i .e. (V(B) & 

V(Bstr))/2 which was previously denoted as Vs in MATLAB & where Vs= (Vb+Vb*)/2. 
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Figure 5 .20: Plot of final output Vo as « V(A) +V(Astr» /2)-( (V(B) +V(Bstr» /2) in PSPICE for 

fr=9 & M=O.5 .The plot of the figure 5 .20 shows the final output. This signal is found by 

;ubtracting from the signals of fig 5 . 1 8  to the signal of fig 5 . 1 9  i .e.  « V(A) +V(Astr» /2)-( (V(B) 

+V(Bstr» /2) which is previously denoted as Vo where Vo=Vr-Vs. This output is very similar to 

the output of the MA TLAB but has two theoretically undesired small spikes (indicated by 

arrows). 
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(A) puis (active) 
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Figure 5 .2 1 :  Zoomed plot at where the 1 st  spike occurs in PSPICE for fr=9 & M=O.S .  It i s  clearly 

seen from the upper plot of the figure 5 .2 1 ,  the two signals are not rising at a same time but 

theoretically these two signals should rise with a same race & time i .e . there shouldn't  be any 

time gap at this stage. 
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(A) puis (active) 
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Figure 5 .22: Zoomed plot at where the 2nd spike occurs in PSPICE for fr=9 & M=O.5 .  It is clearly 

seen from the upper plot of the figure 5 .22, the two signals are not rising at a same time but 

theoretically these two signals should rise with a same race & time. 

'his type of problem is very common & usual problem for the practical circuits because the 

ractical ICs n1ay not identical . But in software simulation it shouldn't  occur because the ICs are 

'om same library. 

he explanation of these small spikes was not found because of time l imitation. It may occur 

�cause of mismatch issue of ICs although the ICs are used from the same PSPICE l ibrary. So 

nding out the correct reason behind this problem is suggested as a future work. 
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CHAPTER VI 

CONCLUSION & RECOMMENDATIONS FOR FURTHER WORK 

5.1 CONCLUSION 

[t is difficult to get pure sinusoidal AC voltage from a DC voltage because of the presence of 

larmonics. This is an important issue as it causes difficulties in many ways. Lot of analysis are 

:lone to get rid of these harmonics in different types of inverters. This thesis investigates the 

)arallel operation and Sinusoidal pulse width modulation (SPWM) technique to reduce 

larmonics from output voltage of single phase inverter. The analysis is done by both MATLAB 

ind PSPICE. The effect of phase difference of two parallel bridges on harmonic components is  

.nvestigated. Effect of changing Frequency ratio (f.) and Modulation depth (M) are investigated 

ilso. 

fhe main concern of the investigation is to have control over harmonic components by observing 

:heir variation with change in paranleters: 8, fr and M. For a defined frequency ratio fr the best 

;hifting angle 8 is found. In MA TLAB fr and M are varied against the harmonic order and it i s  

ieen that with the increase of  fr more harmonic components become eliminated. In  case of M. the 

.est output considering value of fundamenta.l and other harmonic components is found when its 

'alue is 1 .  With the known best value of 8 (for a fixed fr) a circuit is designed in PSPICE using 

'SIN, VPULSE and uA77 1 op-amp ICs. Then the circuit is simulated and compared with 

utputs of MA TLAB . The main finding of this thesis is the equation relating different harmonic 

:>mponents for different values of fro In practical applications all harmonics may not affect the 

utput of a particular application. By this equation a designer can easi ly choose the suitable value 

f fr to eliminate up to particular harmonic order for a particular appl ication. 
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6.2 RECOMMENDATIONS FOR FURTHER WORK 

Throughout the thesis analysis  is done by using MA TLAB and PSPICE software. The 

conclusions drawn are depending on the simulation results. So it can be practically implemented 

to verify the theoretical outcomes. 

In PSPICE simulation some undesired spikes in output voltage are found, which are not present 

in MA TLAB outputs. More analysis can be done on the origin of these spikes. 
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