
A GBNBRALIZBD SWITCHING MODBL FOR ANALYSIS OF STATIC CONV~RT~RS

BY

MD. LUTFOR RAH!.t":~

A PROJBCT

SUBMITTED TO T'rlEDEPART~NT OF ELBCTRICAL AND ELECTRONIC

ENGINBBRING IN PARTIAL ~uLFILLMBNT OF THB RZ~JIRBMENT

FOR THB DBGRBB

OF

MASTBR OF BNGIN£BRING

DBPARTMENT OF EL£CTRICAL AND BLECTRONIC EN:=lr,ESRING

BANGLADESH UNIVERSITY OF ENGINEERING AND TECHNOLOGY, DHAKA.

April 1990
-----

1111111111111111111111111111111111
#76508#



II

ABSTRACT •

,

This research project presents a generalized circuit model suit~e

for the analysis and evaluation of performance characteristics of differ-

ent power electronic converter circuits. The p~oposed matrix representa-

tion of the generalized switching model allows one to understand easily

~~e process of voltage, current, frequency, phase and amplitude transfor-

mation of the converters. The model will be very useful to power electr-'

onics designers. Results obtained with this model conform with standard.

converter circuits.

The theory of spectrum multiplication is used to analyse the diffe-

rent type of converter, e.g. ae to dc, de to ac, de to dc, ae to ae conv-

erters. Simple switching functions are used to test the validity of pro-

posed generalized switching model. Analytically predicted results are

verified by computer aided analysis. Advanced pulse width modulation

switching function can be used to improve the quality of the converters.
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OlAPTER 1

INTRODUCTION

Introductionl

Power electronics deals with conversion and control of electrical

power in various industrial, commercial, residential, municipal and

aerospace applications. The motivation for using solid-state switching
mode power electronics compared to conventional techniques is 1n the cost and in

space savings, elimination of large audio noise, reduction of maintena-
Ince, improvement of reliability and high-quality performance, etc. An impo-

rtant aspect of power electronics applications is energy saving. The

history of power electronics [1] started with the invention of mercury-arc

rectifiers at the beginning of this century. Gradually, other types of gas

tub~s, such as phanotrons, thyratrons and ignitrons were introduced in the

1930's. Much of todays converter technology, i.e., phase-controlled recti-
fiers, inverters, and cycloconverters originated in that era. Then came

th~ era of saturable reactor magnetic amplifiers which essentially appeared

during World War II. The real revolution in power electronics started when

the thyristors,' or silicon-controlled rectifier, was invented by Bell Labo-

ratories in 1956 and commercially introduced,by General Electric Company in

1958. Modern power electronics uses various semiconductor devices in swit-

ching mode for rectification (ac-dc), inversion (dc-acl, cycloconversion

(frequency changing), dc-dc conversion, and ac power control ~at the Same

frequency).

The evaluation in power electronics over the years has occurred by

the synthesis of multiple technolollical disciplines. 'Today, a true specia-

list in this areas is supposed to have expertise not only in power semicon-

ductor devices, converter circuits, electrical machines, analog/digital



electronicst and control theory but also in computer-aided design, micrO-

computers and the newly emerging VLSI/ULSI electronics (Fig •.1.1). Each

of these co:nponent disciplines is moving rapidly and therefore offering. a

tremen~ous chnllenge to the expertise of a power electronics specialist.

The app~ications of power electronics have grown tremendously, and

it is almost impossible to revi~w these inde?ef'l~dently. Fig. 1.2 summarizes

the principal application areaS of power electronics. At one end of the

spectrum, these areas include switching mode r~gulated dc and ac power sup-

plies for electronics, computers, instrumentation, and aerospace applica~ions.

The de~andfor ~ompactand cost-effective power supplies at the low end is

bringing resonant conversion technology (at several megahertz) in this area.

A bulk of power electronics is routinely used in electro-chemical processes,

such as metal refining, electroplating, anodizing, and production of chemical

gases. Electrical method has been used for a long time. More recently, the

high-frequency fluorescent lamp ballast is sh~~ing promise for energY saving

and dimming. The electronic welding area uses a thyristor ac switch for fast

and precision~control of electrical power. Solid-state active power filters

are used Tor harmonics filtering and VAR compensation on utility lines. High-

voltage dc(HVDC) transmission and asymmetrical frequency inter-tie systems

use thyristor converters at both end. Photo-voltaic and fuel cell generators

~produce dc powert which is then converted to ae by solid-state inverters. In

aircraft power supply, a variable-speed constant frequ~,cy (VSCF) system con-

verts variable frequency power from the engine alternator to the fixed 400-Hz

power supply. Solid-state de and ac Fircuit breakers have been used in low to

medium power capacity_ Heating, melting, and heat treatment of metals use an

..:induction heating method using a solid state inverter. l'iotordrive is the lar-

gest applications. Covering the range of mRchine tools and robot drive appli-

cations, the spectrum goes to paper mill, textile mill, pump, and blower-type

,
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Fig. 1.1 power electronics-an interdisciplinary technology.
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POWER UNE VAn AND HARMOfllC COMPENSATION
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•. PHOTO VOLTAIC AND FUEL CElL COINERSION

• V~lABLE SPEED COH~;TA1fr f-REQUEUCY SYSTEM

• SOUD STATE CIRCUIT BREAKER

• INDUCTION HEATING

• MOTOR DRIVES

Pig. 1.2 Power electronics systems-applications.
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applications ..in the medium power range. In the high power range, the spectrum

covers multimegawatt power for gas line compressors, boiler, .ID/FD fans and

feed pumps, ship propulsion, and cement mill applications.

Proper application of these converters demands the understanding of the

working principles of these converters. Individual analysis of different con-

verters are done by different authors. This project work proposes a single

switching model from which all different. converters can be analysed.

1.2 Review of previous Works

There are many literatures [2] - [4] dealing with individual solution

and analysis of each type of converter which make it difficult for beginners

to understand the analysis and design and thereby improve their performance.

A few work has been reported [5] - [6] on simulation of power semiconductor

circuits. But these programs are the collection of individual converter cir-

cuit analyses stored by a common name. This project proposes a simple switch-

ing model consisting of static switches which are interconnected between poly-

phase input ports and polyphase output ports. Depending on the number of input

and output ports/phases and the purpose of the converter (AC-DC,DC-AC, etc.)

the exact circuit can be realized. Once the individual circuit topology is

found, the analysis of the circuit becomes very simple. This model can also

be used as a self-learning tool by nonexperts.
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1.3 Scope of the project

The literature available shows that no single, concise mathematical

model is reported for the analysis and evaluation of whole family of sta-

tic converter. This project proposed a si~?le switching model which can

be used to analyse any type of converter circuit. In particular, the con-

tent of this project have been organized as follows:

A generalized switching model with N-phase inputs and M-phase outputs

is developed in Chapter 2. The model is next used to provide analYtical

generalized expressions for different types of converter circuits for the

dependent input /output variables such as outputs voltages, input currents.

The same model is used to evaluat'e transfer characteristics such as voltage

and CUrrent gains.

In Chapter 3, the performance of the rectifiers is investigated by

using the analysis method developed in Chapter 2. The predicted results are

verified by simulation as well as experimentally on laboratory prototype

units.

In Chapter .4, the.inverter circuits are analysed using the proposed

model. The input and output variables such as output voltages and input

currents are analysed .and verified with co~ventional methods.

In Chapter 5, the chopper" circuits are analysed and evaluated in

detail. The predicted results using the models are verified by experimental

results. The frequency changer is also analysed in this chapter. Chapter 6

reviews the entire work presented in this project report and presents rele-

vant conclusions. It also focuses on the fut~e potential for a computer

package for the analysis of the whole family of static converters.
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CHAPTER 2

D£V£LOPMENT OF TH£ G£N£RALIZ£D SWITcHING MOD£L

2.1 Introduction

The objective of this chapter is to develop a generalized switching

model suitable for the analysis and evaluation of performaqce characteristics

of different types.of static converters. To achieve this objectives, the

converter circuit is modelled as circuit matrix consisting .of [NXM] swit-

ching elements (Fig. 2.1). The proposed matrix representation of this gen-

eralized converter allows us to understand easily the process of voltage,

current, frequency, phnse and amplitude transformations~ This model is used

throughout this project to study the performance characteristics of different

converters. £lements.of this circuit matrix modelling the converter repre- .
sents switching element of an actual converter.

In addition to the modelling of converter, this chapter also analyses

the representative model of converter. Input-output waveforms of such con-

verters are dependent function of actual switching patterns. The switching

functions are determined by various pulse width modulation (PWM) techniques

and accordingly the switches operate in ON/ OFF mode rather than continuous mode
for higher power conversion efficiency.

Consequently, the resulting input/output current/voltage waveforms are
periodic and contain numerous harmonics and

for analysis purpose be ,represented by respective Fourier series expressions.

The fundamental and dominant harmonics of this waveform ar~ dependent on res-

pective output requirement and the type of converter. This spectral informa-

tion is essential for the design of converter as well as input-output filters.



of [MX 1] dimension. The principle [7]
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2.2 Development of the Generalized Switching Model

The generalized switching model of a converter structure capable of

performing the voltage, current, frequency, phase and amplitude transfor-

mation is shown in Fig. 2.1.

This switching model comprises of an "input matrix" of [NX1] dimen-

sian, "converter switching matrixtt of [MXN]dimension and an "output matrix"
/

states that "the r.;ultiplication of

a set of [NX1] sinusoidal quantities (e.g., input voltage matrix) by a

compatible setof.[MXN] balanced sinusoidal quantities (e.g •• converter trans-

fer matrix) yields a third set of [MX1] sinusoidal quanti ties ( .e.g., output

voltage matrix) that are also balanced". This model Can be used readily to

realise a practical converter circuit once the nature of the input/output

quantities and phase (N, M) have. been specified. Therefore, the analytical

statement of this model, regarding converter voltage [V (W t)] and inputo 0

current [Ii (Wit)] are shown in equations (2.1) and (2.2), where

W s

Wo

=

=

=

is the input frequency

is the switching frequency and

Ws-Wi is the output frequency of the converter
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[Vo(wot)] [Fd(Wst)][(Vi(Wit)]

.;

v f 1,1 f 1, k f 1 '. V. 1
0,1 ," ~,

V A fL,l fL,k f .B Vi'k
o,L .t,N

V f
M

. fM,k ... fH,N V. N
o,M , 1 ~,

(N 1)coa (w t - ---3600)
a N(WBt) ••.....•.

-coa cos (W t _ (k-l1.3600)
s N

= A cos(wst - ~(t_~~IL)360°).... coa(W t _ (k-l)3600 + (l- 1)3600) .
B N M

coa(W t _ (N-l)3600 + (M-l) 360'
B N M

cos(w. t)~

.B cos(w. t _ (k-1)3600)
~ N

cos(w. t _ (N-1)3600)
~ N

cos(w t)
°

NAB cos(w t - (1- UJ;ool (2.1)
2 ° H

cos(w t -
(M-l )

360
0J

° ~I

t
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and

A

T
[F (w t)J [] «" l) Id oS U {)

I
.,r f/1 , I o ~1J, I

f l'"le fl1,k .il I0,£

£ l'"N £11,N Io,M

cos (wst) • . . • • . (.t-I) °• cos(wst + -M-360) ,....•

cos (u. t _ (k-I) 360° + (1:-1)3600).
s N H

cos(w t - (N-I)3600 + (l-1l3600)
s N H

• , cos(w tt (M-I)3600)
. . s M

cos(w t - (k-I)3600 + ~:,-1)3600)
s N M

cos(w t - (N-I)3600 + (M-I)3600)
s N M

.B

= MAE
2

cos(W.t)
• e:J

(£-1) 0cos(W~t - ---/1---360 )

COS(W
6
)t - (M~I)3600)

cos(w.t)
1

cos(W,t - (k-l)3600)
1 N

COS(W t - (N-l)3600')
i N

( 2.2)
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Once the model is developed, it can be tested. For example, if. -'a

controlled rectifier is required to be analysed, then the number of input-

" phases is Ne3 and the number of output phases is !1e1 and the output freque-

ncy is Wo = 0, so the transfer function frequency becomes Ws = Wo + Wi=Wi .

This AC-DC converter is discussed in next chapter in full details.

•

2.3 Inverter Analysis by Using the Generalized !1odel

In order to illustrated the usefullness and capability of the proposed

model a number of representative examples are discussed throughly in the

following chapters. Here only a test Case of single phase inverter is discu~

ssed. The derivation of a single phase converter from this generalized model

\
>

the

is shown in Fig. 2.2 (al by setting the number of input phase Mel and N~1. The

simplified converter is depicted in Fig. 2.2 (bl where f1 and f2 are

switching function corresponding to the switches 511, 522 and 512,521 respect-

ively. The equations for output ac voltage V (w t) is as follows:o 0

V (w tl [Fd(Wstl] . [Vi(Witl]
0 0

[A cos(W t)] . [Vi cos (1\tl]s
AV.cos(,1 t)

J. 0

[ .. W. 0 and W e W ]
J. 0 s

and the corresponding input current I. equation is
J.

I. e [Fd(wst) ]T [I (w tl]
J. o 0

( 2.3 l
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~[A cos(w t)]
s

cos(w t)]
o

12

[I cosCw t)]
o 0

[I cost w t)]o 0

w == ws 0

•

cos(2w t)o

The output ac voltage V (w t) waveform and input dc current I.o 0 1

waveform are shown in Figs. 2.3 and 2.4 respectively. Corresponding

spectra of voltage and current are depicted in Fig. 2.3e and 2.4e.
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( a) Switching diagram derived from generalized
( Fig 2.1) for no. of input phase, N=l and
output phase M=l.
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o
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1

S 1,2
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F2

o

Fl

2.1

S2,2

(b) Corresponding simplified circuit diagram.

Fig. 2.2 Realization of Single phase ,inverter circuit from
generalized model.
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Fig. 2.3 Output voltage waveform of single phase inverter.
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Fig. 2.4 Input current-waveform of single phase inverter.
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2.4 Conclusions

A generalized switching model for analysis of the whole family of

static converters .is presented in this chapter. This model has been

utilized to analyse~ the behaviour of converters with differeht operating

characteristics. Furthermore, a representative example of inverter is

analysed to verify the simplicity and effectiveness. of the model.
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CHAPTER 3

RECTIFIERS

3.1 Introduction

The AC-DC converters are commonly known as rectifiers and the diode

rectifiers provide a fixed dc output voltage•.

Controlle<;\rectifiers [B ]form the majority of converters employing

power semiconductors. They are used to vary the average value of the direct

voltage applied to a load circuit by. introducing thyristors between the load

circuit and a constant voltage ac source. For this purpose the thyristors

are phase controlled.

Applications of controlled rectifiers include the following:

1. DC motor speed control systems, widely used in steel mills, paper

mills, and M). on.

2. Electro chemical and electrometallurgical processes.

3. Magnet power supplies.
4. Converters at the input end of dc transmission lines.

5. portable hand tool drives.

Likeac voltage controllers, controlled rectifiers maY be employed

iriclosed-loop control systems, where they function as high-power operational

amplifiers in which the angles at which the thyristors are turned on is varied

in response to an error signal. ,In general a single-phase ac source is adequate

for rectifier ratings of 1 to 2 kw, but for higher powers a three-phase ac source

is normally used. Once again, the problem of current harmonics introduced into. .
the supply system and load circuit arises, and their magnitude must be determined.

\
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The phase controlled converters can be classified into two types

depending on the input supply

1_. Single phase converter
2. Three phase converter.

Each type can be subdivided into:

a. semi converter

b. Full converter and

c. Dual converter.

A semiconverter is a one quadrant converter and it has one polarity of

output voltage and current. A full converter is a twO quadrant converter and

the polarity of the output voltage can be either positive or negative. However,

the output current of the full converter has one polarity only. A dual converter

can operate in four quadrants and both the output voltage and current can be

either positive or negative.

In this chapter, three phase diode rectifiers and three phase controlled

rectifiers are analysed using the switching model developed in chapter 2.

3.2 3~ Diode Rectifier Circuit

Fig. 3.1b shows a simplified 3-0 Diode rectifier circuit derived

(Fig. 3.1a) from the generalized model (Fig. 2.1) by setting the number of

input phases N=3 and the number of output phases M=l. AS the converter is

used to change the input ac (Wi = 50Hz) to output dc (Wo = 0 Hz)" the switching

frequency is chosen as simple single pulse (Fig. 3.2b) having a frequency

w ~ w + w. = W.e
S 0 1 ~
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One of the waveforms of the switching function elements/components

513" 523 ~espectively) are shown in.Fig. 3.2b. The input voltage waveforms

v~n' Vbn and Vcn and dc output voltage waveforms are depicted in Fig. 3.2a

and 3.2c. Correspondingly, input current of only one phase I is shown
a

in

Fig. 3.3c.

each other.

other phase currents are same as I but displaceda
°120 apart from

The output voltage (de) and input current (ac) equations derived from

generalized circuit model eqns. (2.1) and (2.2) (Chapter 2) are given by

v
°

= [Fd(wt)].[V. (w.t)]s 1. 1.

d[A Icos (w t)
~I ~ s

° °cos(w t-120 ) cos (w t-240 )]
s s

cos(w.t)
1.

cos(w.t - 120°)
1.

cost w. t - 240°)
1.

3AV.
= T cos(wi

=

w. )t
1.

(3.1)

and the corresponding input current equations I. are
1.

= AI rCOS( wi t)
°

cos(w.t -,20°)

lcos(w:t 240°) (3.2)

In an actual converter, the switches operate in ON/OFF mode rather than con-
tinuous mode. For this well-known reason, however, the output voltage Vo(eqn.(3.1»
and input current I. (w.t) (eqn.(3.2» contains parmonics. Their respective spectra

1. 1.

are shown in Fig. 3.2b and 3.3d.
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b) Corresponding simplified circuit diagram.
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Fig. 3.1 Realization of 3-~ diode rectifier circuit from generalized
model.
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Fig 3.2 Output Voltage waveform of 30 diode rectifier
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Fig 3.3 Input c~rrent waveform of 3 0 diode rectifier
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3.3 3-~ Controlled Rectifier Circuit

The controlled rectifier shown in Fig. 3.4 is derived from Fig. 2.1.

The switches in this case are SCR~ as the output voltage (dc) is variable.

The output voltage is varied by controlling the ON-QPF time of the switches.

The output voltage Vo and input current [Ii(wit)] equations remain the same

(eqn. 3.1 and eqn. 3.2). However, the amplitude A (of the switching function)

in ego. 3.1 and 3.2 will vary as the ON-QFF time i.e., the switching function

,ridth, ~ (Fig. 3.5 and 3.6) is varied. The output voltage and the input

current waveform -for modulation index, Mf = 0.8 ( ~ =960) is shown in Figs.

Figs. 3.5 and 3.6 respectively. The corresponding spectra are depicted in

Figs. 3.5d and 3.6d.

3.4 Simmulati>dC8i-txp~riJnental Results

To varify the key analytically predicted results the three phase contro-

lled rectifier output voltage and input currents are reconstructed using the

Fourier coefficients of the output and input waveforms. The output voltage

and input current waveforms are showr. in Figs. 3.7 and 3.8 respectively. The
waveforms matches the standard six pulses rectifiers output voltage and input

current.

/An experimental set up is done using the equipments of power electronics

laboratory. The output voltage and input current waveform are shown in

Figs. _ 3.9 and_ 3.10.
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Fig.3.4 Realization of 30 controlled rectifier circuit
from generalized model.
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o

Fig 3.8. Simulated input current waveform of 3-0 controlled rectifier.
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Fig. 3.9 Experimental set-up of 3-0 controlled rectifier.
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a) output voltage b) Input current

A. Voltage & current waveforms for uncontrolled rectifier (~=120o)

a) output voltage b) Input current

B. Voltage & current waveforms for controlled rectifier ( ~~ 120°)

Fig. 3.10 Experimental output voltage & input current waveforms of 3-~ controlled
rectifier.
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3.5 Conclusions

Three phase.diode and controlled rectifiers are analysed using t~e

model developed in chapter 2. The results obtai.ned using the developeci

model is same as the standard analysis. The analysis procedure is much

simpler than the known procedure. Finally, these results are verified

with the standard results and they are found to be simi.lar.



32

CHAPTER 4

INVERTERS

4.1 Introduction

DC to AC converters are known as inverters. The function of an inverter

is to change a dc input voltage to a symmetrical ac output voltage of desired

magnitude and frequency. The output voltage could be fixed or variable at a

fixed or variable frequency. A variable output voltage Can be obtained by

varying the input ~c- voltage and maintaining the gain of the inverter constant.,

On-the other hand, if the dc input voltage is fixed and it is not controllable,

a variable output voltage can be obtained by varying the gain of the

inverter, which is normally accomplished by Pulse-width~'Jodulation (PWM)

control within the inverter. The inverter gain may be defined as the ratio

of the ac output voltage to dc input voltage.

The output voltage waveforms of ideal inverters should be sinusoidal.

However, the waveforms of practical inverters are nonsinusoidal and contain

harmonics. For low-and medium-power applicat'ions, square-wave or quasi-square-

wave voltages may be acceptable; and for high-power applications, low distorted

sinusoidal waveforms are required. with the availability of high speed power

semiconductor devices" the harmonic contents of output voltage can be minimized

or reduced significantly by switching techniques.

Inverters are widely used in industrial applications (e.g. variable-speed

ae motor drives, induction heating, standby power supplies, uninterruptible

power supplies). The input may be a battery, fuel cell, solar cell, or other

dc source. The typical single-phase outputs are (1) 120V at .60Hz (2) 220V at

50Hz and (3) 115V at 400Hz. For high-power three-phase systems, typical outputs

at (1) 220/3S0V at 50Hz (2) 120/20SV at 60Hz and (3) 115/200v at 400Hz.
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Inverters can be broadly classified into two types: (1) single-phose

inverters, and (2) three-phRse inverters. Each type can be subdivided into

four categories, depending on tile type of thyristor c?mmutations : (a) pulse

\'lidthl'lodulation (PWr"l)inverter, (b) resonant inverter (c) auxiliary com:TIuta-

ted inverter, or (d) complementary commutated inverter. An inverter is called a

voltage-source inv~rter (VSI) if the input voltage remains consta~~t .8 curre~t- source

inverter (CSI) if the input current is maintained" constant, a~d a varia-
<

ble dc linked inverter if the input voltage is controllable.

In this chanter 1-~ and 3-~ inverters' are analysed using the generalized

model developed in chapter 2; output voltage and input current Fc'..:rieranalysis

is done. The result obtained with this approach is same as stancard analysis

resul ts.

4.2 Single Phase Inverter circuit

The derivation of a single phase inverter from the generalized model is

sho~n in Fig. 4.1a by setting N~l and M=l. The ~imolified circui~ is depicted

in Fig. 4.1b., F
1

and F2 are the switching functions corresponding to the switches

S21 respectively. The equations for output ae voltage V (w t)o 0

and input dc current Ii are derived from generalized egns. 2.1 and 2.2
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(of chapter 2) as follows:

v (w t)
o 0 = [v.(w.t)]

1 1

, .= A [ cos( w tl] .V.[ cos (w.t)]
.~' s • 1,

= AVi cos(w tl
0

[. . cw. 0 and w _. .w]
1 "' ... 0 S

and the corresponding input current Ii equation ~s

I. (w.t);; - [Fd(wst) ] T [ 1
0
(wot)]

1 1,.

A [cos (w t)] [Icos(w t)]S ".0"" ,", '," 0

= A [cos(w t)] '. [.To. ,cos(\( t)o . 0 0

(4.1)

AIo
~- ...--,-- +

2

AIo
T cos 2w.to

( 4. 2)

The output"ac voltagj'!.Y("w ;t) .waveform .a;"d: .innut dc current 1. waveform
+..... ,. 0 0 . ~.',_ . ,-' . 1

are shown i~I))'Figs. 4.2 and 4.3";espectiv:ely. Corresponding spectra of voltage
',."

_and current are depicted in Fig. 4.2e and4.3e •

.'

.-A~.

4.3 3-~ Inverter Circuit

The simplified circuit diagram for 3-~ inverter shown in Fig. 4.4b is

derived from switching diagram in Fig. 4.4a. The switching diagram (Fig.4.4a)

is derived from generalized circuit model (Fig. 2.1 of cha~ter 2) by setting

.the number of .input philses N=1and the number of output phases M=3. This is

an inverter, so the output frequency is wi = 0 and the corresponding switching
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fSiNGlE. PHASe iVj,Ii
I INPUT I
I I
I t IL_ _ _ _ ~

a) Switching diagram derived from generalized model
(Fig. 2.1) for no. of input phase, N=1 and no. of
output phase M=1.

Ii

Vi

Fl

S1,2

b) Corresponding simplified circuit diagram.

Fig. 4.1 Realization of single phase inverter circuit from
generalized model.
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The output voltages and input current equ3tions

v
°

= A cos (w.t)
s

°cos (wt)-120 )
." .S

.cos (w t _240°)
s

I

= AV. cos(w t)~ s

(4.3)

°.cos(w,;t-240 )

and
T •. [I(wt)]

. ° °
A'.l.' cos (w t) cos(w t-120o) cos(w t-240o)] .1

5 5 5 0
eos(w t)

o
ocos(w t120 )o

'-'::.- "-'"', ,'.,"'--'';''''''

' ..~=...;;.; AI 0 .. "

w -ws 0
0] (4.4)

ocos( w t-240 )
°

These

The output ac voltages V (w t) waveforms and the input de current I.o 0 . 1

wav~form fo~- delta connected load are shown in Fig. 4.5 and 4.6 correspondi~g

,~"'spectra of voltages and currents are shown in Figs. 4.5d and 4.6d.

waveforms and spectra conform with standard 3-0 inverter waveforms.

"
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Fig.4.4 Realization of 30 inverter circuit from generalized model.
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Fig. 4.6 Corresponding input current waveform of 3~ inverter.

Q
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4.4 Harmonic Analysis of 1~0 Inverter

The harmonic analysis of 1-0 inverter is performed by using fourier

analysis. The fourier expression for the output voltage is given by;

v (wt) [Fd(wst)] • [Vi(witl]a a
00

~ £-. AncOS nw t. V.s :l

n~1.,3,5

00 /
~vi~n cos n w t (4.5)

s

n~1,3,5

and the input expression is given by

I.(w.t) [Fd(wst)]
T I (w t)]~

:l :l a 0

= ~A cos n w t • I cos w t
s a a

n=1,3,5

n=1,3,5

cos nw ta
cosw to [ -.. w =ws a

Ala
~ -- +

2
cos 2w t

a

n~3,5

Ala cos(n+1)w t+cos(n-1) w t
2 0 a

(4.6)

The fourier coefficients of output voltage and input current are .shown in

Tables 4.1 and 4.2 respectively.

,
(".'.
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TABLE 4.1

FREQUENCY SPECTRA OF OUTPUT VOLTAGE WAVEFORM or' 1-0 INVERTER .

Harmonic coefficients.
. coefficients of resulting outputHarmonic

of switching function voltage, V (Fig. 4.2d)
(Fig. 4.2b) 0

Amplitude Vo
Order Amplitude Order P.U .. '"/0
n (An) n

0 1.0 1 1.27 127

1 1.27 3 0.0042 0.42

3 0.42 5 0.0026 0.26

5 0.26 7 0.0018 0.18

7 0.18 9 0.0014 0.14

9 0.14
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TABLE 4.2

~REQU£N~Y SPECTRA OF INPUT CURRENT WAVEFORM OF '1-~INVERT~R

Harmonic coefflcients of
s~itching £unction(Fig.4.30)

,
:L Harmonic coefficients of

".'reurrent, Ii (Fihg."4.3d)
resulting input

Order
(n)

0

1

3

5
.'. .,

7

9

. ~,- - '

Amplitude
(O(A

n
)

1.0

1.27

0.42

0.26

0.18
''''-:1;'';-

",,'

Order
n

. " "'-"1

>.,,"

Ampli tude, I.
l

Per: Unit

1

Percentage

100
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4.5 Conclusions

Single and three phase inverters are analysed using the generalized

model. The output voltage and input currents are drawn and their respective

spectrum are also shown. The results obtained with tllis model. conforms

with standard analytical results "i.e. input, output quantities of inverters.
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OlAPTER 5

CHOPPERS & FREQUENCY CHANGERS

5.1 Introduction

In many industrial applications, it is required to convert a fixed-

voltage dc source into a variable-voltage dc source. A dc chopper converts

directly from dc. to dc and is also known as a dc-to-dc converter. A chopper

can be considered as de equivalent to an ae tronsformer ~ith a continuously

variable turns ratio. .Like a transformer, it could be used to step-down or

.step-up a dc voltage source.

Choppers are widely used for traction motor contro~ in electric automo-

bilies, trolly cars, marine hoists, forklift trucks and Dine haulers. They

provide smooth acceleration control, high efficiency, and fast dynamic response.

Choppers can be used in regenerative braking of dc motors to return energy back

into supply, and tilis feature results in energy savings for transportation

system with frequent stops. Choppers are also used in dc voltage regulators.

The output voltage V of a chopper can be varied by the following two
o

ways:

i) Constant-frequency operation

The chopping frequency, f (or chopping period T), is kept constant

and the on-time, tl' (Fig. 5.1) is varied. The width of the pulse is varied

and this type of control is known as pulse-width modul,ation (PWM) control.

ii) Variable-frequency operation

The chopping frequency, f, is varied. Either on-time tl, or off-time,

tz' (Fig.5.l) is kept constant.. This is called frequency modulation. ,The

frequency has to be varied over a wide range to obtain Lne full output voltage

range. This type of control would generate ~0 at unpredictable frequ-'

ency and the filter design would be difficult.
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Fig 5.1 Stepdown Chopper with resistive load.
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The chopper is analysed by using the proposed model for constant

i) Direct frequency changers or cycloconverters and

The frequency changer are used to convert ac to ac at

changers or rectifier-inverter type frequency changers.

:variable

II

II

IIThere are two types of frequency changers
II

ii) Indirect frequency

Direct frequency II

voltage and variable frequency.

frequency operation.

changers are also discussed in this chapter. Frequency changer circuit

model.

and the corresponding equations are derived from the generalized switching II

ii

5.2 Choppers

_ DeriVation of a chopper circuit from the generalized switching model

is shown in Fig. 5.2(,,) by setting n=l and m=l. The simplified circuit is

shown in Fig. 5.2(b). As this is a chopper only,one switching function is

necessary. Hence only the switch $1 ($~1~ $2,1) will operate and $0($1,2;

52,2) will always be closed. The equations for variable dc voltage Vo and
.",input dc c:\l,rrentI. are derived from generalized equations 2.1 and 2.2 of
e , J.

chapter 2 as follows:

v
o =

• V.
J.

cos nw ts

0<:>
cV .c::::::;- A cos nw t
J.L- n 5

n=o~~,'V,i~~5,

(5.1)
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and the corresponding input current Ii equation is

1. [F d (w t) T= I
l S 0

"'<?

=
~\

cos nw t In s 0

n-O' ij}' 3> 5,
- ,-, J , ••.••'

~

= ILA cos nw to n s

n=b),&,'3I,5, (5.2)

c

The output de voltage V waveform and inDut de current I. waveformo . l

are shown in Figs. 5.3 and 5.4 respectively. Corres~onding spectra are

depicted in Figs. 5.3d and 5.4d.
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b) Corresponding simplified diagram

Fig 5.2 Realization of a Chopper circuit from generalized model.
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Fig 5.3 output voltage waveform of the chopper.
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5.3 3-~ to 1-~ Frequency Changer Circuit

Fig. 5.5b shows a simplified frequency changer circuit that results from

the generalized model by setting the number of input phases N=3 and the numbeF

of output phases M=1 (Fig. 5.5a). As the converter is used to change the

frequency with minimum harmonic distortion the converter switching function

is chosen as SPVJtv1 and the switching frequency is w = w. + w • The corres-s 1 o.
!1

ponding ac output voltage V whose frequency is chosen as f 100 Hz and theAB 0

input ac current I (f. = SOH) are shown in Figs. 5.6 respectively. The output
a 1 z

voltage and input current spectra are shown in Fig. 5.6e and 5.7d. respectively.

The ex~eriemcntal waveform (Fig. 5.S) and spectra "agree with computer si~ulated

results (Figs. 5.6e and 5.7d).
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a)

b)

A. (a) output voltage, VAB (Fig. 5.6d)
(b) Respective frequency spectrum.

a)

b)

A-
1

A-
S

A
13

J..
23 f.1

B. (a) Input current, I (Fig. 5.7c)a
(b) Respective frequency spectrum.

Fig. 5.8 Experimental voltage and current
3~ to 1~ frequency changer at fo
modulation index=1.

waveform of the
= 120 HZ and
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5.4 Conclusions

Choppers and frequency changers are analysed in this chapter using

the proposed model. The output voltage and input current waveform analysis

for both choppers and frequency changers are done using the generalized

switching model which corresponds to standard analysis. The proposed

model is much simpler than conventional methods. Finally a few experimental

results are also showne
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CHAPTER 6

SUMMARY! CONCLUSIONS AND-RECOMMENDATIONS

6.1 Summary and Conclusions

A generalized switching model is developed in this project work.

This model is used to analyse various static converters to suit different

types of loads. Simple switching functions are used to analyse rectifier,

inverter, chopper and frequency changer.

In particular the contributions of this project by chaoter are as

follows~

In Chapter 2 the switching model is developed. The necessary general

equations for inout-output quantities is also developed using the model.

A representative case of single phase inverter is studied.

In Chapter 3 three-phase diode and controlled rectifier are studies using

model. The six pulse controlled rectifier input-output waveforms are constru-

cted using the fourier coefficient and these waveforms matches the experimental

waveforms.

Inverters are studied in Chapter 4. Both single and three phase inverter

equations are ,de~ived from the model. Frequency spectrum for output voltage

and input current are shown in tables. These co-efficient values are same as

obtain in standard single phase inverters.

-Chapter 5 investigates the choppers and frequency changers. It has been

shown .that complex converters like direct frequency changers can also be studied

by this model. Input-output voltage and current waveforms predicted by computer

simulation matches the experimental results.
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In summary different types of ~tatic converters are studied using

the proposed switching model. It has been shown theoritically and experi-

mentally that this generalized switching model can be successfully used

for static converter a~alysis. Moreover, various other simple and complicated

power electronics ~ircuits (3-0 to 3-0 direct frequency changer,. single to

three phase converter) can also be simulated and analysed by the proposed

model.

6.2 Suggestions for Future Work

Most of the analysis in this project are performed for simple switching

functions. Advanced PWM (pulse width Modulation) switching function can also

be used to improve the quality of the converters. Moreover, it can be further

enchance to develop a package program [9J for use in home computer •

•
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