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ABSTRACT

Improved Power Supply Topologies for Fixed arid

' Variable Frequency Operation

-

+
14

Eduardo P, Wiechmann, ?h.D.
Concordia University, 1985,

The theofy of switching power converters is in a state of flux
) - -~
mainly for two reasons. First, because no comprehensive framework for

the analysis of power converters has been established and second,

.because power semiconductor technology has been evolving continuqusly.

13 . -
These reasons have motivated this contribution ta the development of a

-unified theory for power converters. In particular, with the

introduction of a transfer function for switch riode converters some
basic principles can be stated, new relationships developed and the
behaviour and characteristics' of power converters studied. For
example,.cémmon matﬁematicai pxpressiohs are introduced to analyze
controlled rectifieré, voltage source inverters, and current source

N

inverters. Altogether, these Eonverters are by far the most important
LN

-and frequently used in contemporary power appliéations. Further, time

°

domain operations are propoﬁed as an alternative to the more complex,
slower, and 1less accurate frequency based 6perations. Finally, this

unified approach is enhanced by a computer aided design (CAD) method

" for switch mode converters.

Moteover, while wutilizing the technological advances in the

field, this study'contributes to them by introducing two' power supply

A

~



~-iv -

-

topologies“'for ‘fixed and variable frequency applications. The power
supply topology firsf presented, intéended prl%arily for fixed-frequency
fixed-voltage applications (e.g. UPS systems), incorporates the
regulation of the dc link to sign}ficantly increase the_utilization of
the 3&stem compénents. The performances of the ;wo‘modeﬁ of operation
of the system (PCU énd ccu) are discussed and evaluated against'the
performance of a standard VSI-SPWM power supply system. An optimized
fixed ‘PWM pattern is ‘also 4introduced to further boost the ;c ank
utilization and reduce the operational switching frequency. The second

power supply topology proposed, intended primarily for variable-voltage

. variable-frequency applications (e.g. ac motor drives), utilizes a PWM -

controlled rectifier and a PWM current source inverter. The system has
a number of int;insic advantages which include: bilateral power flow
‘(regeneration), high reliability (current source), ‘ sinusoidal
input-output currenFs and voitages, reduted Teactive components,
{mproved input power faétop and simpler current feedbgck 8ensors.
Finally, to faoilitate the applicdtion of ihe~CAD and tﬁe design
of the proposed tépologies, practical désigﬂ.examples are included, and '

selected predicted results are verified experimentally.

L
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Carrier and normalized carrier frequency.

\
N

Brkak.filter frequency.
Switching frequency (conmutations per second).

Time shift between voltage and current -

(tee. T=flw) *

Impedances and Phase Displacement

'S

Logd impedance at fundamentél frequency

(usually equal to one per;unitﬁ.

Phase displacement between voltage and current,
Impedance of the.filter capacitor /Cf (Chapter 5)
at lhe daminant and fundamental frequency

respectively.

Miscellaneous )

Modulation factor (Fig.(2.16)).

A

. g e
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- &g o Magnitude of the nth harmonic component of a4 PWM

“

waveform. s

Ac*”f‘f T Magnitude of the qu;iér signal (Fig.(2.16)),

Ay@ i t Magnitude of the reference signal (Fig.(2.16)).
//?or 1 Rated outpq& p&wer. \ .
,//ANs : -3 Numbér of switches.“
//'. ‘ Suf ‘?yt*ﬂs:}jch utilization factor (szd}}
‘/ Svuf Switch components utilization factor (3.3). -
| pf : 'Poyer factor,
Pfe ° +  Equlvalent power fator s;ép by a VSI (4.8),
FUm t Utilization factor produced by the PWM techniqueu
FUv K Utilization faétor produced by va;iggions in the
dc link. !
Flo ¢ Overall utilization factor.
S ) ' qOrder mfAthe first significant harmonic (i.e. with
| a migg}tude over 3% of the fundamental).

d t QOrder of the dominant harmonic or equivalent o

a» \

. 'domimant harmonic. -
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CHAPTER 1 ,
INTRODUCTION

1.1 General introduction =

Progress in power semiconductors such as silicon rect@fiers and

-thyristors has been g step-by-step evolutionary proéess, with gradual

but steady improvements- in operating characterisgics, ratings and

i
packaging concepts. Progress has been quite dramatic when viewed in.
relation to the modest early begihAnings of these devices - some twenty

seven years 4go.

4

9 Specifically, power semiconductor technology, has seen the recent

emergence of several types of improved power semiconductors such as the

\
Mosfet, Asymmetrical Thyristors,. Gate Turn-off Thyristors and Bipolar

Transistors. Some authors [1]...[8] 'have anticipated considerable

'

improvements in the power converter area made possible -by these new

breakthroughs in semiconductor technology. These new power converters,

implemented with- gated' turn-off semiconductors, are rteplacing the

tradicidnal power conversionh topologies. Undoubtedly,” the constant

. « .

increase in the' quality of performance and the drop in cost of these

2

new semiconductor components makes affordable new goals for industrial

processes, ensuring a growing field of ‘Applications for static.
converters. /JE7

This thesis takes advantage of these technological advances, and

contributes to ° these new trends by focussing its objective on the

improvement of power supply topologies for constant and variable

~

v




frequency applications. Moreover, in order to establish a common theme
and ’ facilitate tﬁe ~analysis of these’ new topologles, a common
onalytical framework is first established. Within this framework
converters are . classified and analysed according-to their respective
toansfer characteristics instead of topologies. As a result. new

powerful analytical tools are est§blished, elidinating old conceptual

difficulties.

1.2 Functional Approach to Power Converter Anolysis

The contemporary study, analysis and synthesis of power

converters is classified, and therefore developed, .according to

converter circuit topologies, such as controlled rectifiers, choppers,
currehit source inverters, voltage source inverters, dual convegters,
cytloconverters and frequency changers [9).2.[14]. Moreover, the study
of these different converter circuips has generated new subdivisioos
according to auxiliary circuitry employed by the main converter, such
as commutation circuits and snubber networko. This somewhat disjointed
analysis approach, although successful in describing the conver;er
behaviour: does not\ establish important relationsﬂips among power
coerrter circuits, which tends to prevent the generalized application

\ 2
of research advances.

Pionegring' work in the general theory of switching powei
converters [15] has demonstrates /{Zot classifying power converters

according to function (ipstead of circuit topology) permits'better

understanding of converter behaviour and relationships. Moreover, it



allows the development of analytical concepts applicablé to families of

[ 4 .
converters rather tHan to individual converters.

| Previous work on circuit configufatiohs following a functional
approach has been based on switching functions [15] ([16] [17].
Basically, a switching function defines the on-off instants of switch
conductiog. Hoﬁever, current source converters and: voltage source

/?6gnverters' require completely different switching functions.
Consequently, the aﬁélysis of voltage and curreﬁt souffg converters has
been treated separagely. - |

This thesis presehts a fUnctional‘ approach based on ‘trénsfer
functions rather tign on switching functions [1Sj [19]. Following this

¢
" approach  current and vol%agé éou;ce converters can be analysed
simultaneousl} (i{.e. the transfer function does not depend on the
nature of the analysis variables (current or voltage)). Therefore, the
éransfer function concept ,co;stituteg a more abstraqt but convenient
method to feléte the 1ﬁ$ut—outpuf variables of power converters.

This approach ailows the reclassification of power coﬂverters
into converter functional families (Table(2.1)), and the identification
of significant commonalities among the converters: For example, a
upique bidir;ctional transfer function |is established for voltage
source' inverters (VSI's), current source' inverters (CSI's) and
controlled rectifiers (CR's). From a classical yiewpoint this is a
L v
surprising result, although not unexpected in the context of the

functional transfer function based analysis approach, because the three

above mentioned converters perform the same ac/dc power conversion



N

function (considering bilateral power flow).

Also, it 1is noted that VSI, CSI and CR converters do not share

)

switching functions (used extensively insthe contemporary analysis of
converters [15] [16] [17] ([20]) inl spite of sharing functional
transfer function. This fact reveals the }mpdrtance of the functional
transfer function defined in this thesis (2.1).

a

Relevant practical-“relationships deduced ‘for ac/dc.converiers

—

sharing a common bidirectional transfer function can be summarized as

follows: 3

A%
i) the same generalized circuit topology can be used By VSI,

*

CSI, and CR to perform their cohversion functions,

1i) 1identical pulse width modulation control techniques can be’

2

utilized by VSI's, CSI's and CR's, and
ii1i) wvoltage source converters CYSI'a) are the dual converters of

9, fais

current source converters (CR's, CSI's).

; Converter duality implies that there is a one to one
correspondance between reciprocal dependant varigglé% far voltage
source and current source converters, Specifically, Chapter 2 will
'demonst;ate that tPe input current of a VSI, the input wvoltage of a
CSI, . and the output voltagé of a CR have identical waveforms, and also

that-output voltages of a VSI, output currents of _.a CSI and input

“5 currents of a CR also have identical waveforms [19].

The converter duality between "voltage and current source

converters itself has important theoretical ®nsequences. For example,



Chapter 5 will show that while VSI's can be connected- parallel to a
. =N
single dc supply, their dual CSI's can be connected in series to a

single de power supply [21].

3

A transfer function based functional approach also revgmls a
common converter filter (input-output) design approach and common PWM

control techniques which are essential for the design of the overall

-y

power conversion systeh.

1.3 Generalized Model for the Controlled -ac/dc dc/ac Conversion
([A\
JFunctions T

’

Among the various power conversion functions performed by static
power cénverters, the controlleé ac/dc and dc/ac are by far the most
significant and numerous in terms of applications.

Contempdrary analyses of power conver&ers performing ’ thesé

functions have been formulated ugsing frequency domain expressions

(Fourier Series) to obtain converter generated input-output waveforms.

. \2\§§his analysis based approach provides exact input-output spectral

. 1
content data’ [20] normally required fpr filter design and PWM technique

optimization., However, the approach has some intrinsic disadiantagesx

-

i) it requires complex mathematical transformations and leads to
" infinite trigonometric series multiplications [15] [16] [20],
ii) it requires frequency-to-time domain transformations which

are intrinsically time consuming and inaccurate, thereby

leading to inaccurate predicted time domain wavefornms,



ii1) it cannot provide . good user-computer ‘interaction,

particularlf in power converter simulation programs,—and T
iv) it cannot handle transient phenomena and qon—i?ng?r loads.
These'disadvanﬁgges have notivated research which focusegton ‘the
developm;nt’ of a generalized analysis approach which unifies‘the ac/&c .

and dc/ac conversion functions. As shown in this thesis,” this approach .

yields a generalized converter model suitable for the unified analysi

of VSI, CSI and CR converters, which is based on the extension of the

~
concepts of switching functions [15] [16] and converter transfer
function [18]. In addition according to the functional approach
previously described, this study: " P -, e ~
. : ; e,

4

i) presents a generalized ®onverter model for the three phase

VSI, CSI and CR*fégilies of converters, * o

-

ii%ﬁprovides ,state © space analysis formylation capable of
describing converter performance under transient and steady
state conditions,

iii)”produces generalized converter, esign data for switch

ratings, input-output filters and operating frequencies
appliq yle to all aforementioned converter families.
\'}( . ’

To conclﬁde, Chapter 2 will show that the proposed functional

converter, model: . !

- .

e

1) requires extremely simple and easil} programmable
mathematiéal operations,
ii) facilitates, computer-aided design’ by reducing the computer

'l . ~



B

v

pfoces§?ng time required by the contemporary approach,

1ii) simplifies conver£er analysis and design by providing exact
input-output predicted current and voltage tiﬁe domain
waveforms and respegtive spectra,

iv) can be used to study transient converter performance, thus

reducing considerably breadboarding costs and testing times.

~

1.4 Improved Voltage Source Inverter Design Method

3
v

The analytical concépts discussed in the previous sections are
then employed to facilitate the analysis and design of séme well knowrn,
static converters, as follobs., o

Today,. the majority of power sonverter systems ‘< employing

-

inverters use véltage source inverters. Therefore, since this the;ﬂ%'
is concerned with the improvement of some important families of siatic
power suppliesf a criticgl examination of the contemporary VSI design

method has been??;rformed. QChapter 3 will show that a basic VSI design
assumption, introduced by the contemporary approach, is responsible for
a severé'under-géi}ization of the VSI componénts. Specifically, the
problem with ‘the:xontemporary approach stems from the aégumption that

the VSI switch component ratings are identical to VSI switch ratings

{11] [14]. 5
By computing the exact VSI component ratings it will ‘Be shown
that a substantial improvement in component wutilization can be

accomplished. Also, by wusing this design approach, the contemporary

task of optimiziﬁg a VSI design evolves into a precise design method




[22] from an empirical (trial and error) approach.
-
Together with the generalized description of the analysis and

synthesis method, Chapter 3 will present specific normalized design

data applicable to fixed and variable output frequency VSI based

» .
systems, Moreover, to account for a wide variety of applications, wide

@
ranges of 1inverter modulation and 1load power factors will be
considered. Finally, for comparison purposes, the design data provided
include three different PWM control schemes, namely, sinusoidal PWM

[23]{‘six-step PWM [22] and a optimized fixed PWM pattern proposed in

Chaptgr 4 [247.

1

“

A comparative design example 1is used to illustrate the design

method, as well as to produce a quantitative measure of the’

improvemengs accomplished in a specific case, The example shows a 64 7

improvement in the semiconductor utilization factor.

S

To check the validity of the proposed design method, selected
theoretical results will be verified with an experimental 2 KVA unit.

Those experimental results, including pictures of actual VSI waveforms
. P ‘

will be presented. T

-

To conclude, the proposed design approach of Chapfer 4 can  be

-

used to substantially increase the processed power per-unit of
converter mass (and volume), and.to significantly reduce the cost of a

VSI based power supply,

1.5 Improved Power Supply for Fixed Frequency Operation ‘

Continuing with the application of the analytical concepts

R



'

developed in Chapter 2 of this Lhesis, Chapter' 4 focuses on the
improvement of pqwer supplies for fixed frequency operation. From this
large family of applications, UPS systems are of primary importance and
qgite ?epresentativé of this family. A study on UPS systems is
justified by the increasing demand for more 1light, economical, and
reliable UPS systems [25]. A UPS system ys normally operated at a
'
constant output frequency (usually 50 of 60 ?é) to ensure good qualiiy
ﬁower.fo£ computers, hospitals, telephoﬁe switching systems, military
installations, and in general, for any critical 1load. .that cannog

tolerate disturbances associated with normal utility power such as;

voltage dips and surges, frequency variations and momentary or

sustained losses of power. Previous work on UPS systems have

inéorporated sinusoidal PWM for the UPS-VSI [26]. Further progress has
been mnade by‘vutilizing improved PWM techniques [27] and optimal
filtering [28]. . A system employing a variable voltage input (VVI)
six-step VSf, with the 1idea of a boost regulator in the dc link was

presented in [29]. Hawever, prior to the appearance .of this

A}
publication, the author of this thesis had already presented this

. concept in.his Doctoral Seminar (Concordia University, Fall 1982).

" Furthermore, a more sophisziéated overall system which incorporates an

optimized fix€9 PWM pattern for the VSI inverter, together with the dc

1ink boost chopper regulator, ispresented in Chapter 4 [24].  The*

"optimization of the control Patterh is based on a welghted harmonic

3 :;,

optimizing criterion. Chapter 4 also presenis an important evaluation

of the traditional power conversion method for UPS, 1identifying some
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- important sources of component system under-utilization,. Finally,

several, solutions to enhance system design are proposed and
experimentally tested to verify predicted results:.

For the pu&poses of completeness, a complementary study on UPS
systems based in current s;urce inverters has been pérformed on [30].

However, VSI based . systems are finally recommended (instead of CSI)
. 4

becaus® in general, a UPS cannot be subjected to ‘the festricﬁion of
load 1linearity and balance required for an. efficient CSI syséem design
(a study on effects of unbalanced loads on CSI is performed in Chapter
5 [21]).

As a result of the .study and review of _this UPS-VSI power

conversion process, it is concluded that at 1least 65 7% extra power

handling capability can be added to the system without compromising

[}

cost or system performance. Furthermgre, the improved results obtained
for this power supply, are in addition to the improvements of VSI based
systems obtained in Chapter 3., Therefore, further improvements of the

UPS-VSI system components utilization can be obtained, if the design

o i

approach of Chapter 3 is followed to design the UPS topologies pr?posed

in Chapter 4,

>

Finally, experimental results that demonstrate the feasibility of

the proposed UPS-VSI systemiere dbtained using a laboratory unit of 2
: N, a7 .
& ? i

KVA, | N

.

R —— \_\ . .

L.

1.6 Novel Power Subply for Variable RErequency Operafion

¥

f;\ Chapter 5 of this thesis déals with the 4improvement of power

R
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supplies for variable frequency operation usually required in variable
speed ac drives. A major research effort'in that area 13 Jjustified

\
because, in spite of the many advantages ac machines have over dc

machines, the cost, control complexity, and poor perfomance and

reliability of their respective power converters have prevented the

widespread application of ac drive systems. However, with the

continous}y faliing prices of power semicoéductorsz relatively fixed
prices of motors, and developﬁent qf complex control strategies in low
priced VLSI circuits, thé differences in cost and complexity between. ac
and dec drives Thave been slowly¢ disappearingr [21 (33 [31].

- 9
Consequently, by taking advantage of these developments, 0today's

-

research and development efforts are focused on improving the converter

and overall drive performance, These efforts have created threé
complementary research fronts. The first deals with control téchniques
that further improve the dynam{c torque speed ac drive characteristics
[323..7[35].~ The 'secon&‘ is engaged in induction motor design for
switch moﬁe’operai?g; and the development of new motors, such as the
per;anen; magnef (PM) motor [36] [37]. Finally, the third research
area is engaged in searching for power converter topologies. that
further improve the overall power conversion prbcess(;uch as the one
developed in Chapter 5 [38]...[44].

Previqus work on these types of power supplies for ac drives can

-

be classified according to three existing power converter fgmilie§.

®

The first based on diode rectifier PWM-VSI systems for general purpose

drives,_‘@ scheme not regenerative unless a second front end converter



is added to operate in the inversion mode.  Otherwise, dynamic braking
cag be accomplished “only .by wusing a contactor resistor combination
across the ac }ink. 'S0 far, and because.of its relative simplicity,
the most popular technique for the PWM control of the VSI has been the
féinusoidal PWM technique [23]. However technological advances,
particularly in VLSI circuits, have made possible:the consideration of

{
improved modulation schemes for higher drive performance. Other

-

converter types based in VSI will not be considered beqayse they are in
clear disadvantage when compared to the PWM-VSI {40].

The second scheme i3 based on the current control of the VSI,
of fering substantial advantages in the elimination of stator dynamics

in high performance ac drives, compared to their voltage contiPqQlled

.counterparts. However, this scheme is g}so non-regenerative and has -

some iAgerent limitations. It requires three ac current feedback
sensors, and sophisticated current controllers which can be expected to
produce adverse interactions between phases 1f the load has no-neutral
4

connection [41].

The 1last scheme 1s based on CSI. The six-step CSI is preferred
+ T e—

in medium to high, power industrial drives, particularly in traction
applications [31]. To i&provefthe'CSI performance and reduce low order
current harmonics, fixed modulation patterns havg been successfully
introduced [44]. 3

The simultaneous PWM control lof the front end controlled

rectifier and the CSI stages will be 4introduced and discussed in

Chapter 5 [21]. Basically, this power conversion system consists of a

4

PRSP
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PWM-CR interconnected with & PWM-CSI. . The generalized ac/dc power
conversion function studied in Chapter.2 is used twice in this power
suppiy, for the PWM-CR and for the PWM-CSI,

Wﬁen compared with a Qiode tectifieE PWM-VSI, a PWM CR-CSI system

possesses a number of intrinsic advantages based primarily on its

’

natural current shoot-through protection and reverse power flow
3

capabiiity. \ Howeﬁer, severe restrictions on the type of load to be
uéed, hazg,hé be iﬁposed,in order tb realize an efficient design of the
¢

converter. In fact, a three phase balanced load is required for a good
design. This type of load, though restrictiv?, is encounteredQ in a
large family of appiications which include ac drives.

Anothe: system design requirement is’ to utilize improved PWM
techniques such as the ﬁodified sinusoidal PWM [21] [46] aéna chopping
frequency overvl KHz, Sbecifically{ a chopping freqqeﬁcy of 1.3§ KHz

(well within the range of available gate turn-off devices), ensures:

‘ , Y
i) low order harmonics free dc 1link opegation, thus reducing
considerably the size of the bulky dc link reactor employed by

six-step CSI's, :

11) sinusoidal output currents, thus improviné the ac motor

-

performance, and
iii) sinusoidal input currents, thus improving the input power

factor and reducing the EMI.

N -

Furthermore, any fault in the inverter side can be cleared by

rectifier gate control. Linear operation and controlled regeneration

W~

(Y
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become natural for the PWM-CR supplying the con‘inous current aemanded
by the CSI, Finally, the PWM-CR can control load variations by the
means of a aiﬁgle dc link feedback. Thié feature cannot be accomplished

using PWM-VSI due to the presence of flywheel dibdgs.

The subject of the power' supply concept, together with 115

analysis, design, operating characteristics, and experimental results

a érpresented in Chapter 5 [21].

oachi i
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CHAPTER 2

POWER CONVERTER ANALYSIS

s v

v

2.1 Introduction

t

h‘ Cost effective switch mode power supplfes must be compact,
lightweight, and capable of proces;ing a large amount of power per unit
volune. Yet power supplies have to be reliable‘énd operagle for long
intervals without maintenance. Thefefore, to specify design and
evaluate cost for effective power\ suppiy topologies, exhaustive

analysis taking into consideration respective performance criteria {s

Sy
5

required.

The objective of this Chapter is the development of a functional’

———

mathematical model suitable for the an;T;sis and evaluation of improved
pover supply topologies'presented in subsequent Chapters. The proposed
model covers and unifies the ;c/dc and dc/ac pdwer conversion functions
required throughout this thestis. Hoﬁever, the concepts‘HEvﬁioped are

general, and therefore, not restricted to these functions alone. The

broposed model is obtained following. a functional approach (see

subsection 2.1,1).7 Moreover, the model is based on the definition of a

transfer function for switch mode converters. This concept can be

¢

regarded as the generalized extension of the optimun gain function

A

developed in [18] (the scope of this switch mode converter transfer -

function is given in subsection 2,1.2). Specifically, the converter

model developed in thils chapter can be used to study the behaviﬁur of

o eer =



.

. -

«

voltage and current source inverters (dc/ac), and controlled rectifiers’

(ac/de) simultanéously.

/’

In addition to the converter model, this chapter includes

respective generalized input-output converter waveforms and respective

generalized spectra. This . information is essential in the design of

converters and respective input-output converter filters. Ihis chapter
‘also includes generalized design data for swiéch ratings and filters.
' The transfer function:of-switch mode converters introduced in
this chapter, enables: ‘ ¥
" 4) the study of -the duality between voltage and current
converters and their waveform reciprocity,

ii)‘the generalized conparison of PWM control schemes,

ii1) the analysis of converters.in groups according to function

instead of the analysls of individual converters,

iv) the modular ,study of systems with multiple switch mode

-~

converters,

v) a more systematic design approach for switch mode converter

systems.

Ve

2.1.1 Functional Analysis Approach

-
" The fuﬂétional ‘analysis appréach tfeats power converters
according :their specificcpower conber;ion function. This function can
be definéd regardless of the. specifie application and/or circuit

configuration. Table «2.1) shows a functional classification of some

»
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important power converters.

As shown next, the ac/dc power conversion group of converters
includes the controlled rectifiers and both voltage and current source
inverters. Rectifiers are used to convert ac power into Q; power while
inverters are intended to do precisely the reverse, that 1is, the
convers;on of dc power into ac power, Therefore, they appear to
perform different functions. 'However, when these converters operate
under regeneration (reverse power flow) they also perform their
reverse function. For examsle, rectifiers under regenarﬁtioq convert

de into ac, while, inverters under regeneration convert ac into dcﬁo

Therefore, rectifiers can be also viewesd and analysed as inverters and

inverters as rectifiers, This point of view‘has been incorporated in
the subject analysls approach, As a result, three major (and
previously considered independent) - classical converter types

(controlled rectifiers, current source inverters and voltage source
inverters) have been classified as one converter family that’:::};rms
a common ac/dc or dcfac funétion (Table (2.1)). The fact that these
three converter types share identical transfer functions and thereby,
can have 1identical input output waveforms is also to. be shown.'
Moreover,-a perfect electrical duality is found for current and voltage
source converters, In fact, cu;rent and voltage variables in current

source converters, have a one-to-one correspondance, with voltage and’

currerit variables in voltage source converters respectively.

)
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A
s . 1y R
FUNCTION CONVERTER TYPE
ac/dc 1 controlled rectifiers

current source inverters ‘

(/}K voltage source inverters
A4
1] - . 6

dc/dc choppers '

. - T Y

ac/ac. frequency changers

voltage controllers ‘

T

Table (2.1): Functional classification of’a?wer converters.,

2.1.2 The Transfer Function of Switch Mode Converters

*The transfer function is widely uked in‘Electrical Engineering in
connectioq’ with the input-outﬁut transfer characteristics. of linear
systems, and for the investig;tion of their respective static andf\
dynamic behaviours. Typically, tansfer functions are uBed with
linear, stationary (constant parameter) systems. Also, since a
tfansfer function provides an input-outpui description of a system, it

does not include any informat{;p concerning the internal structure of

PN
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the, systenm. Naturally, the classical definition éf the transfer
//////fﬁgggaoﬂ of linear systems is not applicable to tﬁe study of the highly
-?§§333&ear switch mode conv;rters. However, the idea of describing the
input-output behav{our of a system, rggardless of its internal
strutture, is exploited in this chapter in order to define transfer
functions for switch mode converters. This description of ghe

converter behaviour is of tremendous relevance - in power electronics.
»

In particular, input-output converter waveforms are required:

i) for the design of input-output filters,
ii) to pregict load waveforms,
1ii) to predict system input currents, X
iv) to estimate the defree of utilization of system components

(utilization factors),

v) andpto study systems with multiple stages of power conversion,

¢

Furthermore, the idea of a suitable transfer function which is
independent of the conver}er's internal structure allows the designer
to decompose the synthesis of a power converter system into three major

steps:

1) the derivatjon of the converter transfer function from the, task

to be performed by the converter, -
ii) the synthesis of _topologies to realize the required transfer
. fdhctiog, J
iii) the deyermination of the gating strategy required to produce
&

i

. )
the transfer function i) uitﬁx%he topology derived in it).
/‘"V o

™

v .
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The converter transfer function can be used to 0;5;;;;1 a'

s
dependent variable in terms of ité/ respective independent converter
variable, For example;<"the input current of a voltage source inverter
(dependent input) depends on the converter transfer function and the-
converter output line currents (independent output). Dependént swi;ch

mode convertgr variables [16] depend ‘on two factors:on the method by

Ll

which the converter switches awe controlled (i.e. pating signals), and -

a¥§o on the independent power sources (e.g. inpg; utility voltages of
i |

a rectifier) or ideal sink sources ge.g. continuous d¢ output load
current on a rectifier).y . : ' .

A summary of . converter independent and dependgnt variables is
- . T / ,
presented in Table (2.2). This Table considers the port connected - to

the source of power (e.g.d\ utility, batteries) as the input converter

port, and the pdrt tonnected to the load as output port.

Consequently, with the description of dependent variables, the

transfer function of a switch mode converter is for convenience defined
’

here as, ' ‘ ///

converter dependent variable
converter .transfer function = _(2.1)

converter indepefdent variable

- L4
Toc fully specify, the power conversion process in a switch mode
converter (power={voltage]{current]), it is required. to compute both

current and voltage at the input and output ports. By aﬁplying (2.1)

o "
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Al

to Ta’le(z.z), it is concluded that a transfer functio

IS

n for vol

tage and

o

. ;zxaﬁjfer.functi%n f;t current_is defined for every converter type.
The fac;h that a uniquef (valid for voltage and currént) transfer
. function can be found for the group of converters that perform the
ac/dc coﬁv;rsion function is yet to be shown.
CONVERTER PORT " CURRENT VOLTAGE
‘ TYPE } VARIABLE , | VARIABLE
' cqp;rolled input dependent | indepen@eq}
- éectifiértnﬁf// output independent dependent
current’ source L input Nindeﬁendent dependent
o inverter dutput dependent Endependent
voltage source input dependent indep;ndent
inverter output |’ independent ~ dependent“
7.
Table (2.2): Electrical variable classification for the.ac/dc
S @%b fu;ct}gﬁgl family.
. ) / - o (
.-, " e -
t .
.‘\
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2.2 Pulse Width Madulation of Converters

The .practical realization of ; switch mode converter transfer
function is accomplished using pulse width modulation PWM [23] [27)
[46] [467]. PWM in ﬁower converters refers "to the synthesis of a
desired voltage/current :aveform by pulses of variablé width ?n such a

hd ¢

way that the average value of the modulated waveform has the same shape

as a givenfreference waveform. Consequently, a sinusoidal reference -

will produce a modulated waveform which has a sinusoidal ‘'average"
-

waveform (and also some inherent but undesirable harmonics).

)
As stated in section (2.1), for a specific power conversion task

[

the relationship between dependent agd independent variables is given
. x

by the transfer function. The waveform subjected to modulation is the
. ”~
independent variable (exg. input wvoltage in a voltage source
2N

inverter). The moduYated waveform is.the d%pendent variable €e.g. the
i i 4
y .
output voltage~Q£‘ak76TEage squrce inverter), Therefore, considering

the definition of transfer functio

(2.1), it can be seen that a full
analytifal description of the’ modulation processﬂis provided in the
transfer function. Therefore, from the transfgr function standpoint,
ﬁoder convefters can be regardéﬁ as modulators.

p . )
An  explicit mathematical representation of the transfer.function

(ot modplatér action) requires an explict} representation of the’
modulated (dependeﬁt) waveform and the unmodulated (independent)
waveform, ‘Fig.(Z:IaS and Ebgf(Z.lb) show a ‘typical pulse width
mo?ulated waveform and its associated haf;onic spedtrum,  The specific

modulation technique‘emplpygd to determine the waveform of Fig.(2.1a),

.
hia ~

/7

-
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« )

x(t), is called sine PWM [23]. This thesis examines various modulation
techniques and providﬁs the critefia for selecting them depending on
specific applications. |

Fig.(2.1) suggests two possible mathematical representations for
x(t) (modulated or dependent wavefo?m). The first based in Tig.(2.1la)
as follows:’ |
. &

[
J

12 o 1<k<6, r=1

x(t) =X ) (=) ru(t-tk); 7¢k<12, =0 (2.2) \!%
k=1 .
'This‘ approach of specifying g(t) is convenient for time domain
analysis and therefore can be used with the cwsgverter ﬁodel whenever
transient ;nalysis is required. The second mathematical expression
derived from Fig.(2.1b) as the Tourier series expansion of x(t) as

1 0y
follows:

x(t) = X Z a, cos{nwt) } (2.3) ,
‘ n=]

\\”g,¥ .
\

" The gourier series expansion of x(t) 1is useful in frequency
domain tyge of analysis and has been extensively used to predict steady
statg}onverter behaviour [15] [16] (18] [20].  Whether (2.2) or (2.3)
is wused, it 1is clear that a mathematical representation oﬁ the

converter transfer function can be defined on the basis of (2.1) as:

s s

F(t) .%&1 | | C(2.4)

At sk
————
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Sections (2.3), (2.4) and (2.5) develop specific relatioﬁships in order
to define the VSI, CSI and CR commoh transfer function. Moreover, £he
subject transfer function is utilized to obtain explicit steady st?te
common input-output waveforms encountered in ?he ac/de group of
converters.. Moreover, Appendix 1 provides computer subprograms for the
time ant frequency domain solutions of two PWM techniques, namely, SPWM

[23] and modified SPWM [46].

2.3 Voltage Source Inverter Transfer Function

Considering (2.1) and Table (2.2) it can be concluded that each

converter type (VSI, CSI, CR) can have at least two expressions for
B :

its respective transfer function. One for voltage and the other for

current variables. Moreover, different transfer function expressions
tesult by either choosing line currents instead'of phase currents to
define the current transfer function or by choosing phasé voltages
instead of 1ine wvoltages to define the voltage transfer.function.
However, by choosing the independent and dependent variables in a
particular way (i.e. phase currents and line voltages in a VSI) it is
possible to find a common transfer function for both currents and
voltages, thus simplifying the analysis,

/f For VSI‘s.thg voltage transfer function relates input dc voltage
with output ac voltage. Also, the current transfer function relates

output phase current with respective input dc link current. As stated,
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a common transfer function gxpression valid for current and voltage can
be found. This transfer function will be called bidirectional in the

sense that relates input to output (voltages) and output to input

(currents). ' . ~y

2,3.1 VSI Voltage Transfer Function

From Table (2.2) the VSI voltage transfer function can be defined

5 v
by the ratio between the PWM output voltage (dependent variable) and
the input voltage (independent variable). Fig.(2.2) shows a 3¢-VSI

schematic diagram and respective input-output variables. The input dc

rnverter 11 c.

source is represented by an ideal dc source. tﬁ
|
[ !
'd [
T 3- |
. | |
+ | |
vV ()‘ | |
d | voltage | %
‘ ' source ! N
! | 1 .z
1 i .
|
|
{

!
nput . output
port . ’ port

Fig.(2.2)1 3f-VSI schematic diagram,

s

By choosing the output 1line voltages as the VSI output. dependent

- %

-
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variables (Fig.(2.1la)) the voltage transfer function of a VSI becomes:

= L [vaB’ch‘vcaJ
Sv = ;——‘- v (2-5)
d d
Specific steady state assumptions are next considered. These

assumptions are required to compute typical input-output waveforms.
Since, modern PWM VSI should have a dc voltage ripple with a total
‘harmonic distortion (?EE} eqn.(2.6) figure smaller than 57%:

c '

™ - 2 (] (ai)z)”z}ﬂ "h.6)
1 1=2 ,

f
H

it is rgasonable to assume that a small amount of dc ripple (THD 5%)
will have a negligiblel influence on the output dependent variables.
Consequently, the input inverter voltage (independept variable) is
assumed to be constant for steady state analysis in this chapter. The

Qélidity of this assunption used in converter simulation has been cross

checked against experimental results [21] (22] [24] [30].

v E A . (2.7a)
and ‘ ° ‘

- w "y
(V.00 Ver Vea) " E * 5, ' | y Xe%S

2.3.2 VSI Current Transfer Function

From Table (2.2) the VSI output currents, are independent

R T S L At
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variables and the VSI input current (id) is a dependent variablé.
Therefore, by applying (2.1) (and choosing the output phase currents

as independent variables) the current transfer function becomes:

{. 85, 17 : (2.8a)
or by components:

i (2.8b)

i ‘
¢ " L8500 Sypr g

Furthermore, assuning a convérter ' without losses, ,the  input
. ’ 9

instantaneous. powér is equal to the output instantaneous power.’

Therefore,

. v - - T . .
vy * id -V . 1P ) (2.9)
replacing (2.8a),(2.5) into (2.9), h
“ [ ] r . 1 T = L] < » { T Il
vd Si %p vd ‘Sv ip ~ - . (2.10)
o . /

/ -
4

‘An  inspection of (2.10) reveals that §: (2.83) is identical tol§v

(2.7a). Therefore, there {s a bidirectional transfer function § that

» -

4 " »

can. be applied to conpute both dependent variables (current and‘

- a

voltage) -in VSI's.
g ﬁ‘- - .’ . .- ’
SE5 TS '. (2.11)

and using (2.11) and (2.5) the bidirectional transfer funcfion 5 can

+

i
'
f
i
{
!
H
k]
{
%
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be defined as,

§ - 2 (2.12)
) o

<

[y

§ is bidirectional in the sense that it relates input to output (§v)

and output to input (57).

-

2.3.3, VSI Steady State Input Current . ~-
The in?ut current is determined using (2.8) and the output phase

currents (Fig;(z.i)). This expression (2.8) can be used for transient

and steady state analysisﬁr‘ Consider steady state eenditions ‘for the

3
£y

establishment of typical generalized input current waveforms for a
PWM~VSI, Steady state waveforms'are relevant because thgy provide the
basic informatioA for PWM technique evaluation, filter design data, and
converter ratings. A powerful simplifying assumption, fo; steady-state
analysis would consider the indepehdent VSI output current (Zﬂ) to b;
sinusoidal, that is, perfectly filtered. Thi's assumption is valid
.because the high order harmonics present in the VSI PWM butput voitages
are attenuated to meet standard THD specifications (THD 5%Z). Such a
THD figure guarantees that the ripple {n the'output phase current will
have a negligible effect on the input dc current [247 and therefore can
be neglected when computing the steady:state VSI input current.’ The

sinusoidal phase current (fundamental of the output phase current) can

be obtained with reférence to Fig.(2.2) and (2.12) as follows:




B LT ]

or

- 30 =

T . -l (2.13a)

{ (2.13b)

p,1 " E'Z(uo) , ¢

*
and the input current (2.8a) becones:
S |
S Sl

» e 14
d - EeZ(g)’ (210

i

2.4 Current Source: Inverter Transfer Function

The nethod of the previous section can be used to determine the

current and voltage transfer functions for the CSI type of converters.

ﬂ
2.4.,1-CS] Current Transfer Function

From Table (2.2) the CSI current transfer function can betgefined

by the ratio between the PWM output current (dependent variable) and

&~ *

schenatic diagram and Trespective input-output variables. The input

current is represented by an ideal current source of magnitude g

T

)

the input current (independent variable). Fig.(2.3) shows a 3¢-CSI .
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il

|
|
| 3- g
|
|
"~
,d<| Vy | current
| .
l source
|
T inverter
| {
l |
Tnput output’ a
port port

Fig.(2.3): 3@-CSI schematic diagram. .

The output line currents of the CSI shown in Fig.(2.3) are PuM
Qaveforms such as the ;ﬁe depicted by Fig.kz.la). The CSI current
transfer function. can be defined by choosing the output 1line currents
(as dependent variabies) and the 1input current (as independent

e

variable) as in (2.1),

.[15’1b’1c] i
i

d

(2.15)

P
i 1d

i

To obtaln typical CSI line currents under steady state the dc input
current 1is assumed constant. Basically, the same assumption is used

for VSI under steady state in the previous section (i.e. comstant de
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input voltage)-
14=1 .~ ‘ ) -~ (2.16a)
and therefore,
[15.1b.1CJ = IeC, . | ' (2.16b)

2.4,2 CSI Voltage Transfer Function

)

- Applying the transfer function definition (2.1) and Table (2.2)
(choosing phase voltages as dependent variables) the voltage transfer

function Cv becones:

v -E . ;T . (2.173) "
P .

-

(2.17b)

Vg © [Cva’cvb‘cvcj ’ vpa’vpb’vch

b
[N

Furthermore, by equating input and output power the CSI voltage

transfer function Cv .can be related to the CSI current transfer

function E?' Assuming a converter without losses, the input

instantaneous power 1is equal to the output instantaneous power.

Therefore, -

P A ‘ : (2.18)
§,6C osv'mi s C, oV (2.19)

u

R e
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".41dentical to the E‘ (2.15). Therefore, there is5 a bidiréctional

transfer function C that can be applied to compute both types of

dependent variables (i.e. current and voltige) in VSI.

[y

C=C =¢ : (2200 T

Using (2.20) and (2.15) the bidirectional transfer function C is

’

defined as: Cr N

(2.21)

» O
|

= =1
»o

.

4 P
2.4,3 CS]I Steady State Inpg} Voltage

; The iqpq; voliage'can be determinéq'using {(2.17a) and the output
phase voltagés. Reasoning Qigilar té the one that allo;s ‘the
assunption ;f singsoidal waveforms for the steady-state output phasev
currents in a VSI (when conmputing ﬁhe input ﬁarrent) 'Eaﬁ be also

L3

applied in CSI énalysisl For the CSI case the output phase voltages

I

can be assurned purely sinusoidal [21] [30] when computing the CSI

steady state input voltage. Therefore, considering only the

furmdamental of 1, and the circuit of Fig.(2.3),

. {

A .
b = i L w ’ ot . ‘2.&2‘ )
vp,l 11,1 4t o) ‘ ( )
- El ‘ | (2.22b
Yp,l,- 1 t.z(mo) . -22b)

4

and the steady state input voltage (2.17#) bécomes;

Z(wo)\ i '
1 /

~ !

=" =T,
vq - c - C1 .

B

i



F—

o e O s

¥ ¢ ' : '
,//A 2.5.PWM Controlled Rectifier Transfer Function

.2.5.1 CR Current Transfer Function

v v .
S From Tables (2.2) and (2.1) the CR current transfer function can
be defined by the ratio between the ‘PWM 1input currenﬁ (dependentr

variable) and the dc¢ output current (independent variable)..

' 5 ' 7t
Fig.(2.4) shows a 3@-CR schematic diagram and respective ipput
output variables. The CR output current is represented in Fig.(2.4) by
an ideal current source.of magnitude id' ) »
‘ N :
! v J | 4
2 £ a pa ] ' N
S I a ‘
. ( :) | » ‘ 3 - g | -
i | |
5 |
2 Vpb ! 1 —
N l :— Controlled ! Vd Q) 'd N
~§ | N I ‘ :
v Y - 1
c |,
N c {
r-r———{:i>—+~>—~ rectifier
| . ! "
Y _ . |
nput . output
port ) port 1
A '
a :
Fig:(2.4): 3P-CR schematic diagram
In this case the current transfer function becomes,
= i L2
© Y ‘ -

cr e g
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i i ‘ B ' 4
. R, =L i = N C(2.26)7
, 11, d

1.

Also, ip the analy;is pf VSI and CSI converters it has been
-y aSSuneis(for steady state) that ihe independent viriable of the dc
side of the converter |is ripﬁle free. qurespgndinély,'in PWM LCR
s?eady state analysis™the dc output current <can be assuled constant
) , (ripple free.dc). This 355unpfion ii‘valid because when using PWM in

» CR the task of filtering becones quite simple,‘with the output being

typically a snooth (almost ripple free) dc current. Moreover, this

; assunption is routinely uséd even in the analysis of six step CR where,

current filtering becores more c¢ritical [107 [11] [1&]: Therefore for
' . "y

steady state,

{ =1 o . (2.25a)
d . .
/ \ . 2
therefore, N
- re .
ferei 4 - ° © - (2.25D)
[4,4,,1 1= 1Ry - @

1

.

2]

2.5,2 CR Volgage Transfer Function '

£
.

. e

(2.2).the volﬁagextransfer functi&n iv can be defined as,

-

' =R v ’ ' ‘ " (2.26a)
. vy Rv A iP ) i
N - . T L .
; v [Ryp Rops Ryl [vpa, Vob? qu] . _ (2.26b)
LT v ;[

Also, assuning a converter without losses, the input instantaneous

[

s

‘1By applying the transfer function definition (2.1) and Table

i et aon e ter g mmerenr s T



1,0v,= 1, -VPT : | (2.27)
, 4
replacing (2.26a) and (2.24) into (2.27),
P £
A I R p . (2.28)
d v P d i P N L

- v .

An inspection of (2.28) will reveal that ﬁv (2.26a) is identical to

¢

ﬁi (2.24). Therefore, there 1is a bidirectional transfer function R

v

that can be applied to compute both types of dependent variables (i.e.’
voltage and current) in CR's.
- = o ' : ) (2.29) -
v i . ' .

and using (2.29) and (2.24) the bidirectional transfer function®for

»

CR becones: ' . \,/? ; ' - .
/) B
i /-
R I - (2.30)
1, -
. A

B

L3

2.5.3 CR Output Voltage

-

The outnut voltage of a CR can be determined using (2,26a) and

’

the input phase voltaées (normaily the utility).
UI -

N

¢
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2.6 A UNIFIED FUNCTIONAL MODEL FOR VSI'CSI AND CR. - ) ¢

The functional commonality between VSI, CSI and CR together with

the set of input output relations developed throughout sections (2.3),
;(2.4) and (2.5), are used in this section to show that a single model
exists which can be used to describe the behaviour of this family of

ac/dc converters.

2,6.1 Common Transfer Function.

The objective of this subsection is to show that the transfer
functions deribed earlier for each one of the VSI, CSI and CR
converters ((2.12),(2.21),(2.30)) have been deliberately chosen to be

identical. The advantage of such choice 1s that for analysis purposes

-, all three- types of converters merge into ohe, thus simplifying their °

-

© analyses and designs.

~

)
the following (intuitively true) axiom is introduced "For any given

To establish that the defined transfer fuﬁ%tion§\>are realizable

transfer function whose resulting dependent current/volpage waveforms
do not violate respective (Kirchhof's 1awsK it is always possible to

find a converter topology to implement thepsubject transfer function”.

~

>

Therefore, for ea@?&converter type ynder consideration Qé;e. CR, CSI
and VSI) there ié at least one convertef topology that can be used to
realize a valid (i.e. Tespecting Kirchhéf's 1a§s) transfer function.
For a given modulation techhique (e.g. sine PWM) the transfer
functions defined by eqns.(Z.iZ), (5.21) and (2.30), as the ratio of

the dependent line PWM variable and the input de independent variable,

.



are the normalized line PWM patterns of the given modulation, and
N 1

thereby, the subject transfer functions are identical for such
f [ 4

'

modulation. Therefore, for a valid line PWM pattern,

He'S =C=R / (2.31)

v .
Any valid line to line pattern (i.e. one where the instantaneous sun

of the 1line variables is equal to zero) will define a realizable
transfer function H, Therefore“apply{;g the axiom, it will be always
possible to find a topology for a CR, a CSI or a VSI which implements
H. }t is worth noting that H can be used for both steady state and
transient converter analysis.
Fron a classical viewpoint a common fransfér function applicable
to the analysis of.VSi, CSI and CR.is an unex%ected resﬁlt. However,
[ 4
this result 1is consistant with the functional classification of power
converters (Table(2.2)). Moreover, fronla practical viewpoint, and as
mentioned earlier, a common transfer function enables the simultaneous

analysis, design, and comparison of these converter types with the aid

of a single functional-model.
2.6.,2 The Functional Model.

With a common transfer function H the expressions developed in
sections (2.3), (2.4) and (2.5) relating deépendent and independent
variables constitute the basis of the cormon converter model. An

additional step is to define a per-unit system (Table (2.3)) which

allows the conputation of per-unit generalized input-output waveforms.

.

¥
“ P 2= C S
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As a result of this per-unit choice and the common transfer function
(2.31), the one-to-one correspondence for all dependent and independent

variables becones riore apparent.

E =1 pu y VSI input voltage

I1=1pu ) » CSI input and CR output current ,\
Z(w =1 [# pu . ., fundamental load impedance (Fig.(2.2) and (2.3))
Vp :a‘ﬁvg_ , magnitude of mains phase voltage

a, (SPWM,M=1) =\3/2 ,  Appendix 1

a, (MSPWM,M=1) = 1 ,  Appendix 1

Table (2.3): Per-Unit Systen

%
'

N Table (2.4) shows the: cormmon ac/dc normalized (in per-unit)

functional model. This table presents general relations suitable for
. b S

transient analysis (rows a and b) and simplified expressions valid for

steady state conditionse (rows c,d and e). To further illustrate the’

relevance of the simplified steady state relétionships (and respeétive

typicai waveforms) a block diagram of the functional model wvalid for

4

steady state is presented in Table (2.5).

:

The functional model of Table (2.4) has been developed by also

o

assuning:
i) ideal semiconductor§{ k
1i) negligibdle stray circuit resistance, inductance, and

<
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capacitance,

111) ideal operation of the converter control circuitry (perfect
implementation of PWM techniques), .

iv) balanced s\::r\nb?wi.tude and phas;) sinusoidal ac input
voltages. /

Furthermore, the explicit expressions for VSI and CSI input dependent
variables (i, and vy) are vaiid only under steady state ((2.14) and
(2.23)). From a practical standpoint, the above set of assumptions
doesn't constitute a severe restraint, In fact, in most of the
situations the nodel describes the converter behaviour (and associated

typical input-output waveforms) with a good degree of precision [21].

. <8
?

2,6.3 Generalized Converter Input-Output Waveforms

As stated in section (2.3.3) steady state waveforms provide the
basic information to describe the converter behaviour, evaluate PWM
techniques, design the input-output filter, and to specify the

converter switch ratings.

The simplifying assumptions included here are:

1) constant independent dc link variables (i.e. VSI input.
voltage, CSI . input currgni and ' CR outpit currenty),
ii) sinusoidal independent ac wvariables (i.e. VSI load
phase currents, CSI 1load phase voltages aﬁd CR input

phase voltages).

L AR g it B T4

m———

u,ﬁ
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Fig's  (2.5.1),(2.5.2),(2.5.3) and (2.6.1),(2.6.2),(2.6.3) show
generalized input-output waveforms for the ac/dc power conversion
function.  Specifically, Fig's (2.5.1),(2.5.2) ané (2.5.3) have been
computed considering the sine PWM control scheme and Table(2.5) to show

the ac side dependent variable H(wt) and the dc side dependent
variable [H(wt)][H(wt-@}]. The same generalizeﬁ waveforms fare
displayed in Fig's (2.6.1),(2.6.2) and (2.6.3) for a modified sine PWY'
[46].

The displacement angle # is defined as the phase displacement
b en the fundamental of the transfer functiqn and the associated
phage riable (e.g. phase 1load current in a VSI). A leading
dispiacement angle (#<0) 1in the phase of a CSI (Fig's (5&5.1) and
(2.6.1)) corresponds to the lead of the phaée current with respect to
the transfer (or normalized output 1line current) for an inductive

load. .

In VSI a ie;ding displacement angle (@<0) corresponds to the
lead of Phe phase current with respect to the transfer function (or
normalized output 1line voltage) for a capaciti;e load (Fig's (2.5.1)
and (2.6.1)). Lagging displacement angles for CSI and VSI are produced
by capacitive and inductive 1loads, respectively (Fig's (2.5.3) and
(2.6.3)). Inverter resistive‘ loads #=0 and variable modulation
controlled rectifiers (also 6;0) produce the type of waveforms

displayed 1in Fig's (2..5.2) and (2.6.2). Positive and negative

displacement angles are also used in rectifiers as an alternative way

=r

P . ///”\\\
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(to the variablé modulation) of controlling the‘power.:. This mode of
poweé gontrol in recéifiers {s denominated as "phasé control”. In this
mode the énglé Nbetween: the 'utiljty and‘ the transfer function
(displacenent \aqgle) is.var{ed to conﬁrol thé rectifier output‘power.
The tradifiongl‘l{ne commutated ;ix-sfep controlled rectifier wuses a
(9>0) ‘céhtrblled lag (firi@g angle or delay angle) of the transfer
function with respect "to the input phase vﬁltages. Table (2.6)

summarizes the different displacenent angle situations (Fig's (2.5.1)

to (2.6.3)) encountered in the ac/dc family of converters.

4

2.6.4 Input Output Converter Equivalent Circuits

The scope of the mathematical model can be extended beyond the
computation of the input output waveforms with the definition of

equivalent circ¢uits for the input and output connected networks. Those

4

[ g
equivalent circuits are constructed by replacing the power converter by ,

id;al sources defined in Table(2.4).. Furthermore, wheéeverl it is
possible in 3¢-systems, it is important to work for anaiysis~purposes
with single phase equivalent networks. The following aééumpﬁions' and.
cqpsequent restrictions were considered in the development of éﬁe
proposed eqﬁivalent cirgﬁ%ts. |
i) balanced 3¢ filter-load networks,
ii) balanced PWM gontrol fgchniques, and
iii) balanced initial Eonditions: ]

Therefore, the equivalent circuits next deveIopéd are valid only

¢

o2

e
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+ .
per-phase equivalent networks, therefore the analysis is based on the

complete three phase network, However, depending on the study to be

——

fpef%ofmed,‘different simplifying assumptions can be established. Such
a problem is addressed in Chapter 5 of this thesis in connection with |

)
the analys{SJOf CSI under unbalance %zad conditions.

a

2,6,4,1 VSI Equivalent Circuits,
¢

Considering 'Fig.(2.2) and the functional model of Table (2.3),

the per-phase output equivalent circuit for a VSI is shown in Figs(2.7)

¥
, g
1p Lfo 'o - )
> JYrm - 4
+ L Lo
‘ .
vV, T Cso V
. R
(o]
\
Fig.,(2.7): VSI output equivalent circt}t. ‘ <;\\K

and the ihput equivalent circuit of a VSI is shown in Fig.(2.8), ~
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e Fig.(2.9): CSI output equivalent circuit.
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Fig.(2.8)s VSI input equivalent cifcuit
2.6,4,2 (SI Equivalent Circuits \
0 . y
Considering Fig.(2.3) and the functional model of Table(2.3), the
per-phase output equivalent circuit of a ‘CSI is sHown in Fig.(2.9),
! . -

g e b s st . oncr a o



i
Fig,(2.10): CSI input equivalent circuit.

2,6.,4,3 CR Equivalent'0§§cuits

4]

Considering -Fig.(2.4) and the functional model of Table (2.3),

the per-phase input equivalent circuit of a CR is shown in Fig.(2.11),

Y

. -I- lcf . " <
€a <E$Z> , = C¢, '1 "(:L:) 1

Fig.(2.11): CR input equivalent circuit

.
,
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3

and the outﬁut equivalent circuit of a CR is shown in Fig.(2.12),

] Lfo,
d.
T A
=1 o
+ , —
Vg Cj/ S Vo
‘ .

_Fig.(2.12): CR:output equivalent circuit

L
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2.7 Power Converter Analysis and Design

The functional model of Table (2.4) together with the equivafent
circuits can be.used to perform the transient and steady state analysis
and design of respective cénverters. The first step is to formulate
the circuit dynzbic equations using state space analysis and then solve
the system of éifferential equations. Table(2.7) presents the state
space formulation ;f the equivalent circuits obtained with the model
(Table(2.4)) for VSI, CSI, and CR. This formulation is particulariy
important to study transient phenomena’interaction between input and
output netwo;ks. It can be seen in Table(2.7) that the output dyna;{c
equations depend on input state space variables and vice versa. In éhe
state space converter system model of Taple(2.6) Xi are converter

outpat space state variables and Ui are converter input space state

variables.

1

2.7.1 Transient Converter Analysis.,

. Transient analysis in power converters is a subject of Erowing
interest, Converter behaviour during turn on, switch stresses due to
load transients, output disto;tion duging modulation changes, etc., can
be contemplated in the performance evaluation of a power supply or even
included as gomplementary design information.

This thesis does not include transient analysis as a source of
design data nor as a complementary source of information in the

evaluation of power supplies performance. The subject topic is
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recognized entirely as a field for future research. However, Table
(2.7) provideé sone basic relations for transient analysis. The systems
of differential equations (Table(2.7)) .can be solved by numerical
techniques such as Runge-Kutt [49] normally available in computer
center libraries, o

As an examg}e of transient analysis consider a step chané;'in the
modulation factor of a SPWM-VS} (for a modulation factor definition
refer” to Fig.(2.16)). The \resultant dynamic phenomena in the VSI
systen state space variables is shown 1in Fig.(2.13). Appendix 2

contents the computer program (based on Table (2,7) and the VSI

equivalent circuit) for this transient study.
2.7.2 Steady State Analysis

The study of steady state input waveforms and particularly their
spectra is a must in power converter analysis and design. Indeed,
today’s standard specificaiions in power converters include input
output maximurm distortion levels (THD 5% (2.5)) and maximum harmonic
magnitude (usually smaller thaﬁ 3%). _ These specifications are so0
televant that PWM techniques and filter design are intented precisely
to satisfy then, Both, PWM techniques and filter design. can be
conveniently studied under steady state conditions. Moreovéf,
converter switch ratings such as average current, rms current, peak
current and peak voltage are also determined under steady.state
conditions, It is true that step changes in 1load or 1in converter

control variables can create transients that will not be covered by a
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.

steady state analysis. Hdwever, such transient: are normally absorbed
by specialized devices (transient supressors, snubbers, filters) or
converter control techniques (current limit controllers), and therefore
do not influence the steady state switch ratings significantly.

‘The steady state analysis can be performed directly 'in the time
domain or wusing complex variables in the frequency domain. The
contemporary approach to converterl analysis 1s based on frequency

domain expressions [15] [16] [18] [20].
2.7.%.1 Steady State Converter Analysis in the Frequehcy Domain.

With this approach, waveforms and transfer functions are
nathenatically def{ned by their Fourier series expansions such as
(2.2). The mnodel of Table (2.3) and the equivalent circuits for VSI,
CSI and CR can be utilized. This analysis approach is popular because
of the simplicity offered by complex variaples. Indeed, all dynamic
components are treated as impedancesﬁand the solution for every
harmonictconponent can be obtained algebraically. Thi; approach leads
to precise computation of converter input output spectral contént
required for filter design and PWM techni&ue optimization, However,
this analysis approach has the following limitations:

i) leads to double summation infinite trigonometric series
multiplications [15] [20 [30],

* 11) requires frequency to time domain transformations which are

intrinsically time consuming and inaccurate (series

truncation erron‘involved),
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iii) cannot handle nonlinear loads, and finally

"iv) frequency donain based signals do not provide géod

K user-conputer interaction, particularly in power converter

simulation progranms.

2.7.2.2. Steady State Converter Analysis in the Time Domain.

a3
The ' nodel - presented in Table (2.3) and Hhe equivalent circuits

for VSI, CSI and CR can be directly wused in time’ domain analysis.

[

Since precise power converter analysis is normally performed with the

aid of digital computers, time donmain variables and the availability of

conputer graphics capabilities should be ‘considered essential for a
- Lol
good user-conmputer interaction (either in computer terminals or in PC

systens).

To facilitate both, the analysis and the graphical output,
waveforms can be stored in nenory as ngnerical arrays. Experience in
converter simulation and respective contrasp.with\experiménta{ results,
f19] [21] [22] [24], indicates that waveforms with‘ more than 1,000

points per period (typically 360-4=1440) provide accurate results (for

"ot

- . -
converter chopping frequencies up to 3 XHz or 50 chops per period at 60

"Hz).

To illustrate the simplicity of time domain conputer based

mathematical operations,. tonsider the following' operation normally

v

required in the functional <oRverter model of Table(2.3),
0 ¢ ’

.

o P
xy(6) = & (1) - B (1) A . (2.32a)
= - -~ i e v

é ot s & o e S
‘;——vw
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N\
or by camponents,

xd(t)-Ha(t)'Ha,l(t:t)+Hb(;)'Hb,l(t-1)+ﬂc(t)'Hc’l(t-t) (2.32b)

Every addend of (2.32b) 1is the product of a sine waveform (Hi1(t—T))
N '

with a three ~level digital waveform 4&hat represents the transfer

¢

function, Fig.(z.ia) displays such operands for the six-step

k3

converter control technique. Since Ha(t) and Ha1(t-T) are assumed to
b
be stored in k-dimensional arrays (computer memory), namely, Ha(k) and

Hla(k) the multiplication «can be performed as follows (in

Hewlett-Packard Basié 3.0):

FOR N=1 TO k )

Y

IF Ha(N) =1 "THEN Xdl(N)= Hla(N) . °

L

IF Ha(N) =0 THEN Xdl(N)=0 = °

Y
+

IF Ha(N) =-1 THEN Xd1(N)= -Hla(N)
NEXT N
The‘Xdl(k) resultant waveform is shown ‘in Fig.(2.14).

{

Moreover, if balanced conditions are assumed, phasés b and c are
identical to phase a shifted by 120° .and 240° degreé¥ respectively.:

Therefore, the total exﬁreésion (2.32b) can be comguted with the next

n

<
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Waveform-processing fbor six-step PWM (see expr. (2.32b)):
‘a) Ha(t) phase "a" cohponent of tranafer function H(t).

b) Ha (t:]) phase "a" independent variable (fundamental

,component of Ha(t) shifted

"L ¢) first addepd of (2.32p), °

d) .second addend of (2.32b),
e) . third' addend of (2.32b),
£) dc dependent variable (sum

:
]

by Tsec).

~

of (2.32b). =

&

4

2

s arn g
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FOR N=1 T0 k
.o ¢ Xdb(N) = Xda((N+2%k/3) MOD k)
Xde(N) = Xda((N+k/3) MOD k)
d o Xd(¥) = Xda(N)+Xdb(N)+Xde(N)
NEXT N '
The resultant Xd(k) waveform is shown.in Fig.(2.14). ) ‘ i

Once the equivalent independant electrical sources required in

‘the model of Table(2,4) (H(t) and H(t) H(t-T)) are computed, the rest
J :

of the analysis is performed as described in section (2.71) with the

£

aid of the converter input output equivalent citeuits.
~~

. 3
)
. ’
2

.. . -+ Discussion:

4

\The.curréAC Enalysis 3pprOach used to obEPin Xd(t3 has been to
_kxpress the ~operaﬂds of the' required operations in Fourier series
components [18] [20] [30], perform their multiplication (trigonometric
serfes multiplicatio;) and then reconstruct the time domain waveform

fron the resultant trigoniometric series,or sbectrum. This method "does

not produce accurate results t when computing generated time domain.

. javeforms such as(;he one’depicted in Fig.(2.14d). Furthermore, it is
- \ hore complex and rgquires considerably more computef time (specially
*~c= when performfhg frequency éo t{ﬁé demain transformations).
- r
4" . To conclude, the analys{s approach basgd on  the time dgmain nodel
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presentéd in.this thesis has the.fol%owing a&vantages when compared to
thé qurier series ﬁased_typé of analysis:

1) it requires extremely simple mathematical operations, it is
easigr to 'program, and the computer processing time 1is
sever;l times smaller,

ii) it is by large more accurate particularly in the description
of PWM time domain generated wavef{orms,
4ii) it can be directly used 'to study nonliﬁear loads (such as

another power converter), and it

iv) can Ye used for transient analysis.
2.7.3 Converter Switéh‘Ratings.

The. functional model Table (2.4) provides the input-output

ctonverter waveforns (Fig's.(Z.Sj and (2.6)). These waveforms, the

.

nature of the converter (current or voltage), and the converter switch

In barti ular), for three phase applications, the bridge arrangement of

‘ ~
ation are required to compute the steady state switch ratings.

power semiconductor¥. possesses a number of advantages over all
alternative possibflities and has become a standard 3gfconfiguration
for rectifiers and inverters [1Q] [11] [14]). A bridge structure will

« '
be employed throughout this thesis for the synthesis of the improved

proposed power supply topologies. Fig.(2.15} shows a generalized .

bridge configuration utilizing ideal switches instead of power

seniconductors. /ﬁhe bridge switch ratings (for VSI, CSI, and CR)

”computed./ne&;Jin sugggctions~(2.7.3.1) and (2.7.3.2) are surmarized in

S

. ¥
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Table(2.8), . ” ’ . 7
14
> ,
tm tZsa t(}ss
A S, S S
v v 1a b , le
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XS4 - J Ss. X S2 - !
e a

Fig.(2.15): Generalized bridge configuration.
‘ °

To éompare the switch ratings subsequently obtained for VSI, CSI

and CR, the,switch utilization factor can be defined as,
1‘ l . ’

P » .
S N - or . (2033)
vt Ns[va peak i av;) . ' ‘ .

-

‘ The Suf figures for the bridge structure Fig.(2.15), operating l
with SPWM and modified SPWM, are also summarized in Table(2,.8).
\I ' - 1

-
-~
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2,7.3.1 VSI Switch Ratings. *
‘ -~ ¢

To compute the current ratings of a VSI bridge converter consider
the circuit of Fig,(2.2), Table(2.4) and the ©bridge structure
Fig.(2.15). Moreover, the VSI 6utput 1ine currents are assumed

“\\\\‘ sinusoidal under steady state, therefore,

<

- /3 |i‘-;l| -/ n

[

AN

i

- fifhl (2.34)

1

'ia,ll'-‘V§—. p,ll

In a VSI, switche; conduct the sinusoidai output 1line currents

with a 50% duty“gycle. Therefore,

[

. , .

al /T
Is avg "N T 8
w
b A (2.35)
Is ms ~ 2 2 %1 ”
L ¥ .
= = /— °
Is peak al 3 |
—
)
" ’
1 The a, values for SPWM and modified SPWM are computed in Appendix
. 1 (a‘(SPWM,M=1) = ngz; a'(MSPWMfM=1) = 1), Furthermore,_the switch

peak voltage of the VSI bridge of Fig.(2.15) can be determine by
. s . _‘ .J ’

.
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inspection, and is equal to the input voltaie (E=1pu).
2.7.3.2 CSI and CR Switch Ratings ‘

. Both, €SI and CR are current type of converters and have
identical switch ratings whenever sharing the same circuit
configuration. For the bridge of Fig.(2.15), and using Table(2.4), and

Fig's.(2.3) and (2.4) the steady state line currents are:

1,(0) = e k S (2:36)

3

z

&
These line currents.are of -th‘e type shown in Fig.(2.1). ~ The duty

'

cycle of a line PWM waveform is 2/3. Therefore, a switch of a CSI or
CR will have a duty cycle of 1/3 (note that two switches are connected
per line)., Consequently, the current ratings for a switch with a PWM

waveform of anplitude I= 1pu and duty cycle of 1/3 gie,,.,

1
Is avg--i-pu -

1 =L | (2.37)
-3 l’ms /-5 I . t ’
o \ I' 1 \
I peak =1 p'u : . : . - : )

-+

The voltage rating for these converters: (peak voltage) is

‘ B
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identical to the peak current rating for a VSI. To probe this

statement consider the CSI or CR pedk line voltage (which is also the .

of

switch peak voltage) in Fig.(2.3),

»

Z‘)-/E—Hl-/i—hl pu (2.38)

Ve peék - /3—'\vp,1‘-/§—.(‘11,1"

A conparison between (2.34) and (2.38) “shoﬁs the ratings

-

gy
. reciprocity between these dual converters. Again, replacing the a

-

1

values for SPWM and MSPWM into (2.38) the CS;-CR voltage ratings
becomes defined.

A éummary of the generalized per-unit ratings of the bridge ac/dc
converter is presénted in Table(2.8), The ratings are computed with
reference to the per-unit systen defined in’ section (2;6.2)(;nd are

valid for VSI, CSI and CR converters. Specifically, (2.34),(2.38)

define the voltage ratings and (2.35),(2.37) the current ratings.

©

Discussion:

Inspect;gg Table(2.8) will 1lead to the conclusién that the
modified SPWM offers a significantly better switch utilization Suf for
current - and voltage ac/dc converters than thg SfWM. Furthefmore,
curgent.and voltage ratings can also be used to compare current and
voltage typ;s of ;onverters. Comparing thg_Su of VSI with respective
Suf of éSI and CR, the VSI has a better switch utiliz;tion.‘ ﬁowever,'a

3
switch in a VSI is implemented with a controlled ifmiconductor and an
. » .

antiparallel diode (two' semiconductors) while ?f yand CSI do not
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require. the diode. This situation and its effect on component

utilization will be studied in detail in Chapter 3.

[ PR
s

2,7.4 Converter Switching Frequencies.

f

The converter switching frequency is directly related to the

implementation of a particular modulation technique. Therefore, for

the completeness of the bridge switch ratings (Taple(Z.lO)), the

‘¢
switching frequencies fequired to implement SPWM, and the MSPWM  are
considered next. In generaly variable modulation techniques utilize a

"reference" and a "carrier signal", Fig.(2.16) shows the reference
LY

and carrier signals for SPWM. Moreover, Fig.(2.16) defines the

-

modulation factor and the normalized carrier frequency fen.

=

==

)
ac. SRR
N
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\

Thg normalized carrier frequency is 1important because dominant
harmonic frequencies are usually specified in terms of such frequency.
A dominant harmonic is defined in the context of this thesis as the

s .
**hardest" harmonic to‘be filtered (a#%o see section(2.7.5)). Sw?tching
frequencies for the impledentation of these techniques are given in

(23] [24] [21] [46] and ‘are summarized in Table(2.9) in terms of the

fcn,

SPWM MSPWM
VSI fen fen
“ ’
] : : \.,.~
) CS%—CR fent2 (2/3)fen s

Table(g:9): Normalized switching frequencies.

2.7.5 Converter! Filter Design Considerations. L :

The generalized steady state waveforms (Fig's(2.5) and (2.6)) of

the ac/dc PWM converter have to be filtered to neet standard THD(2.6)
) .
specifications (usually 5%). AnthEr usual ‘specification, generally
more restrictive, 1is to limit the size of the domiqgst harmonic to 3%
of the wanted compon;nt (rated valhe). The method broposed .in this
thesis is\\to 1imit the siie of the donminant harmonic (3%) anﬁfthen

verify if the resultant spectfum has a THD smaller than 5%.

The first step in power converter filter design is to find the’
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. w
required filter break frequency which ensures that the dominant

harmonic ampligude (after filtering) 1is bounded to 37%. Using Bode
diagrams [50] it can be concluded that the filter break frequency is

V\\

given by:

(2.39)

Pl

. Y
The next step is to consider specific PWM techniques.éhd rel4ted

input output spectra. Using the subprograms of Appendix 1 (see also

Fig's(2.5) and (2.6)) ,the input output dominant harmonics (frequencies

and magnitude) of SPWM and MSPWM are summarized in Table(2.10) in

.terms of the normalized carrier frequency fen rig.(2.16). It is worth

while to recall that cofverter switching frequencles are related to the

~

ferr (Table(2.9)). e '
Table(2.10) and expression (2.39) enables a more precise
dominant harmonic definition as follows: " the dominant harmonic, for

a filter of order a is the one that requ}res the lowest break frequency
<
to become ‘smaller than 3% of the fdndamqptal“. -

o

For example, congider the dc spectrum of MSPWM ﬁTapig(g.ld)).
\

The dominant harmonics are: ' 1

fen-4 with  first order filter

o fen-2  with - second order filter

Using Table(2.10)  and ‘@he specific filter required (typical

“ converter filter configurations are given in Fig's(2.7) to (2.12)), the

L

3
break frequency can be approximated with (2.39)., Finally, ng filter'

St e o
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components are chosen to produce the

weight?gdst, and system reliability [28].
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2.8 Conclusions

1

A novel- analysis approach for switch mode converters has' been
. { .

proposed in this chapter. The subject analysis approach is based on

the definition of a transfer function for switch"modeAfonverteys: With

the use of this transfer functioﬁ; converters can be modelled by black

boxes that pefform specific conversion functions (e\%. ac/dc conversion )

'
or rectification) using specific PWM techniques (e.g. sine PWM),

This treatment makds possiblé}the simultaneous a;alysis of groups
of converters that snake conversion functions (e.g. Vsl, CSI, and. CR
perform the same ac/dc or dc/ac conversioﬁ function). Furthermore,
with this approach the analysis of systems with multiple power
conversion stages becomes fmodu1a£ and simpler (with each module

-

represented by its transfer function).  Moreover, the approach -is
: o

consistent with the technological ‘trend Egyards integrated systéms

- € pa
where the actual internal structure of the nodule (i.e, converter) is

’

irrelevant to the study of the power conversion system;
K

‘The transfer function concept allows for a more.systemﬁiic

synthesis by allowing the decomposition of the design of power

converters into three major design steps:

i) the derivation of the converteq"iransfer function from the
' b @ .
conversion task to be performed and available PWM techniques,

, . \
11) the synthesis of topologies to perform the rtequired conversion,,
-

and

o

' ii1) the determination of the gating strategy required to produce

. R 5 S
transfer function i) with the topolo§y derived in iigr
. N \

- - "
\ ©
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. Specifically, this cifapter identifies a‘common bilateral transfer
» ‘

' function for ‘the ac/dc @goup ¥ converters (VSI,CSI, and CR) merging '
their traditionally disjointed anglysis' into ' one. Moreovea, this

transfer function has been used to produce normalized steady state

- ~

° .
waveforms for VSI,CSI and CR converters. In particular, waveforms

\’N'

which simultanegusly represent the output line voltages of a VSI, the
output line currents of a CSI, and the input line curreTts of a CR have.
- been established. Further, wavefgrms which simultaneously reéresent

o

the input current of a VSI, the input voltage of a CSI, and the output
. S
voltage of a CR have also been established.
To process the proposed transfer function relationships this
chapter has introduced a time domain based approach. Th¥s approach,

vhen compared with the traditional Fourier series based approach, has
. «*

the following advantlgesp

)

-

i) g Lequires extremely simple mathematical operations, it is
‘W -easy to program, and the computer processing time is many times
sinaller,
ii) it 4s by Igrge more accurate, particularly in describing PWM time
domainqgenerated Qaveforﬁs, and

oo i}i) it can be directly used for transient analysis.

Finallf, gen:ralized design data is provided for VéI, CSI, and CR
30-bridge converters. Ege data ‘include normalized switch ratings,
seniiconductor switchings frequencies, and normalized‘ {npht/output
frequency spectra for the sine PWM and modified sine PWM techniques.

v * \ ) '

/

’

g T, e e
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* CHAPTER 3

COMPUTER AIDED DESIGN FOR SWITCH MODE CONVERTERS

»
f,at

3.1 Introduction

y

According to the primary objective of thﬂéyfhesis, which 1is the
performance iqprovément df‘static power supplies, this chapter proposes
a VSI design approach thgt significantly improvés the VSI component
utilization. This topic is relevant because VSI based syétems account
for most of today's inverter power conversion systens. In particular,

ac drives. and UPS systems are two major families of applications for

VSI's,

Specifically, this .chapter identifies an important source of VSI )

-

component under-utilization introduced by the contemporary VSI Hesign
7 N o
approach [11] [14]. The proposed design method is based on the

. \ . :
utilization of generalized per-unit rating curves. The application of

the subject method completely removes the under-utilization introduced’

by the contemporary approach, thereby, Eﬁsulting gn an improved PWM-VST

design [22]. . T
X .

The coﬂte@qprfi; approaip assumes thatf the switch componenf
ratings Fig.(3.1b) are identical to tﬁe switch ratings Table (2.5).
This design assumpeion is inaccurate and the resultant ratings'exceed
the real requ@ﬁn&. Altﬁough resulting component utilizatio_p is low,

N

the assumption has been used extensively and the task of optimizing a

design has been more an art than a science. However, by computing the’

.

-,
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Fig.(3:2): The sinusoidal PWM control scheme.

a) method of obtaining inverter switching points,
'b) Switching function of phase a.

¢) Transfer function (phase a component, Ha(t)).
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Fig.(3.4)s A" fixed PWM pattern control scheme (Fig.(4.7)).

a) Switching funetion of Swl (Fig.(3.1a)). ~
b) Transfer function (phase a component, Ha(t)). §
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exact semiconductor ratings'the utilization of VSI components can be
heavily improved. Thus, not only the required semiconductors will be
smaller (for a particular power lével) but also aux?liary components;
such as R semiconductor heatsinks; will be directly influenced.
Therefore, the density of power processed by a power supply unit can be
boosted without compromisiﬁg the system complexity or cost.

The exact computation of the VSI semiconductor currents requires
the exact prediction of semiconductor current wavefornms. Fig,(3.1a)
shows a generalized bridge converter usually chogen to perform the
ac[dc conversion function [10] [22]. This converter configuration and
the VSI steady state output currents computed as indicated in chapter 2
can be used to compute the current waveforms flowing thrgugh the bridge
“switchesa furthermore, Fig.(3:lb) shows a typical VSI  switch
configuration which consists of a unidirectional swifch (controlled
semiconductor) and an antiparallel "flywheel diode". Therefore,
considering Fig.(i.lb),.' :

- - (3.1)
1= 1, - i, “ .

This relation shows that the current flowing through the switch is not

Adentical to current iy or current ip (with the exception of trivial’

'casés). Therefore, semiconductor ratings are not identical to switch
ratings. -

‘ To estimate the severity‘of the‘under-utilization introduced by
the contemporary approach consider the VSI switch utilization factor

(2.33) re-defined (i.e. considering the .two.switch components) as,

.
By e itw,;w%@ > e



P : : ‘

or oF
Sy = — - (3.2)
VUF NS(VT peak 1T‘avg *vp peak ) an> A /

And replacing the semiconductor ratings by switch ratings (as. done by

/

the contemporary VSI design method) [11] [14] results in: - !
. ’ . / ) s

P S : / co
or (
S - - » 1 (343)
VUF ZNs(vs peak 1s avg) , // '
/
i/ X
it d

A comparison between Sur (2.33) and the resultant Svur(3.3) shows
that the semiconductor ratings of a VSI could have beef derated up to a

100% \by adopting the éssunption of the contempordry approach. ‘The
~ ntenpor

_severity of this flgure 'shows the necessity for a/ mére precise VSI’

design method. .A precise design approach is req£1red to determine how
the switch current is distributed among the swiﬁeh _ components. Both,

the modulation factor (for a specific PWM, Fig.(2.16)) and the loag,

power, factor have influence over how the cu:{ent is distributed among

the switch semiconductors. Therefqﬁe, thé improvement to be
accomplished depen&s on the VSI requéred ranges &f operatiop
(modulation and power factor )rangeé@. Naturally, wideﬁ ranges.of
operation (modulation and‘power factoé) require higher VSI current

!

semiconductor ratings, /-
To facilitate the design/{gek, for specific ranges of operation
;
in a particular application, gederalized per-unit ratings data curves
. /

for the VSI semiconductors/ﬁave been developed. The subject curves

) ' |
N A
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. 3.2 Voltage Source Inverter Load Considerations
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- '

define the subject ra;inés as a function of modulation and power
\ . - k ‘ .
factors, Design. data has been obtained for three PWM control schemes,

namely, the sinusoidal PWM Fig.(3.2), the six step Fig.(3.3), and a

, L i - . .
fixed PWM .pattern Fig.(3.4) as proposed anuntilized in Chapter 4 of

I

this thesis [24]. . C.

m.

t
[

, To ensure a wide coverage,‘&i; design data have beerf obtained
. ;

wh}le considering the load characteristics of two important families of

applications; nanely, ac drives and UPS systenms, In ac drive .

applicétions (speed control) the VSI normally requires a full range of

modulation factors. Indeed, the output voltage (théreby the

_ modulation) 1is varied proportionally to the output frequency ‘(machine

+ ' speed) to maintain a constant magnetic flux in the machine [11] [31].

Furthermore, the VSI load power factor depends on the actual mgchanical

‘load'of the machine: [31] [45]. The inductive power factor range'

consideted in this chapter .(.2 <cos(9) < 1) satisfies expected ac
induction'maéhiné dfi&e " requirements, ) Also; 'as required in drive
applications, the data 'is obtained 'upder rated output curreﬁt
conditions.

- In'UPS systems, thé required range in VéI moddlatioﬁ factor is

smal;er'.compared, to,'the ,range required in ac drives. . Pulse width

modulation in UPS is used nainly for t%o reasons: for the fgqﬁglion of

Cah

input-output ‘filters, and to regulaté the outpyt letagéy The usual
T ~ .

' S - , V

i s s W e

A
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modulation range réquirement in UPS systems is (.723<M<1, [24]).
This operational range is already-included in the wider range required
for ac drive applications} Furthermore, although the inductive power

factor chosen in this chapter could be restrictive 4in certain UPS

‘applipations, the method of obtaining the design data is valid for any
"modulation and/or power factors.
" With the available load model the next step in ohtaining the

" required component ratings is to consider an adequate codYertér model.

The analysis method of Chapter 2-and Table (2.4) are used ,to compute

"the input-output steady-state waveforms required. Moreover, Fig.(3.5)

shows the input-output equivalentnciréuits utilized in this chapter for
the prediction:of_ihe input output converter currerits. The basic
analy;is assunptions of this chapter are ideal components, pérfectl

balanced cgnaitions, and steady state opefation. These assumptions

cannot be considered highly restrictive éhd, even for the exceptional

cases where they are not applicable, the given - design method

constitutes a good first step iteration,

=

—r

tadhn S - -

—
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3.3 Voltage Source Inverter Input-Output Current Analysis

-

the VSI Eté;dy state line output currents are computed by
,3pplying the line output VSI voltage to the load impedance (Fig.(3.5)).

Specifically, the output line currents are given by:

[

s uh ‘ : : 3.4
i, == , ‘( )

Typical 1line currents are shown in Fig's(3.6), (3.7) and (3.8) for the
PWM schemes under analysis. Nextl the switch currents are obtained

3

from the time domain product of the lime currents times respective

”1sditching functions (3.5) ( Fig's.(BlZ)jﬁ (3.3) and (3.4) ). In the

“context of this thesis a switching function (SF) 4is the normalized

o
control signal applied to a controlled semiconductor [15] [16] ([17].

Thereby, considering the effect of the flywheel diode in a VSI, a “one"
in the switching function corresponds to an on state (closed VSI
oswiteh) and a '"zero” 1in the switching function corresponds to an off

state (open VSI switch).

o 8 .
~

i . ' S (3.5)
iy =1, ¥ ( ‘

)

Once the VSI switch currént.waveforms Fig's.(3.6d), (3.7¢), and
(3.8¢c) h&;f been obtained the switch component currents can bd
determinedl, (3.1). We assume (as in chapter 2) that the analysis is

carried out by a digital computer. Therefore, the numerical values of

a switkh current are assumed to be stored in a k-dimensional array

r G SN s B e s 1

Pty
ey

e
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is1(k). Consequently, the switch current componenté (4T, iD) can Be

-8
computed by subjecting each 1s1(k) array element to conditional
L PR
statements, )
«FOR n=1 TO k
IF is1(n)>0 THEN iT1{nd=isl(n)
h
IF 1s1(n)<0 THEN iD1(n)=-1s1(n)

NEXT n —— . .

L

Fié's.g§.6ehf). (3.7d,e), and (3.84,e) show typical switch current
component (iTl, iD1l) waveforms. To complete the VSIZcurrent analysis,

the input current id is computed considering Fig.(3.la) as follows,

)

N
.= ' (3.6)
lg=1g *is3 ¥ igs .

Equagion (3.6) can be compared to (2.§§b), since both are usedyto

,conpute the VSI converter input current. Furthermore, since 1in this

’ [

chapter_ th —exact line current waveforms are computed {(therefore not
perfectly sinusoidal) the input current computed with (3.5) will be
slightly different to the qne predicted by the functional model of
Table (2.4) under steady state conditions. Fig's.(3.6g), (3.7f), and

. )
(3.81) ghow VSI simulated input current waveforms for SPWM, six step
. ®

and fixed PWM pattern respectively. Moreover, Fig's(3.6h), (3.7g), and

(3.8g) show the input curtent spectrum obtained for the three “control
schenes under study.
Finally, the'VSI seniconductor ratings are directly determined by

applying the average, tms and peak value definitions to the respective
i <
* o

~ -
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Fig.(3.6): Inverter generated current waveforms with the SPWM

- - control scheme, (M=.6, pf=.6 inductive),
a) Method of obtaining switching points.
b) Line output current (ia(wt) waveform). . '
c) Switching function of switch Swl (Fig.(3.1a)).,

. d) Switch (S 1) current waveform (isl(wt)).
e) Controlled semiconductor current waveform (iT(wt))
f) Diode current waveform (ib(wt)). )
g) Inverter input current waveform (id(wt)). A
h) Inverter input current spectrunm. ¢
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" b) Switching function of switch Swl (Fig.(3.1a)).
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In§er;er ggnerated!waveforms with the six-step PWM

scheme, / ‘
a) Line- output current waveform (ia(wt)). .

¢) Switch (S 1) current waveform (isl(wt)).

d) Controlled semiconductor curredt waveform (iT(wt)). .

‘@) Diode current waveform (iD(wt)}.
£) Inverter input current waveform (id(wt)). -

g) Inverter inpu?rcurrenf spectrym.
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a) Line output current waveform (ia(wt)). ° :

. b) Switching function of switch Swl (Fig. (3 la)) ‘ ' ‘
¢) Switch (S 1) current waveform (isl(wt)). ‘ ¢
d) Controlled semiconductor current waveform (iT(wt;S '

e) Diode current waveform {iD(wt)).
f) Inverter input current waveform (id(wt))
g) Inverter input current spectrum. . : T
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VSI current waveforms. Specifically, for the controlled semiconductor,

-

. X
- -}—- ! o 3-7
1 avg ™ 2% ;2.1 (1y(m) +: 1p(n-1)) (3:78)
‘ - (L lf (1. 2(ny+t (1)) M2 (3.7b)
i ms * (3% LoV T AR . .
‘ — ¢ .
i peak mag(iT(k))_ . (3.7¢

and analog expreséions for the diode.
-

3.4 Generalized Design Curves

-~

Two factors influence the VSI current waveforms and thereby the
cémponent ratings computed with (3,7); namely, the modulatton factor

Fig.(2.16) and the 1load power factor. To consider both.factors

r b

‘-

simultanecusly a normalizgd per-unit familf of curves has been computed
in évery case (average, Tms, and‘peak). Fig's(3.9), (3.10), and (3.11)
show éhesé’cutves for.LEg three PWM schemes under study.

The per-unit base has been chosen 1in such a wéy as to be
congistent with the ‘rat}ngs of Table (2.8). Thereby, the dc input
yoltage for SPWM is 1 pu. | ﬁyweyer, to obtain the same per unit

fundamental line currents (assuning a common load), the input voltages

’

»

for the six step PWM and the . fixed PWM have to be adjusted

consistently. The dinput voltage for the six step is equal to .7§'pu .
I S
\
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" Discussion:
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1 . v

\ -
and for the fixed PWM pattern, .845 pu [46].

"Using-(2.34) the fundamental rms value of the output line

-~

current isi

v

= 1.061" pu ’ (3.8)

4
b

[

Fig's(3.§a) and (3.9b) show that the ratings of the controlled

*\ .
switches (average and rms) increase with a higher 1load. power factor

and/or a higher PWM mqdutation factor. The opbésite is true with

respective diode ratings Fig's(3.9d) and (3.9e). .The explanation is

-

that conduction intervals of unidirectional controlled switches

decrease with™ and power factors. On the other hand, reactive

currents flowing throuygh flywheel diodes increase whenever M or the

\

power factor decreases.
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Fig.(3.9): Normalized component fatings‘with the SPWM control

schene. .

a)}Contrblled-switch average current ratings, iTavg. '’
"b) Controlled switch rms current ratings, iTrms.

¢) Controlled switch peak current ratings, iTpeak,

d) Diode average current ratings, iTavg.
‘e) Diode tms current. ratings, iDrms. -

f) Diode peak -current ratings, iDpeak. - v ;
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scheme,

a) Controlled switch average current ratings, 1Tavg.
b) Controlled switch rms current ratings, iTrms,
¢) Controlled switch peak current ratings, iTpeak.
d) Diode average current ratings, iTavg.

'e) Diode tms current ratings, iDrms.

£) Diode peak current ratings, iDpeak. ' \\_.\\
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F1g (3.11): Normalized component ratings with-the fixed PWM scheme
' Fig.(4.7).

a)
b)
e)
d)
e)
£)

.
§

Controlled switch average current fatings, iTavg,
Controlled switch rms current ratings, iTrms.
Controlled switch peak current ratings, iTpeak.
Diode average current ratings, iTavg.

Biode rms current ratings, iDrms.

Diode peak current ratings, iDpeak.
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3,5 A SPWM Voltage Source Design Example

’

'In order to illustrate .the significance and facilitate ‘
understanding of the generalizled design curves Fig's.(3.9), (3.10), and

/18.11) the following:design example is presented.

/
/

/

,/ Ex§mp1e:

"
i

Obtain the ratings of a three phaiijjfgu VSI Fig.(3.1) with the

followfﬁz:§§ fications:.

v . 1

1) 30 KVA rated output power,
11) 100 Vims rated output phase'voltage,

111) 0.6 <pf €1.0 power factor ranée (inductive), T (3.9)

. <

iv) 0.7€<¥ <1,0 modulation factor range.
i

Solution:

~

30,000

Y .
rated ‘line current = ~irom = 100 [a) - _ (3.10)
N ' ' i
using (3.7) and (3.9),
. A '
1 . . . : . ;
1 pu current = 1?361. - 96 [A] rms - o . (3.11) ?

Solution 1: contemporary design approach method for SPWM, \

o
e

3
.

using Table(2.5) and (3.10), .

) K AT avge 1D avge .48 © 94= 45.1 [A] . 5

" ¢ 2 3 ‘ b
o, . . =




A
63

- 98 -

{T tms= 1D Tms= .75 - 94= 70.5 t]

\ IT peak= iD peak= 1.5 - 94= 141 [A]

Vpeak = (2/.707) -+ 100 = 283.[V] , [zgj. o ' L . | “op
. o~ .

Solution 2: improved design method for SPWM -

{T avg= .425 « 94= 40 [A] ; Fig.(3.92), pf =l., M=1, a :
LT rms= .72 - 94=68 [A] ; Fig.(3.9b) , pf SL;; M =1, . CL
{T peak= 1.5 - 94= 141 [A]"j, Fig.(3.9¢). . :

Vpeak = (2/.707) - 100 = 283 [v] , [24].

ID avg = .16 - 94= 15 [A]; Fig.(3.94) , pf =.6, M =.7 o

.- 1D Tme= 142 - 9= 40 [A] ; Fig.(3.9¢) , pf =6, M =.7

iD peak= 1.5 - 94= 141 [A) ; Fig.(3.9f) . ' . [

Vpeak = (2/.707) - 100 = 283 [V] ; [24].

Discussion:

To have a quantitative idea of the fatings improvement in the
semiconductor ratings accomplished with the proposed desigh.  method,

consider the Svdff(S.Z)'ratio of the solutions 1 and 2,

7

s Y ’
VUF2 JAB+.48)
improvement raﬁio = svur1 - 2.625+.16)- 1.64 | (3.12)‘

B o S A bt ot

Therefore, a 64 % improvemernt in the semiconductor utilization factor,

i

as defined in (3.2), has \been ' obtained with the improved design '

approach in this particular example.

S\




“3.6 Experimental Rgsults
o | ) .
To check the validity of the proposed design method, sglected
',,tﬁeoretical'r;sults were verified with an experimental 2 KVA ukit.
Primarily due to the fact that SPWM has been uﬁiiized in a large nuTber

of -applications, the subject scheme was selected o compare analytical

and experimental results.
' 4

Fig's.(3.12a) and (3.12b) show experimental 'inverter output
line to 1line voltage Vab(wt) and 1line current ja(wt) waveforms,
Fig.(3.12c) shows the inverter switch current isw(wt), finally,

Fig's.(3.12d) and (3.12e) show the inverter inpuf current id(wt) and
. * .

respective input spectrun. A'comparison of this experimental data with

i

the analvtical results shown in Fig's.(3.2¢), (3.6b), (3.6d), (3.6g),
N .
and (3.6h) reveals a close agreement between current and voltzge

waveforms. A quantitive measure of the precision, predicted waveforms
against experimental results, is obtained by comparing predicted and
experimental semitonductor ratings. Fig.(3.13) .shows predicted and

» 1

experiméntal results for the SPWM control scheme. To facilitate

comparison, both experimental and predicted results have been plotted :

o~
en the sane set of axes, A difference between predicted and

experimental = below 3 ’ was obtained ie the compari'son. This figure
. 2
should be considered quite acceptable.
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. Fig.(3.12): Experimental inverter voltage and current waveforms
with the SPWM control scheme (M‘l and load pf=. 8.
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Fig. (3 13): Worst jcase experimental (x lines) and predicted (solid
' lines) inverter component current ratings with the '
* SPWM 3ntr01 scheme.
oy .
'/ > .a) Corjtrolled switch average current ratings, iTavg.
b) Co trolled switch rms current ratings, iTrms.
¢) Controlled switch peak current ratings, iTpeak.
d) Diode average current ratings, iTavg.

©

° e) Diode rms current ratings, iDrms. . @
. g f) Diode peak current ratirgs, iDpeak.
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3.7 Conclusions
" )

A generalized design approach that maximizes the wutilization .of
seniconductor components in voltage source inverters has beén proposed
in this chapter. This apprdl@ch has also been used to identify a source
of switch component under-uti}ization introduced by the typical 'gut
and try" d;sign approach‘ef‘voltage source inverters.

The improvement of switch utilization acconplished over the
typical‘design method depends on the required range of operation of, the
inve;ter (a 64 % improvemegt has been obtained in a specific example in
this chapter). .‘Therefore, is not possible to give a specific figure

-

- for the switch wutilization improvement that can be accomplished.
y .
However, at least a 45 % improvenent is obtained if the VSI requires
“the full modulation and power factor ranges considered in this ch&pter‘
Furthermore, its application is simple and direct, as observed from the

given generalized!‘ design&urves. Also, because of its intrinsical

simplicity, th%feapprqach can be extended to any power converter

) ‘configuration and implemented in personal computers. The resulting

design curves were expressed in per-unit form for maximum

appiicability.\' Finally, selected predicted results have, been verified

experimentally on a two KVA laboratory prototype unit,

%
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CHAPTER 4 ‘

IMPROVED POWER SUPPLY EPR FIXED ?REQUENCY OPERATION

4,1 Introduction

-
This chapter presents a circuit topology and réspective control
-’

strategies intended to improve the power conversion process in

" fixed-frequency power supplies. From the large family of applications

of fixed~voltage fixed-frequency power supply'systems, UPS have been
selected to 1illustrate this study 1in a practical application, In
particular, this chgpter pregents an evaluation of the design practices
of static uninterruptible power supplies (UPS) systems and proposes a
new circuit topology, based on the regulation of the dc Iink,‘to
significantly improve the UPS power conversion proeess.

Solid state UPS systems are widely employed today to maintain an
uninterruptible flow of high quality power to a critical 1load,

indepéndent of the status of the ac.line voltage. The. continuity of
° . )

the energy supply is usually ensured with the use of batteries capable ‘

of storing enough- energy to overcome prolonged ac .line 'ﬁoltage
intgrrqptions. In UPS applications the battery's voltage E 1is
typically alloweéd to vary from 20% below to 107 above its rated valqzi
However, while the dc link(voltage E varies, the amplitud; ;f the ac
load voltage must be kept constant. This performance requirement 1is

usually met by varying the degree of modulation in the inverter output

phase voltage Vao. Since the fundaméntal component Vaol of Vao {is

' proportional to the modulation index M, it follows that the lowest M

’

e apfpdes



- 106 -

value will correspond to the highest dc link voltage Em value and

\ vice-versa. “Thergfore, the dc 1link is normally operating with close t&
Em voltage conditions (max. de link voltage), and the UPS inverter is
forced to operate with close to minimum mpdulatfbn index value Mmin for
most of its ON t%me (see Fig.(4.4)), Consequently, the dc link is

under-utilized by a factor:

- Mmin v ;
Dy = 100 (1- =) % . \ (4.1)
max

A
Eq.(4.1) also implies that the current ratings of the UPS inverter

increase by the same factor for .the same output power,
' To appreciate the implications on UPS performance of a modulation
scheme, consider the simplified eircuit diagram of a typical 3-0 UPS
‘ ;§stem shown in Fig.(4.1). "Furthermore, Fig.(4.3) shows a voltageband
harmonic control schem; frequently employed with the UPS inverter,
yhile Fig.(4.4) illJ;trates the rélatién betyeen ghe nodulation index M

and the dc iink voltage E for the same system.
The specific rms wvalues for'the'fundaﬁental components o% the

"voltagés~Vao, Vbo, Veo (as defined' in Fig.(4.2)) resulting from the

sine modulation scheme shown in Fig.(a.B) [24] are:

, . E et
- = = — - H <M< 4.2
Vo1 " Voo = Veor = M3 77 M(A5 E); 0l (4.2)

However, the Eespective maximum rms values that are possible with
any modulation .technique are (square/wave or six~step control scheme,
see Pig.(}.S)) o : '
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Vo o=y ey ow B LY2E g5 (46.3)

a0l b0l <':01 ;IZ/Z— m

5

i

Eqs.(4.2) and (4.3) show that because of the sine modulation technique

A

¢ . alone, the maximum wutilization factor (M=1) for the link voltage is
only
FU_ = M(0.354)E _ 0.79; (M=1) ‘ . (1,_4)

(0.45)E -

4
ggg Moreover, Fig.(4.4) shows that wiﬂ( maximunm de¢ link voltage: (i.e)

E=Em,” max,mains opefation), the modulation index M value is

}
M= 0.727 ' (6.5)

. ' ]
Eipressibns (4.5) and (4.2) imply that, because of the expected voltage

variation alone, the utilization for the link voltage is onlj '

L M(0.354 E) _ | ’
FU, = Zoasr gy - 077 ‘ S e

’ : - . ¢

.
Finally, from (4.6) and (4.4), the overall utilization factor with

normal mainé operation is found to be

a

FUO = SFUm)(FUv) = (0.79)(0.727) = 0.57 , (&.73

?

* The equivalent load power factor Pfe "seen" by the UPS 1everter

is also related to the FU factor and is defined as

- Real inverter output power (4.8)
Fe Apparent inverter outpudt power '

» BY conq}ﬁering the phase voltage waveforms shown in Fig.(4.3) and the
'

iy e v




R .
AR
a 0 0 O

- 109 - p '

I f i o OO0 L0

|
Yoo ] IO
- L__JL_JL_IUUUUUULJL_JL
!

~!E1y

wl
i , : )
Vd - '
: . wt
=Vg = ‘ . .
0, _ﬁ %0 . ‘ 1lo ' i;o .30 wt

Figgf6.3): The sine PWM control scheme usually

enployed in VSI for UPS (voltages
Vao, Vbo, Veo, and Vab defined in
Fig. (4. 2)). .

;Juu;JuuuuuuufM

{
}




. o e o

g

e

oo

-

.

- 110 -

' A 2

Fig (46.4): Required VSI. modulation factor as.-a
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values for_thé effective voltage components obtained ¥n (4.2),, the

equation (4.8) can be re-written as

(%= )(1,)(cos o) N
Pre 7 - L cos o ‘ | (4.9)° s
(3)(1,) a

- 'where ia(t) has been assuried sinusoidal (e.g. ia(wt)=Ia cos(wt)),
" By considering the valués for the effective‘voltage components obtained

i (4.3), the maximum pdssible Pfe value is:

|

(/ E

J(1 )(cos ¢)

?E)r ';’ = 0.9°cos ¢ (4.10)
201 . "
2’* "a -

Eq.(4.9) shows that even with M=1, Pfe=0.707cos(0). From this and

PFe, max

. €q.(4.10), it is clear that the sine modulation alone reduces the

effective load Pfe value from

fe " 0.9 cos(y) |

to B (4.11)

P

Pfe = 0.707 cos(¢?

Furthermore, by employing the Mg, value from (4.5) in (4.9), the

!

variation of the dc link voltage alone reduces the effective load Pfe i

from ”/
N
Pfe = 0.707 cos($)
to 4 ’ . f ' 14
Pfe = (0.727)(0.707) cos(4) = 0.51 cos(¢) (4.12)

“ *
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i

Pfe reduction mneans that. (for the same component ratings) the UPS
inv;rter can supply less power to the load, Therefore, the more the
Pfe is"reduced, the more the inverter is under-utilized, Finally, from
(4.11) ana (h.%}), the combinfg effect of maaalation and dc link
voltage variation on the equiva}enn Pfe is to Treduce its value from

P gn; 0.9 cos(d)

f
to " (4.13)
Pfe = 0.51 cos(d) - 3

To conclude, (4,7) and (4.13) underline the need " for upgrading
power conversion practices on UPS systems. Two approaches for

achieving this objective are discussed in the next section.

.
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4.2 The de Link Voltage Boost Approach

The outline of the UPS performance problems previously discussed
suggests that one solution is to introduce a voltage boosting stage
between the battery and the %nverter. Such an approach is illustrated
in Fig.(4.5), with the operation of the booster chopper described, and
is analyzed briefly in Appendix- 3. There are two basic methods
available to control the dc¢ 1link wvoltage E, the partial chopper

utilization or PCU method, and the continuous chopper utilization or

.
CCU method. A detailed description of these methods follows.

>

4.2.1 The PCU voltage control method

The main feature of the PCU method is that the secondary dc 1link

voltage Vd is allowed to vary only between

E »V,»E" (4.14)
] d r .

To 'prevent the inverter input voltage Vd from decreasing below
Er, a suitable voltage sensing circuit activates the boost chopper
during fault intervals of ac mains. However, since such intervals
account for only a small percentage of the overall ON UPS time, the
boost choppér ON time,iﬁ?:ven smaller percentage-wise.  Accordingly,
the negative effect of cascading ;n extra power stage on the overall

-~

system efficlency is negligible. Moreover, with the PCU technique, the
-~ W

£ _-boost chopper gain Gc defined as

e
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Yy

G, ~ ¢ |\ (4.15)

varies between . -
'

1« Gc < 1,25 . (4.16)
as primary dc link voltage E vﬁries between

E_>V,» 0.8 ‘ (4.17)

T d r .

®

Such a low range of pgain implies low average and rms current
ratings for the chopper switch Swe and simple chopper* (close 1loop)
control requirements for the regulation of the dc link voltage. With
the invertetr input voltaqg Vd varying as shown in (4.14), the UPS 1load
voltage 1is mai?pained constant by varying'(within UPS inverter) the

modulation index M value between ﬁ\

(4.18)

< <1
Mrated M

respectively. Expressions (4.14) and (4.18) imply that, with maximum
dc link voltage, the modulation index value is theoretically equal td
0.91. Therefore, with the PCU voltage control method, the FUv factor

exp.(4.6) is equal to 0.91, the FUm factor exp.(4.4) remains equal to

0.79 and the overall dc link utilization factor FUo improves™from \\\
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// expr. (4’7) . : N
,/‘/ t

y_} 0.57 |
B ‘ , (4.19)

FU_ = (0.91)(0.79) = 0.72

5
Y

Moreover, with M=0.91, the system power factor Pfe as seen by the UPS

‘inverter (4.9), is found to be '

»
p. = 2L cos(¢) = 0.64 cos(s) : (4.20)
Fe - .
VY2 :
Again, as expected, the PCU method improves the Pfe valué from —
Pfe = 0.51 cos(9) expr. (4.12) .
- to ‘ (4.21)

Pfe" 0.6&Acos(¢)' expr. (4.20) . '
: For comparison, the results for FUo and Pfe, obtained with and
without the use of <the PCU voltage control method, are shown in
Table(4.3). From these results alone, it is clear that the application
of the PCU method enhances significantly the perférmagce of ‘the overall
UfS systen. ‘
Finally, the PWM scheme employed with the UPS must be eapableﬁ of .
maintaining a 1load voltage with very low total harmoﬂic distortion
(4.22) (typically less thanﬁt %), while the.nodulation index M varies
within specifii limits (4.18)). Thus, PWM schemes withbcontinuosly

variable switchihg patterns are required [27]. Fixed switching pattern

. e

‘ 4
*
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\ .

‘schemes becone poséibie with the dc link voltage control metqéfi:ifxt

discussed.

-

1 ¥ . th 2.1/2 a2y -
. S—— : harmonic component) ' (4.22)
THD fundamental [nz2 tn a ) P ).
A o

4,2.2 The CCU voltage control method

- %
¢

With the CCU, the invegcer input voltage Vd (see Fig.4.5) becomes¢[

independent of the primary link voltage E.

b

the boost

‘This is achieved by using
¢

chopper as a step-up dc/dc transformer with a voltage gain
v, . Fd

continuosly adjusted to maintain a constant at load voltage. Such an

Y o3 .
arrangenent increases significantly the range of options in choosing:

dc link voltage

Vd, or

L]

ii1) the PWM,scheme to be used with the UPS inverter..

: . ’
It also considerably simplifies the hardware implementation of the PWM

inverter controller.

.

Regarding the choice of the secondary dec link Vd, it -is generally

true that the higher the input ‘voltage the lower the conduction

losses. Also, the commutation circuits of thyristor inverters become

smaller ' in size and their ohmic 1losses decreasg. However, since the

maximum Vd value is always lower than the maximum specified forwatd
blo?king voltage of the boost chopp;r and inverter switches, there is a
limit in thé value Vd to be gposen. Another crucia% limiting factor is
the cur%ent ratings of the booster switch, which increase as the gain
of the chopper increases, Tgis relatﬁon is described by eqns.(A3.5) and

» ’ ) )

&
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¢
(A3.6) in Appendix 3.

.4 When choosing the PWM schemel the range 1s now extended to
. ¢ , ,
include. (in addition to schemes with continuously variable switching
. l ‘ 3 .
patterns, (see 'Fig.4.3) ) schemes with fixed switching patternd (such

as khe ones shown in Fig,(4.6) and (4.7) ). These latter schemes are
shown to offer, in #general,  better dc bus utiiization at reduced
switcﬁing frequencies. Also, since the objective of this‘chapter is to
present a; more- efficient UPS system, it becomes necessary to-identify
the most efficient fixed pattern PWM scheme. The criteria for doing so

are as follows: S

t
[y

2
i) ‘minimizat}pn of the distortion factor (DF) of the output .

t. .
P
‘- voltage f\/\

@ th 2 1/2
1 ( l (n~ harmonic component) ) (4.23)
n=2

DF[Z] ~ Tundamental n2

/

where,@&x represents the harmonic attenuation factor of 'a second order

(typical in-UPS) loﬁﬁf;ilter.
/ S
ii) ‘to‘pinimizerthe switching frequency (fs) required to obtain a
. . 4 .

.
Mo

-

prescribed DF value, and

ii1) to maximize the amplitude 9f the effective wvalue of the

.’

fundamental corponent Vaol of the output voltage vao.

Relevant results for DF, fs and Vaol obtained with the sine PWM

scheme and a proposed fixed PWM scheme, (see Fig.(4.6) and (4.7) ) are
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' L]
presented in Table 1. The application of the criteria defined above

shows that the PWM scheme, which consistently yields the }owest DF and
highest effective Vaol values, while requiring the 1least number of
commutations, per cycle is the proposed scheme. It is ag;in noted that
with the CCU voltage control method the chopper gain Gé is varied
continuously to render the load voltage independent of 'changes in dc
link voltages or in loading conditions. Consequently, the variation of
the main link voltage E has no ef&ect on the use of the secondary link
voltage vd and the related utilization of the UPS inverter. Thefefore,

the resulting utflization factor is
]

-

FU =1 (4.24)
) .

Lo

N

~

Inverter and 1link voltage wutilization, however, are still slightly

. affected by the proposed PWM scheme and this is shown im the following

paragraphs.

The rms values of the fundamental components of the voltages Vao,

Vbo, Veo with the proposed .modulation scheme (see Table (4.1) ) are

o™

) = 0,43 V, (with DF=0.168)  (4.25)

] ' = = - 7
Vaor * Voor " Veor = 0-857

1

9

v
Vo =V = Vg = 0-837 (—%} - 0.42 V, (vith DF=0.075)  (4.26)

a0l b0l c0

// +and from (4.3) and (4.25), the subject utilfzation factor is found to

be )

V4

A =
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L 0.43 RNCRY
FU_ =575 = 095 ‘ ‘ (4.27)

i -

Moreover, from (4.23) and (4,27), the overall utilization factor is
' . L

- - 0.95 - : 4.28)
(FU, = (FU, ) (FU,) = 0.95 | (

AV

When this FUo is compared to the respective value obtained with

(4.7) it can be seen that, with the CCU approach, the FUo factor is

T improved by « X

(0.95 - 0.57) - ' 4,29
A FU_ = 100 5757 = 67 %] ‘ (4.29)

Similarly, .from (4.8) and (4,24), the value ofy the effective 1load Pfe

"seen" by the UPS inverter is found to be -

\ ) -
(0.43 E) I cos ¢ . -
.- _8 — = 0.86 . (4.30)
_ Pfe 63D . 0 8 cpsi@)

When this Pfe value is compared to the respective value obtained with

-

(4.12), Pfe improves by

' L0.86 - 0.51) - , (l‘031)
BB, = 100 oI 67 (%]

It is worth noting that (4.29) and (4.31) also mean that, by
' in&oducing the CCU control method, the KVA rating of the UPS system
could be increased by at least 65 [7] without exceeding the voltage and

current ratings of its components,

N
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MODULATION SWITCHING FREQ. PER UNIT DISTORTION
SCHEMES £ max V FACTOR
s 01
SPWM 1080 - 0.707 0.701
= 1) . | “
SGRE 1800 0.707 . | 0.221
PATEL 600 0.840 0.240
r
"HOFT 4
SCHEME 1320 . 0.825 0.07%
PROPOSZD | 600, 0.857 0.168
SCHEME 1080 c.837 0.075

Table (4.1)1 Qomparison of PWM schemes.
‘i”

I~
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4.3 UPS Inverter Inpﬁt-Output Spectra

~ UPS systems specifications require .that voltage and current
harhoniés generated by the inverter be atteﬁuated to an aeceptable
level. This is achieved through the use of suitable input and output
filters with size, weight, and price diréctly related to the amplitude
and order of inverterlharmonics. Therefore, a comprehensive evaluation
of any new approach requires that generateﬁ harmonics be identified and
éﬁppared against respective harmonics generated when other approaches
are used.
Based on té;\fun éional converter model developed”ap Chapter 2,
(also see Fig's.(3.2) and (3.6) and, Fig's.(3.4) and I(;?B)), the
inverter /input current spectrun aﬁh the ‘inverter output wvoltage
speétrun have been computed. The results obtaineéd using the proposed
pattern in Fig.(&.?j (CCU approach), and the sine PWM in Fig.(4.3) (PCU

and CCU approach) are shown in Table(4.2). fox comparison purposes,

these results have been computed with the following common conditions:

1) the load power factor is 0.8 lagging (worst case),
i1) secqﬂd'order filter values as depicted in Fig.(éf%),
111) switching frequency of 1080 [comm/cycle] per switch,
iv) sine PWM with modulation index one, and
v) dc 1link input inverter vqltageOVd is ripple free, iE::rmonics

generated by the booster are negligible, see Appendix 3).

Comparison of values for respective quantities shown in

Table(4.2) yields the following conclusions:
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SPWM SCHEME (M=1)

fs = 1080 [comm/cycle]
it

PROPOSED SCHEME

fs = 1on {comm/cycle)

INVERTER
INPUT
CURRENT
SPECTRUM

00

-
|

\

DF = 1.49
L

00

[

DF-=_C.09

INVERTER

PHASE
QUTPUT
VOLTAGE
SPECTRUM

—8

a2 ar

I ]\ !,

!

A
L [ 1" W 338

DF = 0.7Q1

[

ouTPUT

LOAD

VOLTAGE

0o

=3
-
-8

THD = 14.44

THD = 1,17

v

2
4

Table (4.2): Predicted input-output spectra.
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o

i) the input current distortion factor (defined in (4.12)) is

. ]
drastically reduced with the proposed approach, so an 1ﬁput
filter designed to meet standard THD (4.22) levels will be
considerably smaller, *

i1) sim£1ar1y, the smaller distortion factor obtained with the

proposed pattern results in a smaller THD atrthe load voltage,
{ii) thts second point also lmplies that, in orde; to meet

standard THD load voltage specifications, the proposed

approach requires a smaller output filter.

4.4 Experimental Results

_~To veéify some key predicted results for the (CU approach, an
experimental 2 KVA unit has been implemented. The results displaged in
Fig. (4.9) were obtained under the same conditions assumed‘ in the
analysis performed in the previous section. Specifically, Fig. (4.9a)
shows the inverter ihput current anﬁ its spectrum. Fig. (439b) shows

the 1inverter phase output voltage (which can be. compared with Fig.

(4.7) and its spectrum, and Fig. (4.9¢) displays the load phase voltage

and its spectrun. A direct comparison between the predicted input and’

output harmonic spectra for the proposed scheme (see Table (4.2)) and

Fig. (4.9) shows that they agree.
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frequency
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i
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)
time %'
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' FIG.(4.9): Experimental input-output characteristics.

a) Inverter input current and its spectrum 8[A] zéro to peak) and
its spectrum

b) Inverter output voltage (135[V] zero to peak) and its spectrum.
c) Output phase load voltage (110 vZ zero to pesk)
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4.5 Discussion

d L]
To facilitate comparison between current and proposed methods of

power conversion for UPS, relevant performance data is summarized in

Table(4.3). This data clearly demon;trates that the proposed methods

yleld a significant {improvement.in the system component utilization.

Particularly, the CCU approach ensures an imbrovement of at least 65
3

[%) in the use of inverter components and a considerable reduction in

the size of the required inpuf-output second order filter components.

Along with their advantages, the proposed power conversion methods also

have certain disadvantages.

i) The extra boost chopper {see Fig.4.5) contributes to the
price and complexity of the UPS systen.
i1) The boost chopper also contributes to ghe conditions and
! switching losses of the UPS system.
iii) . The régulation of the secondary dc bus voltage Vd requires a

control loop.

In spite of these disadvantages, however, one should consider’
that:
o
i) the chopper contribution to price and complexity is cancelled.
by the resulting increase in the output power rating (e.g.
(4.29) and (4.31) ) of the UPS system. Also, the inverter
control hardware igﬁdrastically simplified with the use of

fixed pattern for the CCU method.

LR - .
ol ey o
i
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TYPICAL PROPOSED PROPOSED

_ APPROACH PCU - - | ccu

i . APPROACH APPROACH
INPUT INVERTER 149 1.49 " 0.09
CURRENT DISTORTION , D

. — , — ;
OUTPUT INVERTER fo1 > C0.701 0.075
VOLTAGE DISTORTION.
-~ N ‘\lv'
OVERALL VOLTAGE . 0.57 0.72 0.95
UTILIZATION FU, é
'EFFECTIVE' POWER 0.51 ' 0.54 0.86
FACTOR Pf, |
. . .

~

Table (4,3): Relevant UPS performance da;a:’

&




I

b

~

ii) In' relative terms, losses increase less than the increase in
the-output KVA, Therefore, the overall gystem efficiency

¢ improves. ) .
iii) The’ extra control loop is required only by the PCU method.
For the CCU method, the nugbqr of control léops remain the

same because the voltage loop that was originally required to

adjust the modulation factor M has been removed.

4.6 Conclusions.

This chapter has examined the process of power conversion in
fixed-frequency power supplies. In particular, for UPS systems i# has
been shown that some popular power conversion methods lead to seve‘Z

under-utilization of the dc bus and deterioration of the effective load

power = factor. To ameliorate this situation, a power conversion

approgch which uses a secondary regulated dc bus has been proposed. In
addition, two diff:?ént methods for using this bus have been fully
described. With one of these methods, an improved switching scheme for
the UPS inverter has been ident%ﬁied. Finally, it has Dbeen cleafly

shown (see Table(4.3)) that the’ proposed approach significantly

improves dc bus utilization and ;ffective load power factor for UPS.

7
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CHAPTER 5 .

NOVEL POWER SUPPLY FOR GR%?QELE FREQUENCY OPERATION

5.1 Inttoduction

« This chapter pfésents a novel variable frequency power supply
2 -
intended primarily. for ac drive applications.

This {s an area of
inereasing expansion due to the industp}al trend towards autonation
and high reliability systens. Today's typical power supplies for

varkable speed ac drives consist of: a front-end thyristor rectifier

or uncontrolled diode rectifier, a dc link, and a PWM voltage source -

P

variable frequency-inverter. With- th}s arrangenent most load

performance specifications can be met at a reasonable power supply
cQst. However, this power conﬁegsion approach has several intrinsic

disadvantages, which .include: ]

-

v AN

?) bbo£ systen religgility, since voltage soufce inverters are

véry‘suscepﬁible to "sﬁoot—througp's" and load ;hort circuits,

ii) lack of'capability for sustained power reéengration unless an
additional{controlled rectifier is employed,

,iii) utilization of complex techniques to control current instea®
of voltage, which in tugn allows direct motor torque control
for better drive performance [41], and -

iv2 1Arge fifth and seventh current harfonics in ac main lines.
o 4 |
The alternative to the aforementioned approach is to utilize a
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current source power supply.. This alternative "would improve systen

reliabilify and capability for sustained power regeneration, but the

current source approach  would intggduce its own intrinsic

. : : 1
_disadvantages. These include: *

\ .
»\\i) presence of a large dc filter chgke to obtain current source

\\sﬁaracteristics,

i1) slow current résponse because of the presence of the large dc

choke and the slow response of the front end phase controlled
/

rectifier,

{i1) excessive over voltage stresses (i.e. voltage spikes) .
because of abrupt current chidnges in inductive load (i.e.
motor), ) : , o

iv) poor system input power factor, especially at low current

levels, because of the front end rectifier. .

4
x \

Fron the preceding discujfion it is apparent that unless vq}tage
and'current source béwer conversion methods are significantly chahged
an? improved, some basic performancé disadvantages will always be
present. The.changes propoéed in this chapter focus on current-source
power supplies. and eliminate all aforementioned disadvantages. They
moreover, add the novel feature of- having prac&ically sinusoidal
voltage and currents waveforms at Soth the inﬁut and the output
terminals of theu power supyly. The confipuration .of a variable

frequency static power supply that incorporates these changes is next

discussed in detail.
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5.2 Power Supply Configuration

A configuration of the wvariable frequency static power supply
system that incorporates é significantly different and improved current
source power conversion is shown in/Fig.(5.1). The nature and functions
performed by each major system component are described next as foilows.

The first major system'component is a PWM 3-0 rectifier. The
systen's current source is compriséd of the rectifier and the dc link
reactor. . The main function of this conponeﬁt T to regulate the level
of the dc 1link current {in respon;e to changes in load and ac input

voltape conditions. The traditional phase controlled rectifier has

been replaced here by a PWM rectifier that, employs the advanced PWM

13

" technique shown in Fig.(5.2) [46]. The 1impleémentation of the PWM

technique reguires gate turn-off switcﬁing devices such as bipolar ﬁr
FET transistors, GT0's, etc., &to be ‘used fas unfl@teral rectifier
“ A\
switches. The resulting rectifier structure has a number of advantages
[211. These 'include, drastically improved }evelé of input-output
current-voltage harmonic distortion. ﬁpis feature 'allows a
proportional' reduction' in the size of the 1input ac filter and
improvement in the rectifier input power factor. Morébver» the 1low
harmonic distortion ji‘ the rectifier together with a low level of
generated input 'CSI voltage harmonics allows a significant reduction in

the size of the dc link reactor.,

The second major systen component is the current source reactor




o

Patd

t
) wa3sAs Apddns
B asmod pasodoad syl 103 wezderp 3INOITO PaTITIdULs y
——— e e T - — —— e — — —— — — R el it
b pEO] “l 19317 r 12319AUT 3d1INOS _ ATy T 131313291 |
¢ - ¢ | M:&uro “ JUIIIND M “ >8 “ HWMd @ - € _.
— b
"s) L) ’m- _ _
] | 17
KL LA
| |
. J oy oPq _mwu
] SAASTTTT
f _
[ *

|
_
. !
_
_

12371}
ynduy

Ed




- 136 -

Ny *
-I | Ar
A M=—
¢ \Ac
rl ' &
I?B
Th
- a £
1 NNON NN .,
b)| fon= b .
Cn TC \
i
; :
60 120 "~ 188 . !
!
N ;
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(CSR). Its main function is to maintain current centinuity in the dc
link,therefére acting as an inpu{ current source to the PWM inverter,
The .factors that determine the inductance yvalue of CSR include;
specified hc link current ripple factor and the switchingv frequencies
of the, PWM inverter and PWM rectifier.

The main systen component’is the current source inverter (CSI)
which transforms the input d¢ 1link current into- the three , phase
balanced ac output currents required by the load. To improve the
performance characteristics of the CSI, the traditional six-step PWM
scheme (see Fig.(3.3) ) has been replaced with the advanced PWM methad
shown 1in Flg.(5.2). The resulting CSI structure yields input[§01tage
and outﬁ current waveforms with drastically reduced content of 1low
order harmonics  (Figs.(5.3d),(5.3a),(5.4a),(5.4d)), ’respectiQQ}y.
These features, in turn, result in propoFtional size feductions for the
inverter input and output filters (i.e. CSR and Cf respectively,
Fig.(5.1) ). Moreover, sigce the inverter line currents contain only
high frequency harmonic components and since shunt filter capacitors
(Cf) have been added tbetween CST and load) the vdltage stresses on the
inverter components have been minimized'

Finally, the most novel feature with the proposed power supply is
thé shunt filter capacitors Cf. Although these components qccuﬁy the
posjtion of the familiar (with six-step CSI thyristor inverters)
commutation capacitors, their function here is completely diffefent.
They act as by—ﬁbss paths‘ for the .high frequency 1line current

components. Conséquently, the load voltage and current waveforms are

r

PRpESRs SESE]

A e
. R R



- 138 -

practically sinusoidal. This feature in turn eliminates motor core

5.3 PWM Rectifier-Inverter Transfer Function

Chapter 2 of this thesis has shown that CSi}s and rectifiers have
the same switch mode converter transfer function  (if the same PWM
_control technique 1is . used 'ﬁy both of them). A transfer function
suitable for the CSI and reétifier of this power supply must have a

number of special features, including:

™~

i) the capability of eliminating any number of unwanted low
‘order haémonics,
' ii) performing the above with minimum switching,
iii) provide maximun possible rectifier output voltage and CSI
output line currents, and |
iv) provide smooth and continuous control of the rectifier Qutput
voltage and CSI output current‘while maintaining feaﬁure i),

[ A sample from a class of transfer functions that yield a good
cokﬁipation of the aforementionéd features is shown in Fig.(5.2). ' The
respec£;§e frequency spectra are shown in Tables (5.1) and (;.2).
Features (ii) and (i11) can also be provided by other classes of PWM

control schemes; in particular, fixed PWM patterns (see Fig.(3.4))

[24] [47]. However, these fixed PWM patterns produce transfer functions

1

ORI
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that have two main disadvantages for this application. Firstly, as the

number of the harmonics to be eliminated increases, the practical 4

realization and implementation becomes very difficult. Secondly, the
task of implementing ¥eature (iv) (with fixed patterns) is quite
difficult and coTylex [31]. Returning to the first class of transfer
functions, Fig.(5.2), it is noted that the nunber of harmonics that. can
be eliminated increases as the normalized carrier frequency increases.
This in turn implies smaller input-output filters. However, CSI and
rectifier switching losses also‘ increase with fen, Therefore,
realistic fen values nmust be chosen as a coﬁpromise between size of

R . ’

filter components and converter losses,

~
Specifically, with fen defined as;
-'L Fig- (5.2),\ h (5'1)
en T .
c
where:
T 6(er0.5), k= 1,230
c
the folldwing relations hold ‘true:
Number of pulses per cycle, N = (i) f =4 . (5.2)
p P . » Ny 3 Lan _
order of dominant harmonics S
N N
- f - 5.3a
d, =f -2 , ( )
A, =f +2 : : (5.3b)
2 cn .

-

v

s Sy N
R
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order of the equivalent dominant harmonie

d1+d2
2

- f ) ' (5.3¢)

.d =
. cn

order of the lowest significant harmonie,

- - ‘ - - ' f 50‘.
r fcn 4 ] (5.4) ,//

normalized chopping frequency per switch,
v g m (3 s -3 - ‘ (5.5)
‘“sn 3 "en ‘ .

Nerefore the per switch normalized chopping frequency required
to eliminhte up to the rth harmonic from the CSI output or fectifien

input line currents is given by:

% - g
2\¢ : (5.6) ' '
- 4] ~ 3
fsn = (3)\r+ ) B ' ‘
WhEtE: T =,6k - i’ k‘l)Z.B]O'O.Il!

Also, since forda give; operating frequency fo the value of thé T
output filter capacitors Cf is approximately inversely proportional to 3
fcn, eqns, (5.3) will be useful in establishing a direct relation §
between fo, fcn and Cf values.

N~
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5.4 Rectifier-Inverter Analysis and Design

The rectifier and the inverter perform the ac—dc~power conversion
function, and therefore, the transfer function and the functional model
developed in  chapter 2 (&able (2.4)) are readily applicable.

: Moreover, the generalized waveforms\Bf\EigJ(zué) are also applicable,
The data obtained from the application of the model are essential in
the design of the rectifier input ac filter, current source reacpéf,

and CSI output cf filter components.
5.4,1 CSI Computer SimJlation

With the aim of testing the functional model developed in chapter

2 and to provide an accurate simulation of experimental results, the
) . )

rectifjer and CSI  converter ¥ operation were simulated in a

HP9836-DATA600Q system. The simulation was performed with the

following assumptions:

i) rectifier input and CSI output ac voltages are balanced (the
effects of unbalanced ac sources and loads are examined
separately in this section)

ii) the dc 1link current employed in the computation of rectifier
input and inverter output currents is ripple free,
ii1) the rectifier and inverter switches are ideal (i.e. with Zero

ON and Infinite OFF impedances and, Zero switching times.)

2

This set of assumptions 1is identical to  the steady state

assunptions of the steady state functional model of chapter 2

’ .- 3
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~

(Tab}e(Z.Al)- The only exception is that the phase load voliages (CSI
output side) are noﬁ assumed to be perfectly sinusoidal, however, this
.difference is not relevant because, as expected, the very small ripple
content (in the phase voltages) has a negligible influence in the

input CSI voltage. This can be concluded by comparing the simulated

spectral content of the CSI input voltage (Fig.(5.4d)) against the-

spectr; predicted by the functional model considering sinusoidal phase
voltages (Fig.(2.6d)).

Generalized results rtegarding the frequency spectra of the
current and voltage waveforms generated by the rectifier-CSI units are
shown in Table(S.}) and Table(5.2). To be consistent, "the per-unit
basis adopted in previous chapters is preserved, therefore, the CSI
input and rectifier output dec current is one pu. (The per-unit systen
is specified .in Table (2.3)Y). Moreover, analysis spectra results
obtained,.with the specific transfer function shown 1in Fig.(5.2) are
presented in Fig's.(5.4a,b,c,d) for the wa::formé‘ displayed in
Fig's:t5.3a,b,c,d)f

Next, the effects of introducing some "load and/or ac . input
voltage unbalance on respective circuit components are investigated as
follows; since rectifier and CSI transfer functions are not affected
by unbalanced‘ loads and inpug voltage conditions, the 3uantities that
become affected are the rectifier outpui, and the 1inverter reflected
input voltage waveforms. In particular, voltage harmonics of the 2w,
4w, 8w,.... order begin to appear in respective voltage spectra. The

first (i.e.2w) of these harmonics is of major concern because its low
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frequency and relatively farge amplitude can Eon;iﬁera£iy increase the
de 1i;k ripple current. This in turn influences the, sizerpf the dc
link reactor required to maintaiq\the ripple current within acceptable
limits. Furthermore, éince the 2w harmonics resﬁlt fron interaction of

qnly the fundamental {switching function component, al cos(wt) (see
. : © :
eqn.(2.3)) \\ith the respective rectifier input (or CSI outpyt) phase

voltage components (V1 cos(wt)), it follows that:
- “"\
VH(2w) = a, sin(wt) V, sin(ut)+ ™

‘ a, sin(ut-120) V,(1+A)sin(ut-120£6) + v

2

a, sin(mt+1%9) V1(1+A)sih(wt+12QtQ) ‘ (5.7)

under worse case conditions:

(a.V

) . L —
Ivu(zw)|- 121 [(1-cos(8)+/3 sin(e))2+A2(/3 COS(B)“Siﬂ(Q))Z];é;
' (5.8)

~

-

where: A denotes magnituj;/ﬁnbalance, and
¢ phase unbalance/of respective phase quaﬁtities.

A family .of normalized H(2w) design curves obtaiﬁQe from
eqn.(S.B?/are shown in, in Fig.(5.5).

' -

5.4.2 Semiconductor Switch Ratings

o

Per-unit switch ratings for the bpidge configuraﬁion of tﬁe
f

rectifier and the CSI are giveﬂ in Table (2.5). These ratings are
computed with reference to the per-uhit systen . defined in section

(2.6.2). In particular eqn.(2.37) and eqn.(2;37§”‘can be used to

compute the current and voltage ratings. -

'S N
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Example: Consider a 3-f power supply connected to 115V (phase)

*

ac

mains and supplying a 5KVA, 115V (phase) balanced ac load. The

voltage and current ratings for the rectifier and CSI switching

elements are as follows;

From section 2.6.2 the one per-unit voltage becomes, (w}th al=l
for modified SPWM), - .
’ V) (2115/52 . . | o
1 -2 . = 162.63 [V (5.9a) .
pu volutage a 1 : .

and the switch peak voltage (2.38) becomes;

- 62.63) = 282 [V ‘ (5.96) >
Vs peak (v3)(r62.63) [v] ' /
The rﬁs per—;hase output line current is given by,
5000+, 1 (5.10)
- (29992 ) 14,54
e (2209 - s [a]

3

A

1

The dc¢ 1link current was chosen 1 pu. Therefore, the ‘ac line

current magnitude for the modified sine'PWM is also 1 pu.
= (/Z)(14.54) = 20.56 [A L (5
Ly correny = (72)(16:5¢) = 20.36 [A] -11)
Now using.Table (2.5) or eqn.(2.37), ~ o

1 . (3)(20.56) = 6.85 [A]

S avg N o (3.12a)

=k
’ - . H
Id

1o = (=2)(20. 56) = 11.87 [a] 5.12b)
T . . |

\

>

- .56) = 20. ‘ To(5.12
Ig peak (1)(20.56) '= 20.56 [A] | (5.12c)

I
-
L
ié_w,}éw; P R
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5.5 Analysis and Design of Passive System Components:‘ e

}‘ . , - ! ‘.

The two major passive systém components are the current source

reactor (CSR) "and CSI'outpui ﬁilier_capacitors Cf. These components are

basically Filters with the tasks pf limiting the ripple of. d¢ link and -

CSI load currents, respectively, Coﬁsequentiy, their analyses and
design are drastically affécted by the specific transfer functions

employed with the rectifier and CSI units.

5.5.1 Load Filter Capacitors

4

"Since the pulse width modhl@ted CSI line currents contains only

high frequency components, filter capacitors Cf are relatively small.

=
Proper Cf values should satisfy the following criteria;

i) they should be large enough to shunt-off all unwanted CSI line
~ . N | a

current harmonics, and . v

‘ii) they should be small énough to appear as highﬁ imﬁedance to

3

the fundamental component of the CSI line current. .

To satisfy the first criterion, 'the impedance bf‘Cf;LXcdl “"geen"
fy the dominant lkne current harmonic must be much lower than 1 pu(mas

(i.e. rated load impedance) specifically’:

Kea * I G K LW -G
. .om F . .

N
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" kept below 5 % (i.e. 0,05 pu), then;
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+

where: d represents the order of the dominant harmonic of the CSI line

current, and
fom the maximum expected CSI output frequency.

¢

To sgtisfy the second crité‘ion, the impedance of Cf, Xcl, "seen"

by the fundamental componen%aff the line current must be larger than 1

\

pu ohms. Specifically;

: .__;_1_.___ ) 5.14
Xao "Tnf . >l 6.1
om F r

Furthermore, Pig;(S.a)Saﬂd Table (5.1) siM8w that with modulation

index M=1 the CSI line current contains two dominant harmonics, Idl and

A

I1d2, of amplitudes Idl = Id2 = 0.26 pu (see also Fig.(Z.?)). For
analysis purposes Idl and 1d2 can be replaced by a single.dominant
harmonie Id (eqn.(5.3¢)) such that;

(d1+d2)

d = 2\ - fcn
{

v

then;

I - (Id1 + IdZ) - (0.26)/%' = 0.38 pu L ‘ (5.<'1‘\5\2_~

Lol

Now, if the respective phase voltage harmonic magnitude V4 1is to be

V. =1 Xc < 0.05

\

or
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SPECTRUM VALID FOR:
~ CR OUTPUT VOLTAGE PER
— CSI INPUT VOLTARGE UNIT "
X ,
FREQUENCY
SPWM MSP WM
L% L%
| 108.® | 100.0 o
.2 | @.9 fen = 8 |
30.0 14,1 fom = <3
32.0 14.1 | fen 4 3
¢
2.0 8.9 .| fent 9

L3

Table (5.2)t Frequency spectra of dc link (controlled.
tectifier output and CSI input) voltages
MSPWM control technique (M=1, $=0).

-
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E

SPECTRUM VALID FOR:
PER Z CR INPUT CURRENTS
UNIT '~ €S! OUTPUT CURRENTS
FREQUENCY .
- SPWM MSFWM
[ %] : A
) 100.0 i 1E3@3 %)
Cfen - 4 2.0 11.4
fon \ 2, 32.2 25.6
fon + 2 32.2 25 .6
fcn + 4 .9 - 11.4

<

Table (5.1): Frequency spectra of PWM controlled

rectifier input and CSI inverjer
output iine curtents MNSFWM control
technique (M=1; £#=0).

e e e A
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1 0.05
- = 0, 5.16
Xa"Tma e c > 0.38 " 013w (5.16)
_ om F .

From similar arguments it can be shown that criterion (ii) is
satisfied if}

1
B oo 5.17
Xa"Tmdf oo™ (5.17)

The ratio of relations (5.16) and (5.17) yields:

X
cl _da> 39 (5.18)

—

cd

and by employing (5.3¢) and (5.5);

f =d> 39 - (5.19a)
cn
and,‘ ]
‘ C 2 ; ' (5.19b)
- = -3 23
fsn ? (3}(39) )

1

where: fcn, the normalized carrier frequency as defined in (5.1).

fsn, the per switch normalized chopping frequency as defined in

L (5.5).

Alse, since the maximum absolute values of carrier and

semiconductor chopping frequency " fc and fs are given by fc = fcnafo

and fs = fsnefo, it follows that, .
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f » 39 f [Hz] (5.20)
Cc on '
and . «

» e Lenops]
8 om [switch-second |

(5.21)

Finally, from (5.15) and (5.19a) the delta connected Cf wvalue

Fig.(5.1) is gifep by:

1
- pu [F]
G TR ED

cn

(5.22a)

where: 2 fom is taken as 1 pu angulag frequency, and by using 15.16)
and (5.19a) with (5.22a)

- |
& Tyeanen 000 pu (] (5.22b)

Example: Continuing with the example presented earlier in this
chapter, it is also assumed that the peak CSI output frequency fo is 90

[Hz] andzthat the tolerable peak dominant harmonic ripple load“voltage

is 0.05 pu.

From (5.21)

fS =23 f -? (23)(90) = 2070 [chops/switch-second] - (5.23)

Now, at fo = 90 [Hz] the load 1 pu impedance is;

., . 162.63[v] _ (5.26)"
Z = 35tTe 7.935 [ohm| A .

St L osom

PTG

PP s
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then,

+

N - 5.25)
lpu capacitance 2n fomz 222.8 [F] ; (

And from (5.22b) and (5.25) the value of the delta connected line

capacitors are

(5.26)

Cp = (0.066)(222.8) = 15 [uF]

5.5.2 Current Source Reactor (CSR),

<
The CSR is connected between the rectifier and the CSI, . Its task °*

is to ensure current continuity in the dc¢ 1link reducing the ripple,
caused by the dominant harmonits Vdr and Vdi of the rectifier output | 7
and CSI inpu£ voltages, By ,assumingA the same normalized .carrier
frequencies fen (5%1) for both rectifier and CSI, the order of Vdr and
Vdi harmonics becomé the same. Moreover, Table (5.2) and Fig.(5.44d)
show that there are two Vdr (and Vdi) harmonics whose respective

orders are: ‘ .

d.=f =3 ( ’ (5.27a

d,,=f +3 o (5.27b)

R

(=%
~N
2]
=]

e

and whose peak amplitudes, at maximum dc 1link voltage (1., M=1), are
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the same and given by (Table(5.2));

‘Ivl‘ (5-28)
L v - .

‘Also, since the fcn 3 values ‘in (5.27) are much larger than one, the

two Vdr (and Vdi) can be replaced by a

single equivalent dominant
[% T,
harmonic of peak amplitude;

AN
38

Vie =% Vgr ™ 0.44 pu [V] _

(5.29)
and.of order
d,, +d
- dl d2 - : 5.30)
dd 2 fcn ¢

'y
Now, the dc link' ripple current 41 1is maximum when the

rectifier output and CSI input dominant voltéges harmonics are out

of phase by 180. Therefore;

2 Vde 0.88

1,max 21 fomfanCSR fcn PCSR

U §

pu [A] . (5.31)
. where Lesr is the inductance value of CSR reactor.

Finally, solving for Lcsrs

<
3
H
H
3
3
3
N

0.88

__0.88 - Q (5.32)
csR T E_ AL pu [H] .

Example: Continuirg with the example discussed previously in this

chapter, it is furthermore assumed that, AI max = 0.1 pu (i.e,

Lialr TV ——
Baghc RN K
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[

10 % of rated dc link current).

From (5.24);

* - Z - 7-935 - ! - 5 33
v inductance — 7n S 16 [uH] \ (5.33)

. From (5.33) and (5.19a)

65.36)

Q.88
- 023 pu | H
Lesg ™ @O0y~ 40P [H]
therefore, using (5.33) the actual value of CSR inductance is;
Logg * (0:23)(14) = 3.2 [mH) (5.35) )

s

A A b tans w4
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5.6 Multiple CSI Operation fronm Single Current Source

v
“

When a comparison is made between current and voltage source ac
power supplies, it is frequently mentioned that the former do ‘not allow
the simultaneous operation of more than one CSI 1ead .units from a.
cormmon dc¢ link. From the theoretical point of view, this statement @s
false since voltage and current sources are dual. Duality in this case
implies that if voltage sources ailow the parallel connection of more
than one inverter, current sources should, and do, allow the series
connection of more than one inverter. The problem with the classical
six-step CSI has been that the power can be controlled only through the
respective front end rectifier, which makes individual inverter control
impossible, With the proposed schene, the series operation becones
feasible by controlling CSI output power individually, through
modulation factor control, consequently, eliminating the disadvantage.

Furthermore, the duality principle 1is also applicable to the
voltage and current ratings of the resggctive front end rectifiers., 1If
switching components of rectifiers supplying k number of voltage source
inverters are rated at 1 pu voltage and- at k pu current, then
respective conponents of rectifiers supplying k CSI's should be rated
at-k pu voltage and at 1 pu current, It is worth mentioning that the
inverter ratings for both, the parallel and the 'series connection,
remain unchanged. However it is true, regarding the rectifier ratings,
that state of the art technology and practical experience favor the use
of low-voltage high-current gate turn-off devices, therefore the'number

e} o
of CSI~load units that can be connected in series is limited [21].
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N .
5.7 Experimental Results

To demonstrate the feasibility of the propos§d current source
power‘ conversion scheme, anf/expérimental 2KVA unit was implemented.
Results obtained with this breadboard unit are‘&épicted in Fig.(5.6).

Figs.(5.6a) and (5.6c) {1lustrate the CSI line and load current

and their respective spectra (corresponding computer simulated results

are depicted in Figs.(5.3a),(5.4a) and (5.3c),(5.4c) respectively; also

see Table(Sll)). :

The 1load voltage “ind CSI input‘voltage with respective spectra
are depicted in Figs.(5.6b) and (5.6d). (Figs.(5.3b),(5.4b) and
(5.3d),(5.4d) sh;ﬁ respective conmputer simulated results; also see
Table(5.2)). The close agreement between simulat;d and experimental

results [21] proves the validity of the analysis and the feasibiiity of

the propdsed powetr supply.)

SUPRTL PRI OR IR VM
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5.8 CONCLUSIONS

An improved lpower_ conversion scheme for varlable frequency

3

"inductive type of 1loads has been presented in this chapter. +To

increase system Teliabllity and allow bilateral power flow.this schemne

employs current instead of voltagé source inverters. Moreover, by

s

utilizing advanced PWM techniques for both the front end rectifier and

‘

3

[ . '
the current source invarter, the subject scheme therefore:
a) generates- sinusoidal ‘input and output currents and voltages
Y] ’ .
at practical converter switching frequencies,

b) minimizes the size of passive system components such as

\ . input-output filters and current sourte reactors,
’f\

‘c) allows for faster systen response to transients because of the

N -

smaller CSR,
. oy, . '
L .4) allows the series operation -of more than one CSI-load units

\ connected in a cormon dc link. -

: : e .

i ‘Finally, the feasibility of the proposed scheme has been tested

and verified on a 2 KVA laboratory unit.
}

X ~.

i
-
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! , CHAPTER 6

-

. v
. . SUMMARY AND CONCLUSIONS

‘6.1 Summary and Conclusions

A novel analysis approach for switch mode converters has been

presented in Chapter 2 of this theeis. The analysis is based on the

definition of a transfer function for switch mode converters. An

- important advantage of this approach 1is that it makes possible the

simultaneous analyses of groups of converters (that share ‘conversion
functions (e.g. VSI, CSI and CR). Furthermore, with this approach the
analysis of syétem;~ with multiple ,§ower gonversion stages Bécomes
modu}ar‘and simpler. This, concept enables to decompose the synthesis
of power converter systems intq steps, ngmely: the derivation of the

transfer function, the synthesis. of converter topologies, and the

“

required gating strafegy. 1In thé context of this thesis, this approach

pfovides a unified analysis method suitable for the study and

¢

.evaluation of the power supply topologiés proposed for fixed and

-
(/

Specifically, Chapter 2 identifies a common bilateral transfer

v;riable frequency of operation.

function for thar ac/dc group of converters (tie. VSI, €SI and CR),

whi¢h is, by 1large, the power conversion type most often required in '

today'i\Practical applications. With the use of this transfer function

and a set oﬁJféimplifying assumptions for ~steady‘ state, normalized-

waveﬁérms\-fbr Viég'CSIy!gpd CR bave been identified. In particular,

J .



J

waveforms which s?multaneously represent the output line voltages of a
VSI, the output line currents of a CSI, and the input line currents of
a CR have been established. Further, waveforms which simultaneo?sly
represent the input current of a VSI, the input’voltage of S‘éSI, and
the output voltage of a CR have been also eqtabli;hed.

.To process thelproposed transfer functionléelatioqships, Chapter
2~ introduces a tipe domain approach as an alternative to,.the more
complex Fourier series based approach. 'Respective comparison between
the two approaches rqsults in the folloéing advantages for the proposed
A\§

i) it requires exfreméfy simple mathematical operations, it

-

time domain approach:

-+ is easier to program, and the computer processing time
o . .

is much smaller,
1i) it is largely more accurate, particularly in describing
PWM time domain waveforms, °

iii) it can be used directly for transient analysis.
1

' -
Finally, Chapter 2 ptrovides generalized design data for VSI, CSI
-

and CR 3b=bridge convertefs. The' data 1include normalized switch
13 «

. ratings, semiconductor switching  frequencies, "and generalized
- < | ‘ . .
input/output frequency spectra for the SPWM and MSPWM techniques.

-

A novel computer aided design (CAD) apprdach for switch mode
converters has been presented in Chapter 3. The subjeci CAD can he .
regarded as a natural complement to the unified analysis method of

Chapter 2. In particular, it 1s shown that the generalized switch
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" ratings of Chapter 2 constitute necessary but not sufficient desfgn
" . N s . .

data for converters-: that utilize switches implemented with gu{Eiple
Es
. A
semiconductors. ,The basic concept of the approach is to lcompute, the

< exact normalized‘ ratings of the semiconductors required by specific
, ¢

converter topologies. In pérticulat, the CAD of voltage source
inverters has been fully developed in Chapter 3, showing that a severe

under-utilization of the converter components (introduced by the

~ contemporary design approach) has . been overcome ' with CAD.
\\\ ifjcifically, per-unit VSI component ratings curves are provided for
- . . . v

three Iwnf%echniques, namely, sine PWM, six-step PWM and, a distortion

L

factor optimized PWM pattern proposed in Chapter 4.
Finally, with the use of CAD in VSI's, it is concluded that at

» least a 457 'improvement in component utilization can be accomplished

L]

for reasonably wide operatiohal ranges (i.e. modulation and power
factor ranges). Therefore, for reduced VSI-operational ranges, the
improvement that can be accomplished should bé even greater. In

Ty )
practical applications these design curves can be used%g:vantageously N -
¥

in the design of medium to large _power VSI and 1in the desién of
\ integrated ("power chips") VSI units, Selected CAD predicted results

hgve been experimentally verified.

I3

Chapter 4 presents a critical evaluation 'of traditional power ~ .
o
conversion practices in uninterruptible power supply (UPS) systems,

1 4 ‘
o showing that some popular power conversion 'methods 1lead to severe

~

under~utilization of the de bus and deterioration of the effective load

\

I

fé;%@&éﬁaﬁﬂwmkhs~nx,-.”
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®

power factor. To ameliorate this situation a power supply topology

using a regulated dc bus is bresented." Two diffegeﬁt operational
strategies (PCU and CCU) have been fullz described. Moreover, to
fyrther enhance the utilization of the dc . bus, an optimized PWM
technique has been propo§ed.

It is concluded that at least a 657 improvement in the uge.of

“

inverter components and a considerable reduction in the size of the

required input/outﬁut filters has Been --accomplished with the CCU

stragegy. Also shown is that the proposgd topologies do not compromise
the system complexity and/or cost. Predicted results have been
experimentally verified on a two KVA laboratory u;it. It is important
to mention that the improvements obtained in Chapter- 4 have been
produced without the’ u;e of the‘ VSI-CAD proﬁosed in Chapter 3.
Therefore, the VSI component utilization of UPS systems designed with

the topologies of Chapter 4 can be boosted even further with the

VSI-CAD of Chapter 3.

Chapter 5 presents a novel power conversion topology for variable
frequency inductive type of loadg. Current source inverters have been
\ ' . . N -~ v ‘
selected, rather than vpltage source inverters, to inﬁrease system

reliabjlity and'po allow bilateral power flow. Moreover, by utilizing

advanced PWM techniques ‘for both, the front end rectifier and the

& ra t.
~current source inverter, the subject stheme:

- 1) generates sinusoidal input—output\ currents .and voltages at

practical converter switéhing frequencies, .

3 » L i
o

L e St




@ . - 166 -
g ' -

{1) minimizes the size of passive components such as input/output
filters and current source reactors, ‘
{i1) allows for faster system response to transients because of

the smaller current source reactor, and

'iv) allows the series operation of more than one CSI-load units

he ’

connected to a common dc 1link.

K_EPe analysis and desf%% of this power supply has (been greatly
simplified with the aid of the concepts dgveloped in Chapter 2.
Specifically, the generalized steady state waveforms proposed in
Chapter 2 are directly applicable to the two power conversion stages

utilized by this power supply 'fi.e. controlled:"rectification. and

R . '
current source inversion). Finally, ‘the analysis, design and

feasibility of the proposed scheme have been tested and verified on a 2

KVA laboratory unit.

€

6.2 Suggestions for Further Work

The fuqctional transfer function analysis approach for switch
mode converters presented in this thesls 1is. a general ' concept.
However, Chapter 2 has introduced explicit Telationships that cover

only the ac/dc.or dc/ac power conversion functions. Further work could

be done to include the dc/dc and ac/dc power convgrsion functions. In

particular, the ac/ac conversion function, which is of expanding
- « - - . . \ “
interest, can be regarded as* an ac/dc/dc/ac! composite conversion

e

2




function'(imaginary de 1link). Therefore, the equivalent transfer

function should be a composition of the unified bilateral transfer

function H(t) defined in Chapter 2. In general, and regardless of

particular, applications, a functional approach can be followed to

define

a sequence of research steps:

i) thHe search for an improved transfer function (or(composition of

ii)

1i1)

transfer functions) to perform a required power conversion,

the study and selection of circuit topologies  (current and/or

L}

voltage source éonverter’topologies) to realize supi transfer

function (or composition of transfer functions).

the determination of gating strategies to

~

control the

topologies specified in 1i) in order to perform the transfer

. function specified in 1).

iv)

vi

the- development of generalized CAD (computer
data for the topologies determined in iii),
the study, selection, and design of filter

required by the switch mode conversion system.

.
- e

|

e

»

"

aided desikn)

configurations
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APPENDIX 1

F]

ﬁ“u

THE CQMPUTER l:(OGRAMS FOR COMPUTING THE TRANSFER
FUNCTIONS AND FREQUENCY SPECTRA FOR SINE PWM
AND MODIFIED SINE PWM CONTROL SCHEMES .
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10
20

40
50
60
70
80
90

100

110
120
130
140
150
160
170

. 180

190
200
210
220

250
260
270
280
290
300
310
320
330

. 340

R - ceea '

3

‘ . - ~
This Subprogram Computes the In§ersect1'on Points and
the Spectrtgx\ for the Sinusoidal PWM for Differents
Modulation Factors (MF). N\

@ 8 \

o | ) ‘
PRINTER IS 1 ‘ '
REAL Degree(50), Vha(51)
Mf=1o . Default Value

Nf=21 Defauly Value
INPUT "MODULATION FACTOR'",Mf '

INPUT '"'NORMALIZED CARRIER FREQUENCY",Nf
Spwm(Mf,Nf,Degreg”(*),Vha(*)) . , < .
END R
SUB Spum(ME, N£, Degree(*), Vha(#))

RAD - _/ah?

DIM A$[45] _
ALLOCATE: REAL T(43) ) )
Es=1 Normalized Inpuf dc
Tol=. 0005 : ,
Np=2%Nf+1 Co- | ®
™ Sf=2%Nf
Nn=){-)\w-1
FOR N=1 TO Nn
Xo1d=T(N)+P1/180
using Newton Algorithm ° .
FOR K=1 TO 200
. F=Mf#*(SIN(Xold))-((-1)"N)*(Sf*Xold/PI~2*N)
" GeNER(COS(Xold) )=((-1)"N)*(S£/PI)
Xnew=Xo1d-F/G
Delta=ABS((Xnew-3o01d) /X;xew)
IF Delta Tol THEI\i GOTO 340
’Xold=Xhew ] '
“NEXT X +
T(N+1)=Xnew

r

PRI CERPRCRE SR D SRR

it -
.
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D

. ¢ S : /
) . / ‘ RN
X v : ‘ ~ .
’ - 175 -
3 {\ ’ h * v
350 “ Degree(N+1)=T(N+1)*180/PI ' ' o | .
360 'NEXT N . o )
370 PRINT "PHASE INTERSECTION ANGLES OF SPWM (see Fig.(4.3))"
380 N PRINT '"Modulatign Factor = 1, Normalized Carrier = 21”,""
390 " FOR I=1 TO W@ : f
400 © PRINT USING """SPWM DEGREE ("*,2D,"*)="",5D,3p%;I,Degree(l) .
410 NEXT I - o )
420 1=0 ~ . \' -
430 PRINT “LINE TO LINE SPECTRUM (see 1(5(2.5;'2))" "
440 PRINT "Modufat:ion Factor = 1, Normaldzed Car;:ier = 21y
450 m, FOR L=1 TO, 49 STEP 2 HARMONIC SPECTRUM FOR SPWM
460 # IF L MOD 3=0 THEN L=L+2 d
470 B=0 ‘ ) :
480 FOR M=1 TO MNn .
490 | ) A== ‘ | r. |
500 P=L*T(M+1) :
510 Q=L*T (M) , ; S
520 B=B~ (An/L)*(COS(P)-COS(Q)) . o
530 NEXT M : : e
540 Vha(L)=Es*B/PI/ME/2%SQR(3) ' o
550 Per=Vha(L)*100/Vha(l):"Mf ‘ \
560 , A$="""SPWM HARMONIC (**,DD,"") = ",3D.4D,7D,3D," ] .
570 PRINT USING A$;L,Vha(L)*ME, ABS(Per) o . -
580 . NEXT L ' . P
590 DEALLOCATE T(*) e
600 « SUBEND L * ,' ‘ .
» . -
Y ) A 1
v 4 -, . §
. i

"s,

D
. N . '
. \ ' ' . .
' S
. + - [
f ‘ . N - * ~
. . N
. . .
- . . -
v B
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N

' \ <
PHASE INTERSECTION ANGLES OF SPWM (see Fig.(4.3))
PModulation Factor = 1, Normalized Carrier = 21 .

SPWM
. SPWM
SPWM
SPWM
SPWM
SPWY
SPWM
SPWM
SPWM
SPWM
SPWM
SPWN
SPWM

. SPWM
SPWM
SPWM
SPWN
SPWN
SPWM
SPWM
SPWM

" SPWM
. SPWM
SPWM
SPWM
SPWM
SPWM
SPWM
SPWM
SPWM

DEGREE ( 1)=
DEGREE ( 2)=
DEGREE ( 3)=
DEGREE ( 4)=
DEGREE ( 5)=
DEGREE ( 6)=
DEGREE (,7)=
DEGREE ( 8)=
DEGREE ( 9)=
DEGREE (10)=
DEGREE (11)=
DEGREE (12)=
DEGREE (13)=
DEGREE (14)=
DEGREE (15)=
DEGREE (16)=
DEGREE (17)=
DEGREE (18)=
DEGREE (19)=
DEGREE (20)=
DEGREE (21)=
DEGREE (22)=
DEGREE (23)=
DEGREE (24)=
DEGREE (25)=
DEGREE (26)=
DEGREﬁ (27)=
DEGREE (28)=
DEGREE (29)=
DEGREE (30)=

~0.000 ‘%;

7.977
18,503
23,973
36.856 '
40,097
54,936
56,429
72,662  °
73,043 _
90.00Q , ' -
90,000 :
106.957
107.338
123,571 ;
125.064 e
139,903 o
143,144
156,027
161,497
172,023
180.000
187,977
198,503
203,973
216.856
220,097
234,937 ‘
236,429 ; -
252,662

" g e 3

.5 0B B e - P
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SPWM DEGREE (31)=
SPWM DEGREE (32)=
SPWM DEGREE (33)=
SPWM DEGREE (34)=
SPWM DEGREE (35)=
SPWM DEGREE (36)%
SPWM DEGREE (37)=
SPWM DEGREE (38)=
SPWM DEGREE' (39)=
SPWM DEGREE (40)=
SPWM DEGREE (41)=
. SPWM DEGREE (42)=
SPWM DEGREE (43)=

253,043
* 270,000
570.000
286,957
287,338
303,571
305,064
319,903
323,144
336,027
341,497
352,023
360,000

-

o

LINE TO LINE SPECTRUM (seg Fig.(2.5.2))

Modulation Factor = 1, Normalized Carrier =

S

SPWM HARMONIC
SPWM HARMONIC
SPWM HARMONIC
SPWM HARMONIC
_ SPWM HARMONIC
SPWM HARMONIC
SPWM HARMONIC
SPWM HARMONIC
SPWM HARMONIC
SPWM HARMONIC
SPWM HARMONIC
SPWM HARMONIC
SPWM HARMONIC

" SPWM HARMONIC

SPWM HARMONIC
" SPWM HARMONIC
SPWM HARMONIC

(D
¢ 5)
«n
(11)
(13) =
an =
(19) =
(23) =
(25) =
(29) =
3 =
(35) =
37 =
(41) =
(43) =
(47) =
(49) =

i

. 8660
-0.0000
0.0000
-0.0000
-0.0000
- . 0154
-.2753
-.2753
-.0154
-0.0000
-0.0000
-.0019
~.0287
-.1569
.1569
.0287
.0019

100.000
0.000
0.000
0.000
0.00ﬁ

21

1.782 |

31.793
31,793
1,782
0.000
0,000
.218
3,319
18.119
18.119
3.319
.218

ey




ey

s ;f-“"‘"‘s

10
20
30
40
50
60
70
80°
99
100
110
120

130

140
150

" 160

170
180
190
200
210
220
230
240

- 250

260
270
280
290
300
310
320
330

- 340
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This Program Computes the Intersection Points
and the Spectrum for the Modified Sine qu‘gr

- 4

¢ REAL I1(101),T(48)

INPUT "Select Modulation Factor",Mf
INPUT "Select Carrier Frequenty",Cf
§=(C£~3)/6 |
Jépanese(N,Mf,T(*Z,Sav)
Spectra(N,T(*),I1(*))
END
SUB Japanese(N,Mf,T(*),Sav)
FOR I=1 TO 2*N

' IF (-1)1 O THEN J=J+1 -
" SECANT METHOD FOR THE SOLUTION

F(X)=SIN(X)-Y(X) |
. INITIAL APPROXIMATIONS ' B

P0O=0
_ P1=60

-

NO=100 MAX. NUMBER OF ITERATIONS

Tol=. 0001
K=2
DEG
.Function(N,Mf,1,J,P0,Q)
Q0=Q .,
Function(N,M,1, %P1,Q)
Ql=Q’ S
P=P1-Q1*(P1-P0)/(Q1~Q0)
IF K NO AND ABS(P-P1) Tol THEN
: Cosestl

T(S)=p

GOTO Fin
ELSE

K=K+l

\_/




350

360

370

380
390
400
410
420
430

, 460

e

470
480
490
500
510
520
530
540
550
560

570

580
590
600
610

620
630

640
650

660

670 °

Fint

W
" 450

CNEXT 1

FOR I=1 TO 4#N

SUBEND : :

Function(N,M¢,1,J,P,Q)
Ql=q"
GOTO 280
(END IF
NEXT I . ‘
ALLOCATE 8ix(24),Degree(50)
FOR I=1 T0 2#N )
S1x(1)=~T(2¥N+1-1)+120

K=0 ,
FOR I=2%N+1 TO . 4%N
IF (-1)1 0 THEN K=K+l S
B=K/2-K DIV 2
IF B .001 THEN
J§=J§+1
T(I)=Six(Jj) ' - : ;
ELSE - "
Gg=Gg+l .
T(1)=T(Gg)+60
END IF - ‘ e
NEXT I .
PRINT “LINE INTERSECTION ANGLES OF MSPWM (see Fig.(5.2))"
PRINT "Modulation Factor = 1, Normalized Carrier = 21w,

*‘*"""u\ \
Degree(I)=T(I)*180/PI ' . :
PRINT USING *""MSPWM DEGREE ("",2D,"")"",5D,3D";1,T(I)

NEXT I ‘ B

DEALLOCATE Six(*)

R )

'
«
ot c.c R
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680 . - SUB Function(N,Mf,I,J,X,Y) :
-650 pig ] , :
700 O YSMERSINGX)-(((-1) D)R((2%M1)/60)%X+((+1) CI+1))*2%3). .© -,
7100 SUBEND B S
720 SUB Spectra(N,T(¥*),I1(*)) ' ‘/p
730 DEG ‘ ) 5ﬂ'
740 DIM A$[45] ) /
750 PAUSE . / |
" 760 . PRINT "LINE TO LINE SPECTRUM (see Fig.(2.6.2))" .
770 < PRINT "Modulation Factor = 1, Normalized Cgrri‘e']r = 21","
) ‘ . - L " ‘
780 A$="""NSPWM HARMONIC ("*,DD,"") ="*,3D.4b,7D.3D,"
.+ 790 FOR I=1 TO 33 STEF 2 o | |
800 Bt=0 | /" ‘g |
810 . IF (1) MOD 3=0'THEN 1=1+2 // g ;
820 FOR J=2 TO 4*N STEP 2 y !
830 _ Pt=I*T(J) ///V . ' é
840 QE=I*T(J-1) | ;
850 ’ Dut=(1/1)*(COS(PEI-COSLQE)) ¢« - . :
860 Br=Bt-Dmt / .
870  NEXT J / . |
880  IL(I)=4.%Be/PI / B o ;*
890 . Per=IN(D)*100/13(1) : o ~ !
900 PRINT USING A$;I,I1(}),ABS(Per) ?

910 NEXT I
920 SUBEND
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LINE INTERSECTION ANGLES OF MSPWM (see Fig.(5.2)) . -

" Modulation Factor = 1, Normalized Carrier = 21

. MSPWM DEGREE ( 1)  14.934

MSPWM DEGREE ( 2)  20.087
" MSPWM DEGREE ( 3) . 30,000

MSPWM DEGREE ( 4)  39.769
MSPWM DEGREE ( 5) 45,333 S .
MSPWM DEGREE ( 6)  58.757
MSPWM DEGREE (' 7)° 61,243 SN
MSPWM DEGREE ( 8) 74,667 ‘
MSPWM DEGREE ( 9)  74.934
MSPWM DEGREE (10)  80.087

- MSPWM DEGREE (11)  80qg3l
MSPWM DEGREE (12)  90.000, .

LINE TO LINE SPECTRUM (see Fig.(2.6.2))

Modulation Factor = 1, Normalized Carrier = 21

MSPWM HARMONIC ( 1) .9968 100, 000

“#

MSPWM HARMONIC ( 5) = .0034 .337 L
MSPWM HARMONIC ( 7) = ~-.0036 .358 ’
MSPWN HARMONIC (11)-= .0048 483

MSPWM HARMONIC (13) = -.0083 © .833 )

MSPWM HARMONIC (17) = =-.1120 _ 11,240 S - K

MSPWM HARNONIC (19)'= -.2590  25.981° ,

'MSPWM HARMONIC (23) =  ,2596 26,040 .

MSEWM HARMONIC (25) =  .1108 11,113 ' : S
MSPWM HARMONIC (29) =  .0120 1.208., | '
MSPWM HARMONIC (31) = -.0138 1.389 | -

MSPWM HARMONIC (35) =' -,0521 . 5.226
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710 ‘Uuul=TIMEDATE .
. 20 DATA .5,15,1 : : .
- 30 READ Mf,Nf,Np
40 INTEGER Hsp(720),Hs(720),Hf(720)
50 REAL Degree(100),X(2,1440) S .
60 Spwm(Mf,Nf,Degree(*)) :
70 T f(Np,Degree(*) HE(*)) . <
80 DISP "ENTER THE NEW MODULATION FAqgoB AND. THE # OF TRIANGLES"
90 INPUT Mfp,Nfp .
100 Mfp=1. o ' : NN
110 Nfp=15 ’ s
120 spwm(Mfp,Nfp,Degree(*))
130 'T_f(Np,Degree(*),Hs(*)) )
140 DISP “ENTER THE PERTURBATION ANGLE" . :
150 INPUT "Pa",Pa . . N - L
160 DISP : ~
170 Pa=120 - ‘ A .
180 Pa=Pa%2 ' haad
190 Mix(Pa,Np,Hf(*),Hs(%), Hsp(*))
200 Uuu2=TIMEDATE
210 PRINT USING """PWM SCHEME COMPUTATION TIME"*,3D. 2D";Uuu2-Uuu1
220 PER UNIT DATA OF ORDER 3 LOAD—FILTER. ) - C o
230 MAT Hf= Hf*(.5) o . . ) L
240 MAT Hs= Hs*(.5) f - )
250 MAT Hsp= Hsp*(.5) . ' ' ] )
260 GOTO Graph i \ ' . .
-,270 DATA 60,.20,.3,2,1 &
280 READ F o,L f,L 1,C,R . oo
290 K1=2*PI*F o/L.f n
300 KZ=C#2%F o*PI '
310 K3=2*PI*F o/L 1 , ‘
320 T=1/(F_o*720/Np) . % ' 4
330 Runge: - '
340 Runge(T,Np,K1,K2,K3,R,X(*), HP(*), Hsp(*),Hs(*)) '
350 Uuu3=TIMEDATE
360 PRINT USING ""*“RUNGE-KUTTA PROCESSING TIME"',3D.2D";Uuu3-Uuu2
370 PRINT USING *"*PROCESSING TIME WAS:"*,3D.2D";Uuu3-Uuul
., 380 ALPHA OFF
- 390 Again:
400 GINIT -~
410 GRAPHICS ON

420
430
440
450
460
470
480
490

' 500

ON KEY 0 LABEL
ON KEY 2 LABEL
ON KEY 4 LABEL
ON KEY 7 LABEL
Spin:GOTO Spin
Plo:tPLOTTER IS

“PLOTTER" GOTO Plo .
“SCREEN" GOTO Secr
"EXIT" GOTO Exi
"DATA6000" GOTO Dtaé

705, "HPGL"_

OUTPUT 705;"VS5"

GOTO Graph
Scr:PLOTTER IS

3, "INTERNAL"

=+




510

«'520

530
540
550
560

. 570
580

.. 590
600
610
620

630°

640
650
660
670
680
690
700
710
720
730
" 740
750
760
770
780
790
800
810
820
830
840
‘850
¢ 860
870
880
890
900
910
920
930

940 -

950
960
970

'g\\9so )
90 GOTO Jump

S

000 FOR I=1\TO Np ) -

Graph: . ot .
OFF KEY T

GRAPHICS ON ¢

DEG L C S
LDIR 90 . )
CSIZE 2.6 '

LORG 6 .
Ssinplot(Mf,Pa,Mfp,0,20,1.5,-1,5)
Splot(25,45,1.5,-1.5,Hsp(*),Hs(*))
Srplot(50,70,1.5,-1.5,0,X(*))
Stplot(75,95,1.5,-1.5,1,%X(*)) "’ -
Srplot(100,120,1.5,-1.5,2,X(*)) ‘
PEN Up . ' '

BEEP

BE%P ‘ .

GOTO Again - ‘ ' L ™
Dta6:Datab(X(*),Hsp(*),Hs(*)) . . -
GOTO Again '

ExisOUTPUT 2;"P"&"LOAD KEY"&"X"&"C";

END '

Spwm: ) » -

XXXXXXX XXX XXKAXXXKX XXX XXXKLXKK XXX KKK KX KKXXKKK

SUB Spwm{Mf,Nf, Degree(*)) ’

THIS SUBPROGRAM COMPUTES THE INTERSECTION POINTS AND .
THE SPECTRUM FOR THE SINUSOIDAL PWM FOR DIFFERENTS
MODULATION FACTORS (MF). -

ALLOGCATE REAL T(100)
RAD
Es=SQR(2)
Tol=. 0005
Np=2#Nf+1
Sf#2*Nf
Nn=Np-1 :
FOR N=1 TO Nn -
Xold=T(N)+PI/180 ®
FOR K=1 TO 200 SPWM USING NEWTON ALGORITHM
F=Mf*(SIN(Xold))-((-1)N)*(Sf*Xold/PI-2*N)
- G=Mf*(C0S(Xold))-((-1)N)#(Sf/PI)
Xnew=Xo01d-F/G
Delta=ABS((Xnew-Xold)/Xnew)
IF Delta Tol THEN GOTOQ 960 )
Xold=Xnew . Co.
NEXT K -
T(N+1)=Xnew ° .
Degree(N+1)=T(N+1)*180/PI R
NEXT N




[T

-
"V‘

1016'

1020

1030

'1040

1050
1060
1070

*1080

1090
1100

1110

1120
1130
1140
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1120
1330
1340
1350
1360

1370

1380
1390
1400
1410
1420
1430
1440
1450

. 1460

1470
1480
s(*))
1490
1500
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‘\N¥ ' » HL
PRINT YSING """SPWM DEGREE ("“ 2D "")L"" 5D.3D";1, Degree(I)
NEXI I .
GOTO Jump . - .
FOR L=1 TO 51 STEP 2 HARMONIC SPECTRUM FOR SPWM . o
IF. L MOD 3=0 THEN L=L+2 .
B=0 . * R < . .
FOR M=1 TO Nn ’ .
: Am=(~1)N' ’ v
P=L*T(M+1) . e
Q=L*T(M) & )
B=B-(Am/L)*(C0OS(P)-C0S(Q)) )
NEXT M :
S§(L)=.5*B/PI oo
NEXT L * ®
Jump:
DEALLOCATE T(*)
SUBEND

T f:
xxxxxxxxxxx;(xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx / *
SUB T_f(Np,Degree(*), INTEGER Hs(*)) ' .
L-—o . (’ - .
Qq=+1 )
ALLOCATE INTEGER Hs1(720),Hs2(720) .
FOR I=0 TO 720 : -

IF (1/2) Degree(lL) THEN

Hs1(1)=(-1)%Qq

ELSE B
L=L+1 .

Qq=-Qq .

Hs1(I)=(-1)*Qq ' ’ <
END IF .
NEXT 1
FOR I=0 TO 720 . .

Hs2(I)=Hs1((I+240) MOD 720) - '
NEXT I ‘ A .
FOR 1=0 TO 720 * .
Hs(1)=Hs1(I)-Hs2(I)
NEXT I
SUBEND
Mix:SUB Mlx(Pa,Np,INTEGER HE(*), INTEGER Hs(*),INTEGER Hsp(*))
FOR I=0 TO Pa
Hsp(1)=Hf(I) —
NEXT I . \
FOR I=Pa+l PO 720 * . ;
Hsp(I)=Hs(I) . :
NEXT I, < 4 -
SUBEND '
Runge:SUB Runge(T,Np,K1,K2,K3,R,X(*), INTEGER Hf(*), INTEGER Hsp(*),INTEGER H

* 9

COMPUTING THE INITIAL CONDITIONS . i
FOR I=1 TO 720*Np ~

et



‘ o

-

. o

1510
1520
1530

1540

1550

1560

1570
1580
1590
1600
1610
1620
1630
1640
1650
1660

-'186 -7

, ”

‘IF (I MOD Np)=0 THEN J—J+1
U=Hf (J MOD'720)

CLLI=T# (-K1#X2+K140)

C12=T*(K2*X1-K2*X3) ! .
C13=T#*(K3*X2~K3*R*X3)

. . o
C21=T*(~-K1*(X2+C12/2)+K1*U) :

C22=T#*(K2*(X14C11/2)~K2*(X3+C13/2)) -
C23=T#(K3*(X2+C12/2)-K3#R*(X3+C13/2)) ~
C31=T# (~K1*(X2+C22 / 2)+K1#U)

C32=T#(K2% (X1+C21/2)-K2#*(X3+C23/2) )
033=T*(K3*(x2+c22/2)-K3*R*tx3+cz3/2))

Uu=HE((J+1) MOD 720)

1670

1690
1700
1710
1720
1730
1740

1750

1760
1770
1780
1790
1800
1810
1820
1830
1840
1850
1860
1870
1880
1890
1900
1910
1920
1930
1940

1950

1960
1970
1980
1990
2000

C41=T#*(-K1#*(X24C32)+K1*Uu)
"C42=T#*(K2% (X1+C31)~K2*(X3+C33))
C43=T#*(K3%(X2+C32)-K3*R*(X3+C33))

X1=X1+(1/6)*(C114+2%C21+2*C31+C41) ‘ «
X2=X2+(1/6)*(C1242%C2242%C32+C42) d/,f"”
x3—x3+(1/6)*(c13+2*c32+2cc33+ca3)
NEXT I ,
PRINT "THE INITIAL CONDITIONS. HAVE BEEN COMPUTED*
COMPUTING THE POSITIVE TIME ' .
J=0
FOR I=1 TO 1440%Np
IF (I MOD Np)=0 THEN. J~J+1 5
IF J 720 THEN :
U=Hsp(J MOD 720) N
ELSE ’ .
U=Hs(J MOD ,720) :
END IF

Cl1=T#(-K1*X2+K1*U)
C12=T*(K2%X1-K2*%X3)
C13=T#*(K3%*X2-K3*R*X3) |

C21=T*(-K1*(X2+C12/2)+K1*U)
C22=T#(K2%(X1+C11/2)-K2#(X34C13/2)) |
C23=T*(K3%*(X2+C12/2)-K3*R*(X3+C13/2))

CIL=TH(-K1%(X2+C22/2)+K1*U) s
C32=T#(K2% (X1+C21/2)~K2%(X3+C23/2))
C33=T*(K3*(X2+C22/2)-K2*(X3+C23/2))

IF J 720 THEN
Uu=Hsp((J+1) MOD 720),

T

: i ﬁrﬁl-ml
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2010 ELSE -~ : , s
- 2020 Uu=Hs((J+1) MOD 720) ) . , X
2030 END IF N » ‘ <
2040 . . '
2050 C41=T*(-K1*(X2+C32)+K1*Uu) .
; /72060 C42=T*(K2*(X1+C31)-K2#(X3+C33)).
1& ol 2070  C43=T#(K3*(X2+C32)-K3#RH(X3+C33)) , '
. . 2080 ) /
. 2090 X1=X1+(1/6)%*(C114+2%C21+2%C31+C41) o '
. 2100 X2=X2+(1/6)*(C12+2%C22+2*C32+C42) * : ) '
T 2110 X3=X3(1/6)*(C13+2%C32+2#C33+C43) - ,
i oo 2120 - . /
e : 2130 X(0,J)=X1" ] : L /
b T 214071, T)=X2 e , ,
. - , 2150 X(2,J)=X3 - ‘ '
. . 2160 NEXT I - ’ , " ‘
¥ 2170 .SUBEND ~* - | :
. i B P /, :
R / »
oo | "
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APPENDIX 3; Boost Chopper Principles of Operation

’

The boost choppér shown 1in Fig.(A3.1) is analyzed with the

following assumptions:

i) input current Ic is continuous and ripple-free, ¢

ii) output voltage Vd is also ripple free.

Both assumptions are compatible with rated oufput power and
properly selected dc filner‘capacitoré. With these assumptions, the

equivalent circuit for the boost chopper and its associated current

waveforms are as shown in Fig.(A3.1b). Also, in an ideal chopper,

Pin = Pdﬁt = E » Ic = Id . Vd (A3.1)

1, = (5 1, (A3.2)

- -
Substitution of Id in (A3.1) using (A3.2) gives

Vd .
— = . - ' (A3'3)
E - c ’

where

1<« Gc < = {3 the chopper gain.

Finally, from Fig.(A3.1c) and (A3.3), the current ratings for the

) ¢
switch § are found to be:

»

<
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