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.

Analysis and Design of Optimum Thtee-Phase PWM Rectifiers .
. . and Rectifier—Inverter Frequency Changers

Young-Goo Kang, Ph.D.
Concordia University, 1985

‘

3
@

Steadily decreasing prices and improving petformance of‘semi-
conductor deviées are beginning to have a considerable influence‘
on the des;;n of conventional .stattc' power conviéper cirtuits. This
inflyence is in the form of either ;new converter topologies or
innovative - control methods for traditional topologies, the objectives
be?ng: cost reduction, ﬁéighpgand siz; reduction, better efficiency
and increased 5;I1ability {n both cases. In view of this, this thesis
focuses on the optimum design of three-phase PWM -rectifiers and
Rectifier - Inverter (voltage source) Frequency Changers (RIFC's) for
high performance applications by ﬁéana of the minimization of reactive
elementé. such as ac/&c filter components, input poder-factor'

&
.

correction capacitors, etc..

In order to achieve this optimum design, some advanced PWM control

techniques, which 1include the typical sindisoidal PWM (SPWM), the

'

modified SPWM, and the optimized PWM, are applied to both rectifiers

and inverters. These PWM control techniques ‘yield ninimum possible

i

harmonic distortion of the input/output waveforms and maximum possible

input’ voltage utilization at practical switching frequencies. Moreover;
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The main feature of these topologies is that they do not require any qé

~A

..iv_
to facilitate the analysis of the aforementioned converters, a sultable

computer-aided analysig method, which is based on the switching

function concept, 1is introduced.™

EEN P

Algbrithms for ldesigning . the associated - ac/dc filters are

'

" proposed, with special emphasis bn the optimum input filter design,
lsihce no comprehensive information on this topic is available. By .

" applying properly selected PWM control(_techniques to three4phase

rectifiers - it is shown that the size of input/output filters can be

* reduced significantly and the input power factor can be improved

r

considerébly; Also, results show that the optimum RIFC system, which
consists of a PWM rectifier and a PWM inverter employingk the gdvaﬂced ,
PWM control techniques, requires considerably smaller sized reactive

elements.

¢

While predicting frame (motor): mounted static power converters,

this thesis introduces'and thoroughly analyzes two new RIFC topolbgieh.//f

/
1ink reactive component.

Finally, in order to "establish ‘the feasibilty of the probosed

new topologies and control techniques, and to evaluate the
efféétiveness of the employed analytical techniques, predicted key - .
results ars verified experimentally. ) . ‘””7~\
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Ripple factor of the 1oad voltage of a rectifier .

the maximum'dc voltage .
Rectifier-inverter frequency changer
Resistance‘of a.rectifier loéd

€

Matrix of a 3—¢ inverter awltching function

General symbol for swicching functions where n=1,2, 3 4 and
x=a,b,c o :

$inusoidal PWM

RIFC with suppressed dc link
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"Ripple factor of the load voltage of a rectifier in terms of
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MSPWM switéhing function

Optimized Pwﬁ switching function

\
Version of .the .S, (wt) function

Conventional éignle*pulse switching function
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General symbnl‘for converter switches

Inverter switch ' )
Rectifier switch

Total harmonic distortion of the input line current of .a
rectifier’ ) '

é
tal harmonic distoytion of tﬁ? input voltage of a

rectifier '
\ . X — . w,—//
Third-harmonic-injection SPWM '

@oéal’input power factgr of a converter .
Total kVA rating of an ac (input) filter ‘ _ R
Three-phase line to neutral-wQltages .

Rectifier input (phase a) voltage with input filtgf
Amplitude of the k-éﬂ component in the V (wt) |

AC mains (phase a) voltage with input filter-

Threephase line to line voltages .~

" DC _component of a rectifier output voltage

o

Normalized vdc

7 Amplitude of the n;th component in the V;(mt)
RS value of the Vg(wt)
Amplitude of thevac mains vglrage ‘ ’
Matrix of three-phase input voltages of‘a‘conQZ}te?‘,‘ ‘

Matrix of three—phabe~invertér output voltages

RIFC (or SRIFC) output line to_ line Yoltage
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an SRIFC
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Unwanted components of the [Von(t) ] for phase a -~

Rectifier output voltage 4

Amplitude of the n—th component in the V _.(wt)
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Phase a,b, or ¢ in a three-phase converter

‘

Impedance of the C; at fundamensﬂi input frequency
Impedance of the C, at fundamental input frequency

Impedance of the|L, at fundamental input frequency

Impedance of theJLo at fundamental input frequency

Equivalent output impedance of a rectifier at the
n-th frequency N

General symbol for a phase delay angle

»

The k-th commutation point in a switching function
Genera1 symbol for phase

Phase displacemeht of the n-th harmonic component
Voltage utilization fa;tor of an inverter

Voltage utilization factor of a rectifier ’

Total voltage utilization factor of-an RIFC

Ratio between the price of inductor and that of capacitor
for same kVA rating

Phase displacement between voltage and current at
fundamental frequency

Phase displacement of the n-th harmonic component
General symbol for angular frequencies
Angular frequyency of an ac mains

Angular frequency of an inverter output frequency
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CHAPTER 1

v

\ ‘ INTRODUCTION

1.1 General

[

’ Continuing improvements in semiconducté: technology and in ‘power .

converter circuits have led to wideSpreadhbuse of étagié power

converters. They come in many forms for many applications such as shown
in Table 1.1. Figs 1.1 shows the simplified block diagram of a static

power converter. The input angxoutput can be either ac form or dc form,

the conversion scheme belonging to one of the four main categories

which include ac/de, dc/ac, de/de, and ac/ac conversion. Since the

output voltage (ot current) and the input current (or voltage) are

defined by the switching operations of the converter switches, there
<

u

always exist some unwanted harmonic components in the input and quﬁput

waveforms. Therefore, the input and output filters are generally

introduced to reduce the generated harmonic components to certain
acceptable levels. i,

]

Among the four conversion processes, - the ac/dc process 1is of

considerable:. practical importance, because the owiginal source of

‘energy is generally in ac form. Consequently, the ac/dc converter is

? .
an indispensable part of any application , requiring dc power and of

those requiring ac power. The mat:/ﬁields of application of the ac/de
converter are [1], [2], [3], [43s .
B

o Fgte ®

h
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TABLE-1.1: APPL;CAfIONS OF STATIC POWER CONVERTERS.

.

AEROSPACE AND DEFENSE

Afrcraft Power Supplies
Laser Power Supplies
Radar/Sonar Power Supplies
Solid State Relays
Sonobuoy Flashers

Space Power Supplies

VLF Transm1§ters

CONSUMER ¢

Audio Amplifiers
Electric Door Openers
Heat Controls
Electric Blankets
Electric Oryer
Food Warmer Tray
Furnace
Oven
Range Surface Unit
High Frequency Lighting
Light Dimmers
Light Flashers
Motor Controls
ir Conditioning
lpnder
Electric Fan
Food Mixer
Garage Door Opener
Hand Power Tool
Mode) Train
Movie Projector
Sewing Machine
Stot Car
RF Amplifiers
Security Systems
TV Deflection >

. INDU

!
STRIAL
Mercury-Arc Lamp Ballasts
Motor Orives
Cement Kiln
Conveyor
Crane and Hoist
. Machine Tool
Mining
0i1 Well Orilling
Paper Mill
Printing Press
Pump and Compressor
Steel MIN
Synthetic Fiber
Power Supplies -
Aluminum Reduction
Battery Charger
Computer
Electrochemical
Electroplating
Electrostatic Precipitator
Induction Heating
Labaratory
Mining .
Particle Accelerator
Welding
Static Relays and Circuit Breakers
Ultrasonic Generators -

POWER SYSTEMS

Gas Turbine Starting

Generator Exciters

HYDC

Nuclear Reactor Control Rod Orives
Solar Power Supxlics

Synchronous Machine Starting
Uninterruptible Power Supplies
VAR Compensation )

Wind Generator Converters

TRANSPORTATION

’

Electronic Ignition
Linear Induction Motor Control
Motor Orives
'Electric Vehicle
Elevator T
Fork Lift Truck
Locomotive ~
Mass Transit
People Movers

b
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. , “
(1) as the controllable dc supplyhfor the field and ;rmature
windings of‘dc motor drives, ;
(ii) as the current-source for high inductance excitation coils of
the field %inding on ac andfdc m;ghines and magnet supplies,
(iii) for the dc link between the ac mains and an inverter.
. . . <
¥ _or a chopper, .
‘< (iv) as the dc supply in battery chargers, electromechanical .
"
installations, dc.arc furnaces, and dc welders,
(v) in Ehe induction motor drive with a slip recovery scheme, and

{vi) as the HVDC transmission terminals.

For static power conversion from a three-phase mains, the
t&yristor phase-controlled réctifier is most widely wused in Dboth
industrial and commercial épplications.‘ It is attractive because its
inherent ruggedness and control signals are easily generated by simple

circuitry. However, it has some undesirable properties, which include

a poor input power factor and low-order harmonic components in ac line

currents. The former property is mainly due to phase displacement which

ﬁi&\\jn unavoidable inherent property of phase-controlled rectifier.
~ " “ ’

Econoque _as well as system voltage-regulation requirements make it
desirable to improve the overall system power factor. This power-factor

impggyement& is typically accomplished by using shunt power-factor

correction capacitors [5], (6], (7], [8], €91, [10]. However, if not

) applied correctly, these capacitors can produce other problems such as

o

parallel rescnance between the capacitor bank and the systeh inddetive

‘reactance, resonance with a generated harmonic, capacitor fuse-blowing,

f
ki




and increased noise on the power system. There are also several methods
for power-factor improvement of fectifie;s 'witho?t using the shunt
capacitors [11], [12], [13], [14]."Without loss of generality,; the best

way of improving power factor is through the use of forced commutation,

if applications permit. The latter property creates a number'af
' P e -
problems for the power distribution network and for other electrical

’

systems in the vicinity'gg the rectifier [153,’{16], [17]’,[183"£19]’
[20],'[21]. In other ;ords, harmonic currents, wh;ch the p&wer.system
is required to provide, cau;e éh increase in heating. Sometimes, in
the peak current levels in the power distribution systeﬁs,' the
impedance of the distribution sfstem will cause these harmonics to

distort the supply voltage, causing increased 1losses and electro-

magnetic intefference (EMI) "to other 1loads !(such as computers,
numerically Ci?ntrolled machines, appliances, 9powern line carrié;—
;ﬁgmmunicatﬂon systems, rTelaying equipment, and other so;histicated
electronic equipment Yhich are very sensitive to powér i:ne pollup}on)
elsewhere oOn the power lines. It is therefare necess#gy to introduce
filters on the input side of the rectifierqto redgge/fg;'tgtal ha?ﬁonic

N

distortion (THD) of the line current to a certain acceptable levé. The

output voltage of a rectifier is not pure dc, but contains substantial
. . . Y

ripple components. Since the magnitude of this ripple becomes worse as

the delay (i.e. conq\qﬁg angle jncreases, a dc side filter must ™
. M

generally be included}to reduce the effect of this ripple on the loads.

Speed control of ac machines has become practical , by contselling

\vxthe frequency of the applied voltages, and there are many aspects of

o
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variabi;;frequency drive systems which are of current interest [22],
(23], 43, ([25]. For example, numerous types of speed and
acceleration control systems are being investigated, and designed to

meet specific, system requirements. Typical applications of variable-

frequency drive systems include :

- Teitile manufacturing
- Chemical processing

~ Glass manufacéhringr
~ Machine tools

- Polymer forming

~ Food Brocessing

- Material,h§ndling and packaging .

A

- - Printing and paper making

- Grinders

.

- Pumps

Depending on how the %ﬁnversion is achieved, all frequency changer

designs can b€ grouped into two families: direct and ihdirect

=+, conversions (Fig. 1.2). Frequency conversion 1is performed directly,

when ai properl};\pberated set of switches connects the input lines
directly with Jutput. lines [26]. It is performed indirectly;’when
the 1nput energy 1s f’g;t t;}hsferred into an inte;medlate storage
link (bC or HF), and then f om the intermediate lxnk to the output.

The intermediate storage decoPples the input port from the output port,

thus preventing the increase of output subharmonics and the disturbance

~ . \
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Fig. 1.2: Shﬂplified block diagram of three~-phase ac/ac . -
frequency changers. ' . ¢ v

a) Direct conversion.. - : ) 2
b) Indirect conversion. '
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of the input port. On the other hand, output subharmonics, in turn,
]

tend to affect direct converters. Since their output wavéfo;m‘synthesis
is usually not very accurate, some of the input 1line modulation is

- present in the converter output,
t

The 'beating' between input and output frequencies is the most

°

common gsource of output subharmonics, highly undesirable on inductive

loads. For this reason, the most widely used converters are indirect,
with a dc link. In addition, ac/dc-.and dc/ac converter technologies
-are relatively, well established, ' so that a <Rectifier-Inverter

Frequency Changer (RIFC) usually consists of well known circuit block.

[ - ¢

A typical RIFC system employs two stages of power conversion. In

s the first stage, ; fixed frequency ac supply voltage 1is rectified to
produce the required de bus by wusing a diode (uncontrolled) or a
thyristor (phase-controlled) rectifier. In the second stage,  the dc
bus voltéige is inverted to acjform at a required output frequency by
using a PWM-inverter. 1In most cases, this arrangement resulté in power
converter struct;res ~with bulky components which ‘are difficult to
pagkage, mainly due to the presence of l?rge reagtive elements such as
‘ac/de filter components. For example, , with typical modern RIFC
structures the lafgest part of) the cabinet space (and hence floor
space; is occupied by the ac/dec inductors and cabgcitors. Also, these

reactive components frequently account for most of the cabinet content
,

and weight, and hence determine the type of structure and the ptice of

»

1

8 &¥ » *
the \cabinet " itself, Therefore, a need‘ for novel, effective, and

'
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economical techniques of reactive eXement minimization exists, In fact,
recent trends in static power converter design are towards minimizing
the volume to output kVA ratio, resulting in cost reduction through

advanced packaging concepts, and hence one can soon expect to see power

electronics located on the machine frame of small ac motors [22], [24].

These trends have main}y been supported by the recent advances in
power‘semiconductor technology which have produced faSt gate turn-off
switching devices (sﬁch as MOSFET's, bipolar transistors, GT0's etc.)
[27], [58] at competitive prices. Consequently, the thyristor switches
in rectifiers and inverters are gradually being replaced by the more
recent gate turn-off switching devices in low to medium power
applications. Therefore, for the first time, it 1is now becoming
feasible to apply advanced PWM harmonic control techniques to both
rectifiers and inverters, reducing the low-order harmonics and hence
the filter and overall converter sizes. Moreover, with the advent of
very large scale integration (VLSI) technology, the availability of low
cost and powerful microprocessors makes it feasible to implement
complex converter control strategies that previously‘ could not be
considered. The m}crocbmbuter—based control,s&gtem provides not only

¢ 4
substantial hardware simplification and improvement of reliability(/but

also performance optimization, impossible with the use of dedicated

hardware control, Another important trend setting factor is the strict

“harmonic standards adopted by mmquptility companies around the world
'

[29] (it .is also expected thétf"fhere will be new strict harmonic

standards in North America soon). e

¢

©
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Because of these trends in the evolution of static power converter

-

“structures, this thesis focuses on 3'op':i.mu.m converter system' design

through the minimization of reactive elements such as ac/dc f};ter
.components, power-factor correction capacitors, and’ commutation
inductors and capacitors. In the context of this thesis, 'optimum
system'~ is the system ﬁgat satisfies ; given set of operating
;pecificatlons with mini;um .sized reactive components at practical
lswitching frequencigs. Another motivation for focusing on this topic
is-that there is no comprehensive information about the ac input filter
design of a’'rectifier, and no é&e has dealt with rectifier and
inverter as a one R}FC s}stem in orde; to design an optimum conQerter
system, . In this thesis, three-phase PWM rectifier structures for dc
loads, and RIFQ} structures with dc 1link components, along with

-

guppressed dc link components for ac loads are investigated.

1.2 Review of Previous Work

In this sgction&Q\previous work related to three-phase forced

~ commutated  rectifiers and RIFC's is reviewed.

o

L4 ?

1.2.1 Three-phase forced commufatedfrectifiers

»

Forced commutated rectiflers are chosen in order to eliminate the

drawbacks of the traditional 1line commutated Trectifier. Heﬂce, the

application of PWM control techniques to rectifiers 1s of great

interest. However, and mainly because of . the ruggednéss of 1line

RN
75 /\

i
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commuté;ed'rectifigr, they have attracted ‘rela;ively 1ittle attention

T
BN
L7
el

in comparison tb'.PﬁM inverters. Proliferatioﬁ of static conygrteré,
however, is,fb;é;ng utility power comﬁanﬁes to introduce stricter input
current harmonic standards. Therefore, it .is anticipated that‘
continuing converte; prolifefation over ‘the next several years will

make harmonic distortion -the most important single probiem in static -

power conversion [14].

Lienau et al. investigated self-commutated converters for ac or:
dé traction applications [30]. They have employed multi-step switching .
operations and pulse operations using thyrisﬁors to improve input power
factor and line current \yaveform, but these methods of controlifng

output voltage have not been efficient.

.

Kataoka et al. igvestigated a thr@e-bpasg pulse-width controlled.

rectifier to imprd?e‘input ﬁbwer facFor ané line current waveform using;

thyristors with auxiliary commutation circuits [31].: They used multi-

Pulse paving equal puise—widths for three-phase applications to reduce

the harmonic coﬁponeﬂts. Compared to the tfpical sinusoidal PWM scheme
‘ ) \ .

(329, this typé of pulsé-width modulation (PWM) 1is inefficient and .

moreover, no data in designing the input and-dutput filters have been '

———
made available.
o .
. . Y

Another approach aimed at improving the input power factor and the
line current waveform has been proposed by Marido,et al. [33], and by
Divan and Barton [29]. 1In this case, tﬁo cascaded convertors$ are used:
first {s a simple ac/dc diode rectifier; the second, which is supplied

e o s ——r—— I ———— e — - - ; —
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by  the first through a suitable dc filter, -‘is a controlled dc/de

converter. The resulting harmonic components of the supply currents
depend on the mode of operation of the chopper; the line.currents can
contain subharmonic components and/or form an unbalanced set of three-

phase input currents.

<

Z4ch investigated 'a so-called pulse-time control, a special type
of EWM, to impro@e the input_power factor as well as the line current
harmont? distortion of rectifiers [34]. This pethod 6f controlling the
output voléage results in poor 1input voltage utilization, and the

corresponding switching frequencies are consider@bly higher than those

required with the control methods proposed in this thesis. .
'vl
. | .

In addition, a reactive power and unity power-factor  control

scheme utilizing transistor switches haS been proposed by Busse and
. -

Holtz [35]. It requires a multi-loop implementation and employs a
rather inefficient and complex PWM Eechnique. Moreover, the work
presented in [35] does not include any data on actual line current

distortion{ nor values of the input/output filter components,

Finally, Doradla et al. have recently investigated a sinusoidal
PWM three-phase ac/dc converter for dc.motor drive applications [36].
In this system, the SPWM gating signals are applied onlylto the upper
group- switches, and only 120 degree single-pulse gating signals to
lower group switches, tﬁus working 1;ke a semi-SPWMr controlled

rectifier. Consequently, the input line currerits do not exhibit half-

s -

l'wave symmetry, and this results in inefficient suppression of unwanted

voltage and current components.

f
. P
' o AT
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1.2.2 Three-phase rectifier-inverter frequency changers -

" The" analysis and design of RIFC systems haver so far. been
focused on the inverting _dtage, and are therefore 1limited to the
optimization of the interaction between inverter and ac load. Areas of

concern such as ac mains-rectifier interaction and rectifier-inverter

interaction have, in most cases, been ignored or dealt separately from

each other. Consequently, - the anélysis and optimum design of critical
system components such as ac (input) and dc (link) filters have been

Ted or performed outside the proper context. -

‘ There has been some previous work on rectifier-inverter (voltage
source) systems for induction motor drivés [37],'[38], [39] [40]. 1In
particular, Krause aﬁd Woloszyk dealt with prediction of the

_ performance of a rectifier-inverter induction motor drive system in
E3f]; Liﬁo and Krause investigated stability ;nalysis of the drive
syQtem in [38], [59]; and Lipo et al. stuqied'harmonic torque and speed
pulsations in the drivé system described ‘in [40]. However, these works

3y . ' .

focused only on the performance of ac machine.

L A -t
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1.3 Scope of the Thesis . /

This thesis is divided into fi&;‘chapters, and a brief outline of

its -contents is in order.

/As indicated by the title of this tﬂ&sis, the steady state
chaﬁécteristics df‘ three-phase rectifier systems are investigated

first. Then, the investigation is further extended to RIFC (voltage

.source) systems with and without dc link filter (in this context the

'system' iqcludes the required ac/dc side filters). The main objective‘
of this thesis is the 'optimum’ design of suéh systems by the meansléf.
the minimization of ’reactive components, and by the introduction of
the analytical techniques required to achieve this objective. To
acﬁievé this primary gsal, some advanced PWM harmonic control
techniques are employed to both rectifiers and inverters, and the

techniques to design optimum ac/dc side filters are developed by using

' a switching function concept, with suitable comptuter-aided analysis

and design methods. \

In Chapter 2, some advanced PWﬁ switching functions, as 371I*is
the conventional one (for comparison purposes), are described and

discussed in detail.

In Chapter 3, three-phase PWM rectifier systems are thoroughly

analyzed and evaluated. The techniques to djﬁié‘ optimuy ac/dc filters

are developed, and some comparisons related
made. Finally, a design example 1is provided and the predicted key

results are experimentally verified by a 1 KW laboratory set-up.

<

) §
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In Chapt;r 4, three kinds of three-phase RIFC (votage source):
structures ;ith‘dc‘link componénts-are investigaéed. The optimum ac/dc
filters for each structure are designed Sy using the teéhniques
developed in Chapter 3, and some salient data are compared to each
othef. Also, the performance ev;luétion of the overall system for each
structure is prgsentgd so that the optimum RIFC system may be chosen.
Finally,

e predicted key results are verified by simulation on a

HP9836-DATA6Q00 system.
J

In Chapter 5, two kinds of three-phase RIFC structures without de

" 1ink components (whi¢h are novel structures) are thoroughly analyzed
A3 .

and discussed. Some of the theoretical key results are exparimentally

verified by a prototype laboratory set-up,
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CHAPTER 2

SWITCHING FUNCTIONS

2.1 Introduction ) s )

«

Consider a general static power converter shown in Fig. 1l.1.°

Assuming that the input voltage(s) [VI (t)] and outﬁht voltage(s)

"[Vo (t)] of the converter are defined, ‘then the transfer function of

-

the converter [H(t)] can be defined by: ‘
[H(E)] = [V, (£)1/[Vy(B)] & . (2.1)

The realization of the transfer function [H(t)] can be achieved only by
means of a set of switches .which operate according to some
predetermined switching patterns. . The mathematical e*pression
describing the switching pattern of a switch is called an ‘existence
function' [41]. The existence function for a single switch assumes
unit value whenever the switch is closed, and is zero whengver the
switch is open. In a convérter, each switch is closed and opened
according to some repetitive pattern; hence, 1its existence function
will take the form of a train of pulses with unit amplitudes. However,
since the dependent output (or input) waveforms of a converter are
determined by the switching operations of the switches, some means of
formally and quantitatively describing'the switching pattern of a phase
(not a switch) 1is needed to simplify the analysis and design of a

converter. The mathematical egpression used for that purpose is herein

.

A

-
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termed as a ‘'switching function', and it is defined as the function
déscribiné’%the switching pattern of a phase, having three-level

P

amplitudes 1, 0, and -1, _
e
To clarify, consider the typical three-phase phase-controlled
bridge rectifier shgzp in Fig. 2.1. The six gating signals wtih zero
phase shift are shown in Fig. 2.1b to Fig. 2.1g. Since the output
current I, is reflected into the input line currents by the switching

operations - of the six switches, any one of the three input line

currents of the rectifier can be expressed by:

s
/\ix

/ Lfwe) = IS (ue), 0nl,2, 3,0 To@
where

x=a,b,c

*

Ix(wt) = input line current corresponding to phasg x
s

Snx(wt) = switching func¢tion corresponding to phase x

n = type of switching function (will be used in the

N
¥

following sgctions). g

As apparent in Fig.'Z.lh, the I, (wt) is a three—lével waveform hgving
the amplituae; i, 0, an& -I, .whgn the output current I, is assumed to
be ripple-free. Thus, in this particular case, - the switching function
Spx(wt) is defined as the function having exactly the same waveform as
I,(wt) but with the amplitudes 1, 0, and -1 (Fig. 2.1i). Moreover,
since a switching function Sp.(wt) contains an infinite number of
harmonic compdnents, it can be expressed in terms of the% Four}er.

AN

series given by:

* For convenience, w is often used for w (Ex: wt=wt),
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) . k-l/

=20~

sin kot ‘ T (2.3)

where ' \

R ¢
A Ag ='amplisude.of the k-th frequency component in the Spx (WE).

o
, ¢ $ : -
Also, the output voltage of the rectifier V, (wt) can be determined in

‘terms of the switching function Snx(wt) as follows:

. . 7 '
. \ vr(m)-van(wt).Sria(wt)+vbn(mt).Snb(wt)+vcn(wt)'sn;(wt) {(2.4)

where

Vn (ut) = line-to-neutral (or phase) vpltage of a three-phase

%

mains supply.

%

Thus, by introducing ihe switching function concept. the dependent
output (or input) waveforms can Se analyzed and expres;ed easily 1in
terms of the Fourier series by using a suitable computer-aided method.

Three kinds of PWM “switching functions will be described and used
throughout jhis thesigc " The conv?ntional single-ﬁqlse swiching
-function ‘shown in F;;,/Z.li will élso be included for compari;on

. hpurpysesﬁ’ » )
[ 4

2.5\ Sinusoidal PWM (SPKM) Switchirg Functionsz's1'(wt)
\ : o

This is a PWM technique that has been widely used in static:

inve;ter applications. The associated theory and applications have

.already been discussed in the numerous literature [42], [43], ([44],

»
%

.
.
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(45], [46]. However, it is noted here that this type of switching
functions can also be a;plred to s%itching mode Tectifiers. - Flg. 2.2
shows the derivation of an. S; (wt) type of switching function. An
isosceles triangle wave (carrier signal) is compared to the éine wave
(reference signal), crossover points detetmining the points of level
transitioq, from which the two-level switching wayeforms correéﬁonding
to the phases are obtained (Fig. 2.2b and 2.2c). From thes; two-level
switching'waveforms, the three-level switching ;aveforg shown in Fig.

2.2d is derive%, in the same manner as one ob&ains the line voltages

from the phase voltages of a voltage-source inverter. Finally, by

. ~
setting the magnitudes to unity and by phase shifting the three-level

.waveform by -30 degrees with respect to the reference signal the
résulting switching function S, (wt) 1is obtained (Fig. 2.2e). In most
cases‘ the carrier 1is synchronized %}gh the reference, and an odd
integrélv(multiple of three) ratio 'Between. carrier and referenée
frequencieé is main{ained to improve harmonic'céntent. The pulse-widths
of S, (wtj can be varied Sy variation of the-moduiation index M which
is defined as the rétio of the amplitude of the reference signal (Ar)

and that of the carrier signal (Ac)' Consequently, the fundamental

component of the switching functlons can be controlled by the

modulation Index M, and M must be restricted less than unity for normal
- operation. With this restriction it can be shown' that only <carrier
frequency harmonics with fundamental f%equency related side bands
appear at the frequehcy spectrum of an S, (wt), thus the Iow—ord;r

harmonic components can be mdﬂéd far away <from the fundamental

/

e | -

=t e NIRRT ol
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The SPWM switching function.

a) Definition of the SPWM scheme.

b,c) Output¥phase voltages of an SPWM inverter, -
d) Output line to line voltage of the inverter.
e) Switching function of the SPWM scheme.
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component (Fig. 2.4), -depending on the carrier frequency. The ratio
' ’ .

between the carrier frequency f, and the reference frequency £, , or

4
normalized carrier frequency, determines the number of pulses per half-
p } .

cycle of an S, (wt) and is given by: ‘

“ f /£, = N, ‘ : : (2.5)

where
N = number of pulses per half-cycle of an Snx(wt).
) .

Once a switching function has been specified, the gating signals
for a three—phaééijbridge converter grectifierﬂor inverter) can Dbe
easily obtained I;ccording to the opefating principle of voltage-source
or current-source converter; that is, at any instant the sum of line

voltages or éﬁrgents should be zero. .This is equated as follows.

t Vab(") + Vbc(t) + vca(:) =0 (2.}6_&)

or

¢

n

+ : - ’ .
I, (1) I (t) + 1(t) =0 ) (2.6b)
e _ '
\ . k4
Fig., 2.3 shows examples of the gating signals for voltage-source and
current-source converters. From this figure it can be seen that for the

same number of pulses (Nj) the switching frequency of a voltage-source

converter switch, fg4y,, 1is lower than that (f, ) of a current-source
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Fig. 2.3: Examples of SPWM gating signals for voitagp-source

and current-source converters with N, =15 and M=0.8. ’
(a) For voltage-source converters.
(b) For current-source converters.
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’ fsv = Nh . fr ' ‘ ‘ (2.7a)

fsc - (Nh+2)fr , (2.7v)

Fig. 2.4 shows the frequency spectra of S; (wt) with Ny=15 and 21,
and the fiéure illustrates the fact that the order of dominant

harmonic components (dg and dp) of an S, (wt) are a function of Ny

given by: '
f\\_),
dl - Nh -2
‘ (2.8)
dh = N§\+ 2 .,
Py

where
dlfh,order of the lower dominant harmonic frequency component,

'dj, * order of the higher dominant harmonic frequency cdmponent.

. or, they can be expressed 1in terms of f, and f, ; that is,

-

Y ‘ ’ dl -'fé h ?fr } )
\ ) , (2.9)
d = f + 2f
+ "h e r
ng

Thelir magnitudes are shown in Fig. 2.5 'aqﬁf~functipn of the modulation

index M, and it is observed that their maximum values occur at M =1,

In order to observe the effects of the harmonic characteristics of

Sy (wt) as Nj increases, a parameter DF, , which is the distortion

factor of a switching function next defined, i introduced.

amin 2R e
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100 b A 24172
‘ DF = =—[ 7§ (=) (2.10)
8 Al k=5,7,... ‘kz ] -~ '

o

where
: 1
A\ = amplitude of the k-th harmonic component of an Sp,(wt)

(1/k? represents the gain of a general second-order filter).

"

The exact relation between DFy; and N, is shown in Fig. 2.6, and from

that figure it can be seen that the DFy; improvement.  past the Np=27

point becomes insignificant., Therefore, 27-pulses per half-cycle may be
v

adopted, in this case, as the optimuﬁ N, value, since in géneral the

awitching loss of a switching device increases as Ny increases.

However, it is noted that the:maximum practical Nj value ‘is also

dependent on the switching capabilty of the particular switching

device employed;

2.3 Modified SPWM (MSPWM) Switching Functions: 5, (wt)

4 . '
A ]

The SPWM technique discussed in Section 2.2 can be modified s0

that the magnitude of the resulting fundamental compénen; is further
'threased, and its harmonic cha;acteristics improved. This' Modified
SPWM (MsfﬁM) technique 'has been‘in@ependently proposed in [47], [48].
Fig. 2.7 .illustrates the method for deriving the S, (wt) type of

switching function which results from the MSPWM. In this case, the

carrier wave 1is applied only during the first and the last 60 degree

“ intervals per half-cycle (i.e. 0 - 60 and 120°- 180°) of. 5, (wt) (Fig.

2.7a), and then, from the intersecting points between the carrier

’

>
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‘Fig: 2.6: DF; (eqn. (2. 10)) ~vs- Nh plot with SPHH switching

functions at Ms=1,
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Fig. 2.7: The MSPWM switching function.
X
a,b) Derivation of an MSPWM switching functionm.
c-e) MSPWM switching function for three-phase converters.
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signal , and the reference signal, the switching points (hence pulses)
can be determined (Fig. 2.7b). The pulses in the middle (60° - '120°) of
*S2 (dt) are determined by considering the mirror images of the pulses
in the fi%st and last 60 degree intervals (Fig, 2.7b), while the next

half-cycle of the S, (wt) can readily be determined 'by coﬁsidering the
half-wave sym?ef%} condition.

Furthermore, the width of the pulses as well as the ampl%tude of =
the fundamengal component of S, (wt) can be varied by varying the
modulation index M, ig the manner described earlier when discussing the
SPWM techniqﬁé. Also, M must be restricted beloé unity to ensure normal
operation. The normal opergtion of a balanced three-phase system
requires that the following correspondence between the cartier

/o, ,
frequency and the reference frequency be satisifed.

[ .
£ /f,= 6m + 3 , m=1,2,3, - . ’ « (2.1
Al

-
.

where
m = number of pulses in the first 60 degree ‘interval

of an S, (wt). S :

Therefore, the number of pulses per half-cycle N is given hy:

\

'

Ny = 4m ’ (2.12)

Fig. 2.8 shows examples of the gating signals for voltage~source

and current-source converters. From this figure it 4is apparent that for

the same number of pulses, the switching frequency of a voltage-source
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Fig. 2.8: Examples of MSPWM gating signals for voltage-source
: and current-source converters with Nh =12 and M=0.6.
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(a) For voltage-source converters.
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converter switch is higher than that of a current-source converter

switch. Those switchinJ frequencles are given by:

3

oy = (3N, +3)E, - (2.13a)
. ' \ S (20
w fgo (Nh + z)fr 3R
N B ’
fi\g. 2.9 shows the frequency spectra #f Sy (wt) with Np=8 and 12 LN

at M=l, \{{Pm which ' it is observed that the order of dominant harmonic

4

components (dy and d,) of an.S, (wtj are a function of Np , and they

are giﬁén by: . . /

- - ’ * N /
d1 1.5 Nh +1

4 = L5SN +5 : :

or, they can be expressed in terms of fo and £, ; i.e.,

2 c r

%-fc+ﬁ{ : g

Hence, they can easily be specified when the N (or f.) 1is kn

d, = £ = 2f
s
e

Moreover, Fig. 2.10 shows their magnitudes' in tetﬁs of the modulatian
index M, and, as can be seen from this figurq, their maximum values.

occur at M=0,7.

Finally, the corresponding DFs values (eqn. 2.10) versus- Nj are
plotted in Fig. 2.11, from which it is observed thaﬁ the D

improvement past the Njp =16 point s relatively insignificant.
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Fig. 2.9Y Examples of the frequency spectra of MSPWM switching
functions with Np =8 ana 12 at M=1.

a) With N, =8,
b) WL Nh'12.
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Therefore, l6-pulses per half-cycle can be assumed to be the optimum Nj
for the S; (wt) type of switching function, assuming that suitable

switching devices are available.

»

»

2.4 Optimized PWM (OPWM) Switching Functions: S; (wt)

An 1interesting alternative o the previously discussed PWM
technique 1is the technique of selected harmonic-elimination [49], [50]
which ;as recently received wide attention [51]. In this case,' fhe
switching points are chosen at predetermined angles of a square wave
so that a number of selected harmonic components can be eliminated.

However, since elimination of selected harmonics does not necessarily

yield an optimum frequency spectrum, variations of this technique that

yield furthgg improved frequency spectrum can be employed [52]. These
further improvements can be obtained by optimizingA specific. object
functions that represent system qualities such as the size of input and
output filters, pulsaéin torques, speed ripple, motor losses. An

example of such a technique and the resulting switching function is

-shown in Fig. 2.12, Since in this case the objective is to minimize

the size of input/output filters, the object function employed to
determine switching angles (¢; to. Qg of the S5 (wt) in Fig. 2.12a is

\ -
DFs; of the S; (wt). It is noted that the total pulse-width per half-
. ¢ i}

cycle is 120 degrees, which is also the- maximum pulse-width that can be
o

utilized for three-~phase systenms,
Vs

4




~40-

Saq

wg

b) a

+ + ded $ 1 + + 1
60 128 IBB“ H24B 3@0U H358 wt

1-- “
c) 2 —t N + H [] 4 + {]AH - e
9 60 H UIEB 18 240 3aa|J Ulisa wt
-1

1-—1[1 [l
d) 2 ey - + + }
SBU{J!ZB 182{JU242 32a 36@ wt
' 1
-1

) BT + 1
* i /1 3e t4/se Y 120 158 188 wt
o &

4
3
r

-
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a) Derivation of an OPWM switching function (Nh=5) '
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b-d) Switching functions for three-phase converters.
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"Fig. 2.13, and it is noted that the dominant harmonic components, d

hle

The frequency spectra of S, (wt) with N.=9 and 11 are plotted in

and dh , can not be given by general equations.

Finally, Fig.42.14 shows the characteristic DFy -vs- Nh curve for

S, (wt) type of itching .functions, . and from this figure it can be

concluded that 1ll~pulses per haif—cycle is an optimum N value for the

OPWM switching fdﬁction.

)

2.5 Conventional Single-Pulse Switching Function: S4 (wt)

A 1

This is the well-known switching function which is composed of a
120 degree single pulse per half-cycle (Fig. 2.1i) for three-phase

controlled bridge rectifier and six-step inverter. Since this type ‘of

switching function has been widely used in industrial applications, it

is included here for coﬁparison purposes., Its frequency spectrum {s
shown in Fig. 2.15, from which it can be seen that there exist low-
order harmonic components having the magnitude of 100/k % (where k is

the harmonic order) of the fundamental component,

N \

V"‘
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2.6 Discussion

o et

-4 5-

“ Regarding the S, (wt), S, (wt), and S3 (wt) type of switching
functions, it is noted that the associated distortion factor (DF, )
approaches zero as the number of pulses per half-cycle N, apprqqg@g;
infinity and that the'optimised PWM.switching functions offer the best'
harmonic characteristics. Moreover, the microcomputer (or digital PWM)

N

is especially adaptable to this type of PWM where the required gating

signals (or look-up table of the angles) can be stored in a ROM,

However, since the switching points of S; (wt) functions are fixed,
they are suitable for uncontrolled converter applications. The maximum

fundamental magnitudes for the four types of switching functions are

listed in Table 2.1. . ¢
. %

haag

TABLE 2.1: MAXIMUM FUNDAMENTAL AMPLITUDES OF FOUR SWITCHING

) FUNCTIONS.
"8y (wt) - S, (wt) | S (WE)N S (wt)
D
i\gﬂ"]
p.u. 0.866 0.998 1.025 1.103
2 86.8 100.0 102,7 110.5

oy 7. AT
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Comparing the SPWM and the MSPWM switqhiﬁg functions, ' the«MSPWM
swiﬁching functions yield 13 % higher ampl}tude compaégd to the
fundamental component of the SPWM sw{tching 'functions. To overcome
thfs shortcoming of . the SPWM switching functions, the third-harmonic-
injection SPWM technique described in Appendix ;Lgan be applied-to both
rectifiers and inverzezgg However, the third-harmonic—inject@on SPWM
switch{ng funetions are not inq}uded hégg because the amplitude of the
fundamental component and" harmonic characteristics arg_ more or less

t

the same as those of the MSPWM’switching fuﬁctions.

2.7 Conclusion

In‘order to simplify the analysis and design of static power
conver;ers, the sw}gghing fu;ction concept has been int;oduc;d. and
defined. Four kinds of switching functions have been described and
their charate%istics discussed inLdetail. in ordér to make the best use

of them in the following chaﬁters.

4
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demonstrate that the introduction of forced commutation (hence PWM
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CHAPTER 3

ANALYSIS AND DESIGN OF OPTIMUM THREE-PHASE

!

PWM RECTIFIERS . -

»

3:1 Introduction
’ 4 - .

As discussed in Chapter 1 the ac/dc conversion is of ‘considerable
practical impbgfﬁnce, typically achieved by using phase-ggntrmlied
rectifiers. However, the phase-controlled rectifier h;; some

Aom

disadvantages, such as poor input power factor, and a considerable

amount of low40ri27/harmonics in the input 1line currents -and ' output
voltage. To overftome th?fgﬁ shortcomings, some auxiliag; reaéti?e

|
components which include power-factor correction capacitors and large’

sized input/output filters are generally required. This- chapter will
. v

w——

control technique) is the required step towards minimizing the input/ "’
output filters and improving the input power factor as well.

“ ~

+

Three kinds of PWM switching functions, S, (wt), S, é&t), and
Sa (wt;Ngéscribed in Chapter 2, are considered in order to minimize the
input/output filters and/or to improve the input power factor [53].

Since the conventional singlé-pulse switching function S;.(wt) shown in

) Fig, 2.1i Hhas been' widely useg in industfial applications, it is

included here for comparison purposes. The input and output stages are
analyzed in detail, and the algorithms for i:;}gaing input/output

filters are proposgd. Special emphasis is given the 'optimum' input

I , . .

o
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fiiter design, since no comprehensive information on'this topic is
\
. V-
available. All the relevant data such as the optimum filter component

values, the corresponding kVA ratings, and the total input power factor

characteristics are presented. Finally, some pred{cted key results are

|
< experimentally verified on a 1 kW laboratory set-up.
| . . |
[4 ) : \
3.2 System Description and Principles of Operation

_Fig. 3.1 shows the simplified circuit diagram o

rectifier system\investigated in this chapter. It corkgists of a three-
phase mains{'a set of input fiitef, a PWM rectifier, an output filter,
and a load. The three-phase }ains is assumed to be .balanced _and

distortion-free. The inpu% and output filters are assumed to be of

second order and lossless. Switches éwl to SWg are assumed'to be ideal

-

and to be of gate turn-off type, such as bipolar transistors, MOSFEI's,-

3

‘ GTO\;, etc., The load can be of any type requi#ing’a dc supply, such as
dc motors, batteries, inverters, etc.. However, for the sake of

gimplicity,. it is represented -here’ by “an equivalent resistive load.

hY
,

° 7
- For the best use of derived results, the per unit (p.u.)  ,system 1{is

EN

éﬁployed, in which the rated dc ouput voltage and current are taken as

¢

1 p.u. voltage and 1 p.u. current, respectively. Samples"of four kinds

of switching,functio$i, S, {wt), S, (wr), 'S; (wt), aﬁ? §4 (wt), and

their corresponding rectifier output voltage waveforms are shown in

Figs. 3.2, 3.3,'3.4, and 3.5, respectively. It is noted théf since for

-n=1/ 2,73, 4, - Snb(wt)=sn,(wt-12€ ) and ‘Snc(wt)=§"°(wt—2&5 ), only
‘Q‘ ’ - .

- &

o

! .
}ﬁquswfw““ -

-
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Fig. 3.1: Simplified circult diagram of a
. studied.
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a) Defigition of thé §PWM scheme, .

*b) Sample of an S; (wt) type of switching function.:
) (Np=15 and M=0.8)

c) Resulting rectifier output voltage, V,(wt).
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Ty Xy g Ay &g

Usb VYab . Vac VUpe Uba Uca = Veb

N \\ - . 4
:
N r

R ) ~N
Fig., 3.4: Reét{i/sr voltage control by means of OPWM- scheme .

a) Sample of an S (wt) type of switching function.
Q=2 , 0ly=. 6 ; Qy=17.4°, 0,=22.5 , tg=30",
a a=37. 7 N -42 6 OtQ-SS 4, and a,=58 )

b) Resulting rectifier output voltage.,

+




-

.Fig. 3,5 Rectifier voltage control by means of the conventional
method (with Zero phase shift).

a) Switching function and the. corresponding phase voltage.
b) Rectifier output voltage.




functions Spq (wt) need to be shown. Moreover, for n=1l, 2, 3, 4, x=a, b,

¢, and with reference to the switching functions it follows that:

Spx (wt)=1 = switches in the positive group (i.e. SW,, SW;,

SWg) are conducting, ’
Spx (Wt)=-1 =». switches in the negative group (i.e. SW,, SWg,
SW,) are conducting, and
Spx (Wt)=0 ’== both switches in the one of the three legs
a (L.e. SW, and SW,, SW; and SWg, or SWg and SW,)

are conducting.

and that at any instant a pair of switches (one from the positive group

other from negative group) should be gated and conducting.

With S, (wt) and $, (wt) type of swiﬁching functions, Nj =15 and
12 values are respectivdly chosen as examples. "Thus, from (2.7b) and
(2.13b) the switching frequencies per s&itch’ are given by 1020 Hz and
840 Hz, respectively. In terms of contr&%labilicy of pawer flow , these
functions offef two '&egreés of freedom'; that is, (a) control by‘the
modulation index M and (b) cont;ol'by the phase shift (i.e. & control).
This implies that, for every rectifier operatiﬁg point, a set of fMJI]
values, that yield required output power, exist. However, since the

phase Sﬁifting' technique inherently ylelds poor input power factor,

only the control by the modulation index M 1is considered for the,

switching functions, S, (wt) and S, (wt),

/

IS

Ty
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With S, (wt) type of switching functions, 9-pulses per half-cycle
is chosen as an example; the gating signals are provided in Fig. 3.6.

The switching frequency of a switch for the S3 (wt) type of switching

N )

functions, f, , is given by: i

L

"

fq = Nyfy ' (3.1)

9 x 60 = 540 Hz

The control of power flow with this S5 (wt) type of switching function |

can be achieved only by phase shifting S5 (wt) with teséect to its
corresponding 1line-to-neutral voltage. Consequently, the signiftcant
improvement of the input power factor with this type of switching
functions 1is not feasible, This problem, "however, can be solved by

introducing a variation of S, (wt) functions defined as:

Six(wt) - %—-[S3x(wt+a) + S3x(mt-a)] , (3-2)
v v )

(3.2) implies that a leading phase displacement can be obtained by
phase shifting the S3 (wt) function by - « (i.e. advanced fi;ing) with
regpect to the 1ine—to-neuﬁralv voltage. Hence, it is possible to
compensate any phase lag introducg? by the delayed angle control (or by
‘the supply transformer, etc.) by means of this leading phase
displacement, alwafs regaxting in unity'displacemeht power factor. The
iﬁplementati;n of S3 (wt) type of. qwitchlng functions requires two

S~

rectifiers-bperéting in parallel as Shown in Fig. 3.7. Consequently,

>
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Fig. 3.6: Gating signals for the S3 (wt) type of swicching

function with N, =9. . "

Gl : L. . '
M nnd
Y 128 180 249 300 360 wt
G2 { |
1 ﬂﬂﬂ LI
2 4 + { -
T 5@ 128 - 180 248 380 36a wt
)
G3
| Hnm——nnt
g} Y 120 160 249 3@ . .36@ wt
G4 ) o :
1 A T
8- + + 4 . i : b
T 50 120 180 248°  30e 360 wt
G5
3 (]
. 8@ 120 18@ 240 300 368 wt
Gs - |

wt
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they are suitable for higher power applications and the S3 (wt) type of

switching functioﬁs are suitable for unregulated converters (i.e.

‘constarit dc hus voltage applications).

3.3 Input Stgge Analysis and Input Filter Design

In addition to the assumptions mentioned 1in the previbus section,

the output rectifier current, I, , is assumed to be ripple-free in this

section. Moreover, in designing the input filter, four sets of design .

curves are proposed so that ‘optimum’ input filﬁer components can be

selected. ‘

3.3.1 Input stage analysis

" As described in Section 2.1, (2.2), any one of the three input

'liné ccurrents, I (wt), with S, ,(wt) type of switching function is

given by:

Ix(ut) - ;r-snx(wt) o5 o (3.3)
where
I, = ripple-free dc output current.

In order.to establish ‘the harmonic characteristics of Ix(wt) with 1l
p.us I, (L.e. Sy (wt) itself), the distortion factor DF, values defined

V'
in (2.10) are plotted in Fig. 3.8 as a function of the normalized

output voltage, V

den «  From this figure it can be seen that the PWM

t
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Normalized output voltage, Vg,

[y

)

Fig. 3.8: Distortion factors of rectifier input line current
versus normalized output voltage with switching
functions §;(wt) (1020 Hz), Sp;(wt) (8B40 Hz), Sz(wt)
(540 Hz), 83(wt) (540 Hz), and S,(wt) (60 Hz).

— * r

I’ . ‘ . ' %

o e

Wt et e



-60-

swigchiﬁg functions, Sy (wt), S, (wt), and Sy (wt) (also S§ (wt)),
yield considerably 1less harmonic - distortion factor (DF ) than
thafyof the conventional switchiﬁg function, 54 {(wt).. It is therefore
expscted that the si;e of the 1input fiiter with the PWM switching
function will be considerably smaller than that with the conventional

v

switching function.

Another 1leading performance indicator for the PWM switching
function 1is the resulting rectifier Total Input Power Factor (TIPF)

cﬁaracteristics. The TIPF is defined by:

s .)
TIPF = — %1 (3.4)

where ) ¢

T; = rms value of the input‘line current, I;(qt), (Fig. 3.1),.

Ré(fgﬂ )= rms value of the fundamental real component
of the Ig(wt).

Plots of TIPF values computed without presence of the input filter are
shown in Fig. 3.9, from which it is observed that the S; (wt), S, (wt),
and S§ (wtj functions provide significant overall improvements in the
TIPF characteristics, 5 o .
- Fooo

.3.3.2 Total harmonic distortTon of the input line current: THDi

¢ v
I

Fig., 3.10 shows - the analytical model of a lossless input filter,

The inputlline current of a re§tif{ér'ié considered to originate from a

-
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Normal ized loutput voltage, V,
Fig. 3.9: TIPF (eqn. (3.4)) -vs- Vic, Plots without input filters.
; - . - .
T o
i .
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Fig. 3.10: Analytical model of a ‘os’bless input filter. .
f\ - b N .
a) Single-pha.se equivalent circuit. . 5 , o~ o
., b) Single-Phase equivalent: circuit at fundggnehtal ! e
. frequency. ‘ : L e .
c) Phasor diagt/am corresponding.. to 5)4 o .
- d) Single-pl:\ase equivalent circuit at harmonié ftequencies.
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current ‘source which includes all the harmonic components (Fig. 3.10a).

\
¢ Y

~ \

al

The single-phase equivalent ‘circuit  for phasé‘a' at fundamental

frequency and the corresponding phasor diagram are shown in Fig. 3.10b

and 3.10c¢, respectively. Since the mains voltages are assumed tO be

purely sinusoidal, they can be regarded as short circuits for harmonic

frequencies (other than the fundamental) as shown in Fig. 3.10d.

The input line current of a rectifier (for phase A) defined in

Y'Y

(3.3) may be rewritten as:

I& @® . N
Ia(ut) - kg]; Ia,k sin(kut + ea’k) . (375)
A .
~ .

§

I,’k = amplitude of the k~th component of the rectifier
" input c;xrrént, Ig(wt),

0.,[( =" phase displacement‘of the k-th compbnent with respect

r to the r_e{ﬁrenbe signal (i.e. line-to-neutral voltage).

L

ﬁ However, when a second-order input' filter is introduced bétweg’n the

i

mains and the rectifier input stage, the fundamental voltage across

) . .
the capacitor, Vg, , is adopted as the reference signal (Fig. 3.10)..

-

.3.10a, can be fxpressed by

n
~ -

The input curreat .of “the input ‘f’ﬁﬁer, Iz (wt), shown in '-Iéig.

©

.

v

. Ia(wlc) - I, staClur + 6, (3.6)

PREE] o~ 2
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where
Is k= 'é‘lmp,litude of the k-th compogxent of the i'np}xt line
curreat, Ig(wt), -
' \OéJ ;1phase displacement of the k-fh component oé the I; (wt)

with respect to the reference voltage, Vq,1 .

3

By relating the input and output current components of the input

filter, the harmonic components in the Iy(wt) can be determined by:

X -

I - - —;f:i-——u
a,k ) - X
SR e

Ia K’ k=5,7,=-~-- (3.7)

>
r~
]

impedance o the input filter inductor, L, ,

I4

af fundameéntal frequency,
Xe = impedance of the input filter capacitor,- C, )

- at fundamental frequency.

: -

*The fundamental component of the ac source current, I;,,, , c¢an be

determined by, the vector sum of lqy and the fémda,,.mental current

through the capacitor C, ’ Ici"‘; that 1is,

w4
& | .
‘ I, = ia,l + Ic_',l o (3.8)
: Where ‘ . )
IL{ .\X E..}. \ P (3.9)
Co Xci o A * o -

3
<

i . i l.';“ PR g
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where

) V;ﬂ = amplitude of the fundamental component of the

rectifier input vgltage, Vg(wt)..
) &y
»

Y
«

Since the harmonic content of the ac source current (Igz(wt))
should be.restricted to a certain acceptable level, the total harmonic
distortion of the ac’source current, . THD;, as next defined, can be

used to select the L; and C; component values.

D, - L@;_J‘\(.xi - 1!25"1)1/2 (3.10)
9,1,rate¢ ' .
where
I,. = amplitude of the input line current, ;u(wt),
Ig,y = amplitude of the fundamental component of the Ig(wt).

14

Therefore, the first set of design curves for the input filter is shown

in Fig.73.11, which illustrates a family of THD;, -vs- Xc' curves for

-

various X, values. In this case, the THD, values aré plotted for the
]

rated rms fundamental current. They can be obtained as follows :

-

S3¢;::} function by assuming, for example, that the THD; limit is 5 %

“of

a
- \

4 -

(1) the frequency spectrum of Ig(wt), obtained from (3.3) and
(3.5) through Fourier series analysis‘;
(ii) the frequency spectrum of I4(wt), computed from (3.7) and

) (3.8) for a given set of'XH and xc' values,




'T'HDl (%)
B ' "
e ..@5
L )
T » .08
. -
» .
" . =
» .
“ -
. L]
» ~
4
")
S
| <
Jd . |
3 \
\ Xe, (p.u.)
% : '
' ¥
Fig. 3.11; THD, (eqn. (3.10)) -vs- X¢, plots for various X values
- """ yith the OPWM switching fuhction. - i
‘ 1, : S
E \"'* ‘ , \l‘\ N ’
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-,

(iii) the Té and T'J values, computed from (3.6), (3.7), and
(3.8), and -

(iv) the THD, value gdrrespondin"to the aforementiched set of XL

. i

and X¢ , comgrted from‘(3.10).
[}

It is noted that the discontinuities observéd from the curves are
.caused by the excitation of the input filter double pole by all the
input 1line current components, This means that the, X; and X
> ! i

combination that causes resonant éircuit should be avoided for all the

input line current components: that is,

X #k°X k=1,5,7,... 9.7 (3.11)

3.3.3 'Total harmonic dis;ortioh of the input- voltage: THDy
. 3

It is noted that eveﬁ though there is no restriction for the

o

harmonic distortion of a rectifier input voltage ' it is good practice

to limit it below a certain level,  because the more the harmonic

distortion in the input voltage, the more the ripple components are
génerated in the output voltage. Consequently, a large-sized output
filter \is reqdiredl to provide a stiff dc bus voltage/current.

Therefore, a parameter THD; » Which is the total harmonic distortion of

a

‘a rectifier input voltage, may be used as a guideliﬁe to select a

proper -set of Li and Ci Qayues. This paramefer is defined here as:

THD

L 100 g2 g2 12
v 3

(v Ve (3.12)

a,l N

S




where

¢

\\\ﬁm‘\ s Vo = rms value of the input phase voltage of a

rectifier, Vgq(wt),
Vay = rated rms value of the fundamental component
of the Vy(wt). .
In addition to V;ﬂ y Vo cg&%ains an infinite number of harmonic
components; V;J, generated by the flow of the current harmonics T.J

* through the L; and C; s that is,

[y

I k=5,7,.0. (3.13)

where

4

gL#'s rms value of the k-th component.of’ﬁhe Vg(wt).

o
Therefore,

5 ®
- - -2 1/2
i - (Va,l + kZS va’k) (3.14)
) S -

The second set of design curves for the input filter- is shown in

Figh 3.12 which depicts a family of THD, -vs~- Xc, curves for the same

n

XL, values in THD, curves. In this case, the maximum permissible THDy
values are assumed to be less than 10 % of the rated rms input voltage

with, aga¥n, the S, (wt) functién.

n

At this stage, the two unknown values of Li and C‘ can be selected

from the two sets of design curves. However,ﬂthe selection of 'their

1




THD, ¢ %)

v

10 : $ ~ -.es

\

With X, (p.u.d: "
i /.r.

Fig. 3.12: THDV (sqn. (3 12)) -vs- Xceg?1°t’ corresponding to .
the THD, plots. UL S e :
.‘:7 r ,n ' v
" » - ¢
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‘optimum' wvalues may not be possible because there are a number of
combinations which satisfy the specified .THD, and THD, 1limits/
Therefore, .further stuay is necessary to select the optimum component

values of the input filter.

3.3.4 Total kVA rating of the input filter: TKVA ’ 7

o

The kKVA ratings of the filter components aré defined here as

folléws:

¥
4 4. -

TKVA = E k iaz XL © (3.158)

s gk=l : i Ao

® k2 _
Ckva = § —k (3.15b)
. k=1 Xc ’
i [
where

LKVA = kVA rating of the inductor L,,
CKVA = kVA rating of the capacitor C;.

.

_Thus, the total kVA ‘rating of/ the input filter (TKVA) can be defined

byt
-
TKVA = p LKVA + CKVA
E ( -2 k ?i . .
= p kil + —mde— .
k=1 2,k x’*i Xci (3.16)
where .
P = ratio between the price of the inductor and that of -

o -

: the capacitor for same kVA rating.

.
rd
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It is noted that the price of inductive kVA may not be same as that of
the capacitive kVA, so a scale factor p may be considered to minimize
the cost (or TKVA rating) of the input filter. Since the filter cost is
directly related with the TKVA rating, the optimum input filter may be
designed by minimizing the MA value with a given p . "I‘he t:hirdn set of
design curves for the 1input filter -is shown in Fig. 3.13 dépicting
a family of 'If}CVA curves corresponding\ to the Figs. 3.11 and 3.12,

as‘suming P =1 in (3.16). It can be seen that the TKVA values decrease

as Xci increases, as expected.

3.3,5 Displacement power factor angle: 01 X

As discusseci in Chapter 1, it is always desirable to improve the

input power  factor of a given converter., The power factor of a

. 7

converter consists of the produgt  of two components: distortion and .

s

displacement. The distortion power factor is dssociated with the
present harmonic. components, and can be improved by .introducing a
filter. The displacement - power factor is the ratio of the active
power '<.>f the fundamental wave in watts, - to the apparent power of the
fundamental wave in voltamperes, and cl:an’ be represented by the value of
cos 91 where 01 is the phase displacement‘ angle between the fundamental
voltage and Ythe fundamental current (Fig. 3.10c). When t;he input
filter. is introduced between the mains and the rectifier input stage to

reduce the harmonic components (hence Improve® the distortion power

Ay

factor), it may increase 6, , if the filter éomponengs L; and C; are-
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not selected properly. Therefore, it is useful to plot the 01 curves

- are shown in Flg. 3,14.

] -
3.3.6 Design of an'pptimum input filter

.

corresponding to the Figsf 3.11 and 3.12. The §, curves for this case

The pﬂious four sets of design curves for the input filter can

tilized to select the optimum set ;of L, and C; values, according to

the following:
(1) plot the THD; curves as a functi:on of XC, va}ue for various
x"i values, . ’
(ii) plot the THDy, -vs- Xci curves for the same X"I values in (i),
(iiis plot the TKVA -vs- Xci curves corresi)onding to the THD;
and THDy Curve;, ‘
(iv) plot the §, -vs- XC, curves corresponding to the THD;
and THD, curves, and 1
(v)’ sele.ct the set of X‘_‘ and Xc' values yielding minimum TKVA

value from the TKVA curves by considering the THD,, THDy,

" and §, curves.

I

- »
v

However, the exar_:t optimum values of X; and X. are found by using a
! L‘ C, 8

~

suitable computer-aided design (CAD) program (Apﬁendix B).” Fig. 3.15

shows the flow chart of the CAD program, and the constants, Ky and Ky,

]

in the figure denote the given THD; and THD, limits, respectively.

.

1)
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. obtained with the conventional single-pulse switching function.

&

’
o .

1

The optimum input filter is designed for each switchir;& function
by utilizing the proposed procedure and the CAD program‘///fhe results
are presented in Table 3.1. 1In this case, the THD; and THDy limits are

il

assumed to be 5% and 10 7 of their rated fundamental values,

& &
respectively, and the P is assumed to b& 1. In designing the input’

filter ‘the worst conditions should be considered, and the worst cases
. :

O

with §4¢ (wt) and S, (wt) types of switching functions occur at M=l and

0.7, respectively. From Table 3.1, -it can be seen that by employing
the PWM control techniques the TKVA value \Q?ich.represents the input

filter cost can be minimized significantly, as compared to that

*

o
. «

]

3.3.7 Evaluation of the optimum input filter . oo
' £

(WS

In order to examine the pegSprmanie characteristics of the optimum

input filters presented in Table 3.1, the THD;, THDy, and TIPF curves

P

are plotted in figs. 3.16, 3.17, and Q:}S as a function of the
normalized output voltage. As expected, the THD; and THD, values

resulting from the S; (wt) and S4 (wt) functions are {ndependenﬁ”on the
. W ~ (\. .
normalized output voltage. With the §; (wt), S, (wt), and Sj (wt)

functions, however, ‘the THD; and THD, values are strongly dependent on

-

the normalized output voltage. It is noteworspy that tie PWM switching
functions, S, (wt), S, (wt), and Sgﬂ(wt) provide considerable overall

-~ \ '
improvements- in the TIPF characteristic (Fig. 3.18).
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g s @ o TIRETER L TR - T

INPUT 3 I,  SET
COUNTER TKVA., .

Y

SELECT R SET OF X,
AND X_, VALUES

1 \
\

SELECT OTHER SET OF
Xy {AND X, , YALUES

A

4
COMPUTE THD,, THD,,, 8,

IS 6,ACCEPTABLE

COMPUTE TKVR

TKVA, 4= TKVA

"Fig. 3.15t¢ Flow chart of the CAD

input filter.

PRINT OUT X, ,X_,
TKYAp |+ 81, THD 4
AND THD,

program for designing optimunmn

'

M“_h,,_,



- o
- . TABLE 3.1t OPTIMUM RECJIFIER INPUT FILTER DATA (p.u.).
S, (wt) Sa(wt) S (wt) S, (Wt)
Xy, 0.12 0.13 0.08* 0.18
Xe; 2.45 2.60 2.55 0.95
TKVA _|  0.195 0.146 0.141 0.352
LKVA 0.053 0.044 0.046 0.148
CKVA 0.141 0.102 0.095 0.204
01 12 deg. 3 deg. 13 deg. 8 deg.
. ’ »
i' 'I
r .l
, e .
4 .

in
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3.4 Output Stage Analysis and O:itput Filter Design

The output stE;ge anlysis and output filter design are developed

agcording'to the assumptions described in Section 3.2. In addition, the,
output current is assumed to be contiriuous. Moreover, in selecting the

. . .
" output filter components two design curves are utilized.

3.4,1 Oytput stage analysis

Once gating signals are specified (rigs. 2.4b, 2.7v, 3.6), the

/

output voltage of a rectifier, V,(wt), 1is determined by the switching

operations of the rectifier switches. The V, (wt) can be represerited by:

u ' V(ut) =V, + u§6 Ve g sin(ue + 0, ) ©@an

where
Vde = dcfcoméonent of the output voltage, V, (wt)
Vrn = amplitude of the n-th component of the V, (wt) v

qb' o = phase displacement of the n-th component of the 'V, (wt),

PR ]

i 2
. : ' . ' s,
As with the conventional phase-controlled rectifier (Fig. 3.5b), the

Ve and Vryn ‘are determined as a function of the phase control angle

Vicgerag g,

- It Y, cos X . T (3.18a)

B .
T : ———r wlinptoanp Ry 2 - . L
- " = o N - T et L
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, Lo v
Lo (a2 + b2)1/2 n=6,12,--- (3.180)
and Y . !
: 7
. -1 a ) T
, 0, o= tan () (3.160)
. Pank 2
.t o ' J
where . o | R . ' /
7 . . : /
: / V; = amplitude of the fundamental input phase ‘ /

e ’ ' voltage (i.e. Vay ) ' 5 Y
a == / vr(m:) ‘gos nwt d(wt) ) / (3.19%a)

1 + lt_ . / 4

@t 3 / ¥

e 7 2_13: ~
b == J "V, (wt) cos nut d(wt) (3.19v)
. S a4 13:_ ‘ .
/ T

)

-

How;ver, when PWM coht;rol techniques are employed t}f deterpination of
all the coefficients in (3.,18) by means of the t:ypvical method .may be
difft.cult, because of th\a numerous points to bg evaluated in the

\ e

< Vp (Wt) (f‘igs. 3.2g,.3.3¢, and 3.,l4c). Thus, andther method, without

evaluating all the points, needs to be developed. The subsequent

/
nalysis focuses on this aspect. N
t // -
‘Let . the three-phase mains [VI(t)] ‘;(nd the rectifier switching .
function [S,(t)] be: © /_
¢ / ’
’ N —— . .—1 . e —euif
Van(.wt) ‘ Yy ?/in wt
.n P . / K]
[ylgt)] = LV we) | = v;( sin (wt=2m/3)| - (3.20)
_-Vcn(wt)_ _Vi sin (wt+21t/33-
3 / )

T~
“~.
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PN - — - - ) o -
- and ‘ § glut=a) I A sin (wt=a)
. k=1 .
[sg(e)] = |5 pCue=a) | =~ k-z-l‘Ak sin k{wt=a-2n/3) |
- 1. 6o
Snc(ut-‘a) . ) A’k s’Jin k(wt-a+21/3)

N - | k=l .

-Where : .

& = phase delay angle in radian when the phgse'shi:f;iﬁg‘

+

method is used to tontrol the output/ volti@e. )

Then, the output voltage, V, (wt)', can be detem’ined by i

;o
i

Y (wt) = [Sp(e)TelVp(8)] R (3.22)

By inserting (3.20) and (3.21) into (3.22), one gets °

E

! R ' o —

Vr(w(:) [Sna(wt a) Snb((.nt'—a) Snc(wt‘-a) Van(wt)
, ) Vbn(wt) . . ‘
w2 : S 3 '

o

\ o vV (wt)
- or , ' o

. ’ . N
vr(mt)-sn‘(fot-a) -Vgg(wt)-*-snb(mt-u) -Vbn(wt )+Snc(wt-'a) 'Vcn(%t,) / S T
. . . o - /
. ’ . ’;/ { /‘
-sm(w:-a ) ,'vim(“t )+Sm(wt-a-21t/3) v m(wt-'21§/3) ' ) :

) | 0
+8__(ut=a-bn/3)+V_ (wt=4n/3) ' .
2 ' )
- ﬁo sm(m-m-zm/a)-va n(wt-Zum/S) B ‘(3.23b)

.
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"(3.23b) T presents the compact form of a rectifier output voltage,

Yy (wt), E/hi,ch’ can further be expanded as follows:
; .

' ® .
‘Vr(wf) --k-znlek sin k(wt=a) \7i gip wt

g |+ kzl A, sin k(wt-a-27/3) vy sin(mt-én/3)

T Ea

' ' / + 1 "Ak sin k(wt-d+2%/3) V  sin(wt+2n/3)

[y

k=l
/

[ I ]

A, [[cos((k-1)ut=a)-cos((k+l)ut=a))

1
E- -V
1

211

ks

/I< i . '
-+ [cos((k=l)ut-a-2n (k=1)/3-cos((k+1)ut-a-2x(k+1)/3)]
(3.24)

| )
+ [cos((k—1)wc—a+2ngk—1)43)-cos((wl)mc-a+zn(k+1)/3)]]

By’ trigonometric manipulation, _this reduces to-

I AN -3 2 -
g{’r(‘fj‘) -39 .kzl.ﬁ‘[(c‘"‘ + Si'k)sin((k-l)vu)ﬁ%.k)

. 2 . . .
/ ' +.Ch , + 53 deta((RrLutve, )] (3.25)
where . , -

1.k - [}+2cos(2u(k-l)/3)] cosa (

f Sl.:l".,f '[1+2cos('21t(_k-1)/3).]‘sim .
i : ' (3.26)

/ .. Gy ‘1‘3; ~[1+2co8(2n(k+1)/3)] cosa

‘/ S5, 4 " -[1+2cos(2m(k+1)/3)] aina

! L

/ -1 - -1 :
© 0y pomtan (O TSy ) 8y T tan (C) /89,0

J
i

»
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Hence, the dc component V4. , all.the ripple components V,,,, , and ¢r,n'
in (3.17) can be determined by evaluating (3.25) ‘and (3.26), and they

are given by:

, <
, : ! .
Vo= 15 AV, gindg,1 .
- %Al V, cos a o ; ) < (3.27)
Ve =Yy (€5 ¥ s
! . for n=6,12,--~- s (3.28)
-1 )
°r,n = tan (-S—r:) .
where
- (c2 +52 )"sin ‘c; ‘ +A (c2 +s2 )*‘sin é..
CaBar1 1,151,001 81,0162, 0-1%52, 01/ 227 2001
x " : ® (3.29)
N 2 2 k! 2 + 2 sin
St (1 pe1¥S], w1 ) “c08 41, w1 ™B0-1(C2 01 5% n-1)3 %2,n-1

' In o¢rder to examine the content of harmonic components or 'ripple
voltagq‘ of a rectifier output voltage, (a parameter Der s which i{s the

distortion factor of the rectifier output voltagé. may be introduced. .

v

L] \']

oF, -2 [ ] (-5 %)% Y (d.30)
., o ‘de,rated n=é n '

where ) . .

Vya= Tms value of the n-th unwanted component of a '

1 rectifier output voltage, V,(wt).

This DFv’ gives the information abqut harmonic distortion (or ripple

voltage) of the rectifier output voltage, emphasizing on the effect of

{

#

ks

PRy
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%

low-order harmonic components._‘ThéjDFw_—Qs- Ve GULVes are plotted in
- " N ~ .

Fig. 3.19, from which it'is observed that the maximum DF%,value yith J

Se (wt) function is approximately four times larger than those values

with the PWM switching functions. As a result of this, the size of the

I . . C,
output filter using the PWM switching functions will be much smaller. ; a

.

]

. &
3.4.2 Ripple factor of the load voltage: RF%

-

Fig. 3.20 shows the analytical model of the output filter  under
/g3 tudy. It consists of a voltage source containing all the harmonic

- components, a second-order filter, and a load. The nature of the load

—
r
.

(resistive, inductive, back EMF, etc.) affects the harmonic currents
that can flow. Assuming the loaé,,to ‘be 1 p.u. resistive for

si@plicity, the transfer function of the output fllter;\Hn y is

% .
given by: , ,
x .
. H '
\’ n dn% +jn XL/\ t ‘
. ) ' [ o .: ] n-6 12.--. (3.31)
' - , (1-n XL /Xq +jn :
o
where »

X, = {mpedance of the output filéer {nductor L, at the
input frequency, |

Xé; = impedance of the outﬁut filter eapacitor Co at the.

——~-) input frequency, |

Zan = impedance of the load at the n-th harmonic frequency,
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current effact), followed by t@election of| componeént values

\

‘)
The‘loéd voltage V;th) can be repreéented as a Fourier series by:
‘ by A y
- o -’XZ’ . Vf(wt) = Vdc + nza vf,n sin(nwt+¢f’h) ) (3.32)
Wher 2
il‘ / M
oo Vin = amplitude of the w-th component of the load
Y
voltage, V; (wt), .
‘ qz. « phase displacement of -Wwhe n-th component of the V; (wt).
n . s
Sincé the harmoiic compﬁ;ents

in the rectifier output voltage . are

reduced by the filter, the harmonic components in the load voltage are
, determined by:

fq ™ H TV aw6,12, ... .
» »

~
4

f o

N

.+ Thus the ripple factor of the load voltage, RFy , may be defined as:

/" RFV-.I;Q.Q.(VZ-VZ)%

) - (3.34)
{T ' £ de £ de . !

s L]

»

b

——

Vs = tms value of the load voltage, V,(wt).

I4
oy

1

In designing the “de filter, it is noted that thére are no

. L]
avajlable)rules specifying the method of selection of the L, and Co

4;, [55], where the dc¢
) ]

condition ‘(i,e, neglecting load-

values. However, some guidelines are.given in [5

filter .41is designed under a no-load

.
« !

(3.33)

by .y
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. -
vy ' 4
) ) A) : N .
considering the RF, (eqn. (3.34)) 1limit and K guidelines. The
R | ) o
guidelines are as follows:
. Y > .
N + - (1) the inductor dissipates much more power than the capacitor,
theréfore a 1og L/C ratio 1is more efficient, 9

(ii)'a low L/C ratio reduces the 'overshoot' of the output voltage
if the’load.is éhddenly disconnected,
. | ~, (iii) a low L/C ratio reduces the"dip' of the output, voltage,
if the load is suddenly increased,
(iv) if L/C ratio is too low, thé load essentially becomes a
. capacitor, causing the current to become discontinuous and the

. : )
average direct voltage to approach the peak voltage,

A

(v) a low L/C ratio results in larger peak output current from the

)

rectifier, when first switched on (i=Cdv/dt and e=Ldi/dt), and
. Kl O . -
(vi) economic aspects; ite., in general the price of a choke is

P ad

more expensive than that of a capacitor.

“Thus, the dc filter design wfll more or less depend on the importance

of the different aspects for a particular application. However, in

addition to the RFV; and the guidelines' described above another
: i Iy .

parameter, the ripple §acto£ of the output current through Lp, will be

next introduced in order to select proper L, and C, val%es.:

.,

i

[}
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3.4.3 Ripple factor of the rectifier output current: RFI
. r

Since -.the input stage analysis and input filter design in
Section 3.3 are executed wunder the assumption that the output c¢urrent

is ripple~free, the ripple components of the rectifier output current

must be limitedl to’ a certain level. TReferring to ~Fig.3.20,

the
rectifier output current, I, (wt), is glven by: !
+ . v o v
‘I_= - + 2 "L"‘r'l' PR
T A . ,
51-6 o,n -~
" b:' ¢ - 1
~ = T + Z 1 (3035)
+ dc a=6 r,n ) . J
where : - ‘ .
. x h] R.L Xco/n ¢
R i - .
0,n Lo i RL 3 XCO n |
~ XL xco+j(nxLo—xco) : ‘ |
- Py j X s n-6’12’llll (3036)
c
’ Do

I, =rrﬁls value of the rectifier output curr;nt, I,(uwt),
o " R, = resistance of the load, .
. Ige =dc component of the rectifier output current, I,(wt),
'f,,,,"= rms value of the n-th component of the I,(wt).

Then , the ripple factor of the rectifier output current, RFI,. , may be
defined as: . -0

(3.37) ‘

»
-

>
H
s e B



.‘.92_

3.4.4 Selection of the output filter component values

The guidelines for selecting the output filter component values
.are as follows:

(1) plot RFW,—vs- Xco curves for various Xj = values (Fig., 3.21),

€i1) plot RFf -vs- X¢, curves for same Xi, values used in the

RE\? plot (Fig. 3.22), and

© (111) select the X, and X¢, values satisfying the given REW and

RF};'limits by considering the guidelines.

z

¥

However, in order ‘¢o show the

contrast between the PWM control

ﬁeehniqqgg_and the conventional method, only the RFy? and ifi, curves
are utiiized to select the L, and C, values for the four switéhing

_ functions. The RFy, and RFy, limits are., in this case, assumed to be :

(1) the ripple factor of the load voltage, RF,, , remains

below 20 Z of its de component value in the range of

”~

0.1-1 p.%. dc voltage, and
(i1) the ripple factor of the output inductor current, R ,

remains below 50 % of its dc éomponent value in the range of

‘0.1 - 1 p.u.,dc current.

-

, The output filter component values designed with the above

conditions are presented in Table 3.2. This table shows that the filter
@ . . . )
component values with the PWM switching functions ate much lower than

corresppndiﬁg values obtained with the conventional switching function.

.
s’ S -

gy Tra
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-

Fig. 3.211 Ripple factors of the load voltage versus X, for
various xtgivgluga with the OPWM switching ‘function.
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TABLE 3,2: RECTIFIER OUTPUT FILTER DATA (p.u.).

S, (wt) . 8p(ut) S4(wt) S, (wt)
Xg, 0.18 - 0.165 . 0.50 1  1.26
' |
Xco 10.4 la.ﬁ 11.0 2.70
| Toumax | 0122 0.129 0.035 0.036 °
' 4 ‘ N )
Comax | Oe111 0,107 0.032 J 0.033
1A
-

o g
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3.4.5 Evaluation of -the output filter

\

In order to illustrate the effects of the harmonic‘cﬁaracteriitics
r;sdlting from the output filterQ designed in the previous subsection,
"the RFvf ;nd RF!;curves are plott7€/i$:Figs. 3.23 and 3.24 respectively,
as a, funétion of fhe normalized output voltage/current. From these

iR

figures it can be observed that the Sy (wt) and S4 (wt) functions yield
/
/similar ripple factor (eqns. (3 34), (3 37)) characteristics, because

of the common congfol metho&a of powdr flow étﬁloyed. Also, observable
ére the almost ndgligible ripple factors ﬁeér the rated power oprating
points with S3(wt) and Sq (wt) switching functions. The absolute rippie
.fa'ccor »valugs with the same output fil'te;:s‘, BF;‘ (eqn. (3.38)) ax}d ~RFt'
(eqn. (3.39)), are plotted in Figs. 3.25 and 3,26, respectively. Thi;
'is done to provid; the maximum ripple.curreggzwfincluded in Table 3.2),«.

T

Moymax and Ic?’ma‘s through the indictor L, and capacitor C,, because

these maximum ripple currents are required to-select the output filter
componen;é. ‘ « ' ,'. ’

o

vhere

= 100 (-2 72 ]5 : .
d [
f vdc,ra.ted f‘ ¢ . (%‘38)

‘ 100 w2 =2 \h
By =7 - (I5 - Iy) (3.39)
r dc,rated ‘

. Hence, the ripple current through the capacitor Coi Ic;’ is given by:

_ - ~N .
o ©(3.40)
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e ol .2 .3 4 .5 8 ? 8 .8
' ’ Normalized output voltage, Vy,
Fig. 3.23: Ripple factors of the load voltages versus V,  with
* " the sp;x_:,i\;ied output filters in Table 3,3.
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Fig. 3.24:1 Ripple factors of the rectifier output currents versus

Vien With the specified output filters in Table 3.3,
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Fig. 3,251 RF; (eqn. (3.39)) -v-va- Vien plots with the output
filters 1n Table 3.3. N ‘
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Fig. 3.26:

Normaliized output voltage, V.,

1

RF, (eqn. (3.40)) -vs- Vi Plots with the output

filters in Table 3.3.
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where
»

XV, g = TmS value of the n-th component of the load
3 s

voltage, V;(wt), with « given output-filter.
. ‘ ’

3.5 Discussioﬁ

It should be noted at this poipt that the harmonic limits employedl

in thisibhapter to design the input/output filters are oriented towards ,

o A}
high performance applications with strict harmonic specifications. For

éxample, the 5 % THD; limit adopted for the input 1line currents of a’

[

rectifier has been borrowed 'from the relevant military standards [56]4:1

applied to 60 Hz sources, Moregver, the reasons for selecting 20 Z RFW

A

1imit and 50 % RFI limit are: (a) to provide a reasonably 'stiff' dc
r

voltage to the load and (b) to ensure that the output current of a
rectifier is continuous. For example, many ac motor drives with
constant voltage/frequency control exhibit instability at 1thé

kel

" continuous-to-discontinuous rectifier current crossover point.

4

\z\s?fther reductions in the input/output filter sizes (o; cﬁst) can
" be giiieved if fpe switching frequency of' the switches ‘(or,the number
of pulses per half-gycle) with the PWM gﬁitching functions is further
increased.‘ However, this should be weighed against the switching

losses astwell as the snubber 1losses in determining the optimum

switching frequency of the switches for a particular application.'

™

-



3.6 Design Example and Experimental Results

In this séction, the validity of the theoreti&al

-102-

1{ -

results obtained

‘in, the previous sections is verified experimentally on a IQKW

laboratory unit with the following ekample.

- Rated output voltage 200 V dc
- Raged gutput currenmg: 5 A dc

- Input frequency E 60 Hz

= Maximum THD, s ‘S 4

- MathmeHDv : : 107

- Maximum RFV{ ' t 20 %

- Maximum RFIr s 50, %

Thus, from the above specifications

y 1 p.u. voltage . !

200V

1 p.us. current 1 .5 A

1 p.u.<%mpedance :

409

. .
B
‘ i
“m .
\ "~ 4/ )

£

o

If-the S5, (wt) type of switching function with 12-pulse per half- -

cycle

v * }

is chosen, the actual values' are determined as follows.

(1) Required rms inLut line-to-neutral voltage ) :- v“\

)

v

.(\J2/3) p??{ x 200 V = 94,3 V

(i11) Rated rms input line current

A 2) peus x5 A= 315& A
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4
(1i1) Optimum input filter -components

Lo = (0.13 p.u. x 40)/377 = 13.8 mH

Co = 1/(2.60.p.u. x 40 x 377) = 25.\5 uF .
he;lce,

“LKVA = 0.044 p.u.' x 1 kVA = 0.044 KVA

CKVA = 0.102 p.u. x 1 kVA = 0.102 kVA

TKVA = 0 LKVA + CKVA = 0.146 kVA (by assuming P= 1)
(iv) 6utput filter cc?fnponerits
Lo = (0.165 x 40)/377 = 17.5 mH
Co = 1/(14.4 x 40 x 377) = 4.6 uF

A ]

= 0,129 x5 A

It

I‘-o,max

o . Tegmax = 0.107 x5 A4 = 0.535 A

Expeximental Tesults obtained with the specific component values
derived above are shown in Figs. 3.27, 3.28, 3.29, 3.30, 3.31, and
3.32, These results have been recorded by using a DATA6000 waveform

-,

A
analyzer to show their frequency spectra.

? In particular,xf‘ig.' 3.27 shows " the rectifier input line current
" (unfiltered), I,,\,.'» d i& frequency spectrufn at modulation index M=0.6

g

(worst casg,reggrdirig the output spectrum). It can be seen that even
though the input 1ifé current is distorted (because the output current
is not ripple~free in practice) its frequency. spectrm‘n is, in close

agreement with the ‘theoretical spectrum. '.This justifies some of the
[ ' =Y -

-
. 5

’
)

0.645 A : . -
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Ca VA

. * ' ‘

Fig. 3.27: Exbérimental input line current of the
' rectifier, I, , and its frequency spectrum.

Fig. 3.28: Experimental ac source current,
and its frequency spectrum.

. N
- . -+
.

‘Fig. 3.29: Exﬁérimentalf1nput’voltage, Vo , ‘ ;
) and its frequency spectrum.
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Fig. 3.30: Experimental rectifier,output voltage,.
V,, and its frequency spectrum.

C S .
Fig. 3.31: Experimental load voltage, V¢, and
. its frequency -spectrum,

. o :;
Fig. 3.32: Experimental rectifier output current,
: I, , and its frequency spectrum.
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design assumptions made earlier in Section 3.3, Fig. 3.28 shows the
filtered sourZ; line current, Iz ,» and its frfquency spectrum obtained
with the optimum input filter. The measured THD; value of this waveform
is about 4.7 ¥ of the rated fundamental current and is in agfeement
with the 5 % 1limit - set earlier. Also, it ¢an be ohserved that the

maximum magnitude of any sihgle harmonic component‘“does not exeeed

more than 3 % of the rated fundamental current [56].

Fig. 3.29 shows the input voltage waveform, Vg, ‘and its frequency
spedtfum, from which the THD, value \is measured to be about 9.0 % of

its fundamental voltage.

Regarding the rectifier output voltage cha?ac;eristicé, Fig. 3.30
represeAts the wunfiltered rectifier output voltage, V; , and 1its
frequency ;pectrum, where only dominant harmonics (high frequencies)
exist, The filtered load Qoltage, Vy » and its frequency specgruﬁ,
obtained with the actual Ly - Co values selected and 1 p.u. resistive

load, are shown in Fig. 3.31, where it'is noted that ~ the measured

Rﬂﬁ value is about 13 % of its dec voltage.

Finally, the rectifier output inductor current, I, , and its
frequency spectrum are shown in Fig. 3.32. The measured Rfi, value is

28 % of its dc current, which is within the upper RFI ' limit.
' r

. . N
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* 3.7 Conclusion

— [

It has been predicted and experimentally verified that by ;pplying

éarefully selected PWM control techniques to three-phase rectifiers:

(i) the size or cosé of input/dutput filters can be reduced
. )
“ - significgntly‘(fablﬁq 3.1 and 3.2),
‘(il).the total input power fatt;r can be improved significantly
(without using power-factor correction capacitors) with

[

.

- g@gﬁ ‘ Sy (Wwt), Sp (wt), and S5 (wt) type of switching functions,
(11i) if desired, 'a leading input power factor can be obtained with

ché S (wt) type of switching functions. ' i

-
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e CHAPTER 4 ™

OPTIMUM SYSTEM DESIGN OF A THREE-PHASE

RECTIFIER-INVERTER FKEQUENCY CHANGER ‘_ - '

4.1 Introduction

Al x
AR

Rectifier-Inverter Frequency Changers (RIFC's) are used in .'a
variety of applications, which include the~ speed control of ac

machines by adjusting the frequency of the applied voltages, 'UPS

systems for critical® loads, and 60 Hz to 50 Hz frequency changers. "As
discussed in Chapter 1, a typical RIFC sysgem, ip addition to the

rectifier-inverter pair, employs a pair ‘of dc link components

-

(L, - Co in Fig. 4.1):

(1) to provide a dc bus' capable of supplying and storing ‘

/ ,
energy on a transient basis, .

2

>

v

. (11) to decouple the output from the inﬁut terminals, '

" (1i1) to reduce the voltage distortion across the inverter CT e

[N ©

input terminal, and R -
(iv) to reduce the ripple components in the dc 1ink curtent.
. ! .
In typical RIFC applications, the dc link components and the ac
input filter'components are relatively large, costly, and heavy. This

is partially because of the lack of high frequency semiconductor

switches, and partially because the analysis and design of RIFC systems

“~

, N .
e g rayy y ms o - -
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T

have so far been focused on the inverting stage o

ignoring the effects of rectifier-inverter interactiong

. o

4

overall RIFC system

convépter structures considered here are assumed to employ recently

developed high frequency :switches,

ge

from ac
%

mains

\\ ~
-1i0-".

T

%FC systems,
i |

In contfast, this chapter focuses on the 'optimum' design of an

to ac load [57]. .

\

Moreover, the

ate minimum possible harmonic distortien are discussed.

such as bipolar or FET power*
transistors, asymmetrical SCR's, GTO's, etc.. This task is accomplished

as follows., First, rectifier and inverter PWM control schemes which

By using

suitable comptuter-aided analysis and ‘design methods developed in

Chapter 3, the optimum (minimum size/weight) ac and. dc filters are

designed. Addltional design data for the rectifier and inverter

3

[

components are also presented, along with the investigation pf\thtee

kinds of BIFC structures, 1péluding the typical RIFC stiuéture.*

Finally, some of the pfédié@ed key results are verified by simulation

on a HP9836 - DATA6000 system.

Fig. 4.2 shows the- black qu

a

\

i

L 2

© 4,2 Genetaiized Transfer Function of a Three-Phase AC/AC Converter

‘of a generalized ideal 3-phase to 3-

phase frequency changer. Suppose that the deq}red output currents are

specified as:

[1,(0)] =

y.
r&oa(wotf— F&m éin'(w°t+9)
Iob(wot) - Im sin (woth-Zn/3)
- I\“-_Ioc(wot) * Im sin\(w°t+6+2n(3)
] e ——
| N
MR

(4.1)
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Fig. 4.2: Simplified .block diagram of a generalized three-phase

to three®phase frequency changer.
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Fig. 4.3: Simplified block diagram of an fndirect frequency
changer.
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and the three.input voltages are defined as:

/

s

w [

[vi(e] =

then the input and output

© ase

A - [V, ()]

i PR i o 45 2

vV (w,t)

an" 1

Vbn(wit)

v (w"tf
_cn i

el

—

— -

Vi sin wit

Vi sin (wit-Zn/B)

v, sin (w t+27/3)

1 _

(4,2)

relationships in matrix form can be expressed

= [H(e) e (Vy (t)] (4.3)
[Ip(t)] = [H(£)]+[I4 ()] (4.4)
where
[V (t)] = 3 x 1 matrix of the output voltages,
P [Il(t)] = 3 x 1 matrix of the input currents,
[H(t)] =3 X 3 matrix of the converter transfer function,
. - ()l =1x73 matrix of the imput voltages,
[(1o(t)] = 1 x 3 matrix $f‘the output currents.
/
[
Let
al(® () ha3(®)
{ \ EE] = w0 (e hy5 () (4.5)
‘ 4 . 7
1 ) L_Pdi(t) th(t) ] hc3(t)__ )
v
a9
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' \ then the entries of the matrix [H(t)] may be defined as: ' .

hal(t) = Ka + I(a cos .(A+B+¢al3)

12

_cos,(A-B+¢alz) + Kal3

[ ]
-~
+

haz(t) K cos(A—B+¢a22) + K8 . cos (A+B+¢az3)

a a2l 23

[ ]
~
+

. Bag(8) = Ky * Kygp cos(A7BH05p) + K5y cos (AtBHe,55)
' »
th(t) b KblZ co§(A-B+¢b12) + Kbl3 cos (A+B+¢bl3)

]
-~
+

hbz(t) - Kb + Kb22 cos(A—B+¢b22) + KBZB cos (A+B+¢b23)

L}
~
+

hya(8) = Ky + Ky cos(A=BHe,)) + K5y cos (ATBH, 44)

cos (A+B+¢cl3)
&

c cl2

hcl(t:) =K + K cos(A—B+¢c12) '+ ch

¥
=~
+

hoolt) = K + K p) cos(ABHp o)) + K 55 cos (A+BH0 54)

L5

hc3(t) =K + K cos (A+B+¢c33) (4.6) .

c c32 vos(A—B+¢c32) + Kc

33

where ‘
' the letter K denotes constant-value,

the letterd) denotes; phase displacement,

Aw; t, and B=w,t.
1 \

Depending on how the unknown values are‘selecte.d, th.e three-phase
ac/ac conversion can be achieveci -by direct scheme 58], [59], [60]
or by in.direct schéme. For example, if the set of unknown values is
chosen such that |

l(a-'Kb'-Ke:,"’

w)r

) g - - —2-
Kaiz2 * X2z " %a32 " K12’ ™ Koz ™ Feaz " Kerz = Sez2 " Fedz "3 10

Ka13 .= K23 = Ka33 " K13 = Ko

¥
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s

Pa12 ™ %413 ™ Pp2n T Gp33 T 0033 T 003 = 0
i A : ' ) 2
. ~' - = - - = - -u:‘—
N ' ®a32 T %223 T %13 T %32 T2 " %33 T T T |
-h’.}-d“ﬁ 2
¥ - C o= - = - ™ -l
: . and %832 T %033 T %p12 T %23 T %22 T %3 "3 -
where <
.9 )1 > df ‘ -7
)\2 =1 - Al’ and )
q = ratio between the output and the input voltages.
then this can be realized through the direct conversion s¢heme proposed
by Vepturini in [59]. ®

However, if K. =K, #K =0 and the rest values are selected so that

+

l"al - Mt cos. A x Mi cos B e

4

"oh, = M cos(A-Zn/3) X M, cos B

=
|

a3 Mt COB(A+ZR/3) x Mi cos B

hy, =M cos A x M cos(B-2n/3)

=
]

L cos(A=2%/3) x M_. cos(B~2%/3)

i

-2
[ ]

L cos(A+27/3) x M, cos(B~27/3)

- - h, =M cos A x M cos(B+2n/3)

cds(n+2£/3]

>
"

Lo cos(A-2%/3) x M,

=
| ]

M cos(A+2x/3) x- M, cos(B+2n/3)

el i

where

b - M, and M; are constaats.

S e Y A
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b»

then the entries -of the transfer function can be split as: .
A
S n L

.

. _hia'hra hia.hrb #ia'hrc_q
BOL =] ngpeh, o hgphy b
‘ L__hic'hkr:a: hic.hrgk hic'hrc_~
whiam1 [hra htb hrc]
" P )
L_hzlc__4 S
hra Mr cos A

[Hr(t)] = | by =| M. cos(A-21t/3)| = rectifier .transfer function

b, M cosFA+2u/3)
’ _ - (4.9a)
and
hié Mi cos B
[Hi(t)] "o My =l H, cos(B=2n/3)| = inverter ‘transfer function
b, M, cos(B+2n/3)
N (4.9b)
¢ ¢ \ ' ’
?hus, .
vo,a hia [ ra htb hrc] rvan
Voo | = | P Vba
N
vo,q_ _Piq' : . | cn_
- [hra %fb hrc]‘ rvan hia
i | ' (4.10)
Yoo b ’
)
t h . .
N I ic_J
V/‘\\ Ld 7
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'Henqe,, this can be Tealized through the indirect ‘scheme (rectifier-

9 - _116"

-

[+
| . .
jnverter configuration) as shown in Fig. 4.3. This indirect stheme is

investigated in this chapter and in the following chpater.

Finally, it may be stated that there may exist other sets of the
Mo [ P

. . .
unknown values so that the generalized transfer function [H(t)]'can be

realized, unless it is proved that no other set exists.

.

4,3 System Description and Principles of Operation

v . - V\
y The RIFC system topology that lends itself’ readily to system

optimization is shown in Fig. 4.1. It consists of a three-phase mains,

3

)
a second~order input filter, a ©PWM rectifier, a-second-order dc link
filtem; a PWM inverter, and a three-phase balanced Loiﬁ:' Th§ nature of

each‘major system component and their fumctions are as follows.

«\ { :

v

The ac input filter acts as an interface between the aé mains and
RIFC system. As such, 1its function 1is to minimize the 'dumping' of
current harmonics on utility lines ‘Charmonic pollution) and to' improve

the system input power factor. The size, weight, and cost this

. “
filter are determined mainly by the rated system power  and the
™

-specified level of THD (eqn. (3.10)) of the ac input line current,
' .

2

%

The rectifier performs the first half of the frequency c¢hanger
function by converting the fixed frquffsz ac power into dc power.

. .
To optimize the process of rectification, the conventional six-diode

0 P o
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(or phas:-control ed) rectifier is replgced here by one of_the PUM
rectifier structures inVestigaigg in Chapter 3. The optimised switching
funcgion, ,wﬁich 33 the Sj3 (wt) type, 1is chosen in order for the
rectifier to proyide const%nt unregulated dc bus voltage, gcceptable

here, because the control of power flow can be achieved by using the

PWM inverter. Moreover, a number of inverters with independent control

‘can  be operated with a single rectifier supply, resulting in

'd ’ . \ p ’
considerable savings of the rectifier cost since the dc 1ink voltage

is constant.

, The funetion of the dc i&nk filter is to attenuate the rectifier
outpuﬁ voltage harmonics across the link indd;tor Lo and te 'sink' the
inverter input curéé?#”%armonics into the link capacitor Co. To the dc
link filter, the PW& rectifier appears as a source of an infinite
number of voltage harmoﬁics,'wﬁile the PWM inverter as a similar source
of current harmonics. However; the attenuation.of the rectifier output
voltage harmonics acrogs.,Lo creates additional ripple currént into
Co, while Bhe sinking af'the inverter input current harmoniés into
Co gives rise to add%}}énal ripple voltage across Lo. Therefore, both

A :
filter cbﬁ%ongnts (Lo and Cy) are affected by both harmonic sources,

The size and cost of this de gilter is again determined by the rated

" system power, rated dc bus“vbltage, and the specified ripple limits of

the dec link 1input current I, and 1link output voltage V. It is also
noted that allowing a high level of ripple current 1in I, 1leads to

rectifier input current diéqontinuities under light 1load conditioms.,

+

This in turn causes the temporary loss of control of inverter ‘-input
uwt,

[ : .




voltage, and consequently the loss of control of the power flow to the

load which can lead to system instabilities. Moreover, allowing a
' ¥

high ripple voltage' in V; causes voltage subharmonics in the inverter

output voltages, which further degrade the overall system performance.

The inverter ‘performg the second half og a frequency changer

- .

function by converting the unregulated dc (link) power into regulated

ac power (variéble voltage and variable frequency). To maximize dc

4

voltage utilization by the inverter; the traditional SPWM scheme has

¥
been replaced by the MSPWM scheme which is a more efficient version of

the SPWM scheme (i.e. S, (wt] type of switching function). With this

scheme, the inverter delivers almost sinuseidal currents to inductive

types of loads.

g
.Three kinds of RIFC structures gre investigated. Structure #1,

which ig thé " traditional RIFC system, 1is comprised of a‘six—diode
tectifier ana a‘gak'inverter which employs fhe SPWM scheme with Np=27
for 60 Hz (1 p.ﬁ.) output frequency. This structure i; included for
two reasons: (a) to provide. the contrast between the proposed RIFC

system and the traditional one, and (b) to provide the relevant data

for the design' of a traditional system. Structure #2 is composed of

/

a six-diode rectifier and a PWM inverter which employs the MSPWM
. )

. scheme: with N, =16 for 60 Hz output ffequency. The reaébn for

ingluding this structure 1s to provide the relevant design data to
. - ¢

£

users who may want to change omnly the inverter configuration of xhe

traditional RIFC system. Structure #3, which is the proposéd RIFC

;-

- n . e o AR
~ *

B e ————
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%

system, consists of a PWM rectifier with Np=9, 11, 13 (#3-1, #3-2,
#3-3, r@spectively) and.the same MSPWM inverter as in ,Structure #2.
. : ’ ) |

The reasBi-for applying tﬁ?ee different Nh values to the PWM rectifier

is to select the ogﬁ}gﬁm'Nh value resulting.in an optimum RIFC system.

For the best use of ' derived ;esults, all gﬁe design data are
expressed in per unit (p.u.), ﬁhere the rated tTms value of the
fundamental component of the inverter output 1line-to-1line voltage, Vygb -

Q(Figﬁ 4.1), islconSﬁdered Q% 1 p.u. voltage, with the correspondﬁiﬁkL

phase current I g as 1 p.u. current.

(4 f_

4.4 RIFC Input Stage Analysis and Input Filter Design

The RIFé input stage anlysis and optimum input filt;r design are
carried out under the following assumptions. )
(1) The three-phase;mains are balanced and distortion-free.
lmwﬁjy)‘ (11) The réétifier switching elements are’ideai.
(iii) The filter components are lossless.
(iv) The dc link current is ripple-free.
(v) The input filter delivers the rated power to the rectifier,
(vi) The THD; limit is 5 % of the rated fundamentalhcompgnént
in the input line current I; (Fig. 4.1). :
(vii) The THD, limit is 10 7 of the rated fundamental component

in the input v8ltage of the rectifier Var
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The input stage analysis and optimum input filter design a?e
performed in the same manner as developed in Section 3.3. The salient
design data of an optimum input filter for each RIFC structure are
summarized 1in. Table 4.1, including the 1input filter component
val?es and their kVA ratings, TKVA values, ratggnrms fundamental
input voltages and currents, and rated rms input voltages and currents.
In particular, the optimum input filter Xli and Xcivalues (Fig. 4.1)
for the Structure #3-2 are found to be 0.04 p.u. and 2.75 p.u.,
respectively; and the TKVA value is 0.278 p.u.. For aﬁ RIFC system
supplied from 60 Hz three-phase malns and rated for 30 kVA and 208

volts, the aforementioned X, , Xc‘, and TKVA (p.u.) values are equal
]

to 460 uH, 233 uF, and 2.78 xVA Tespectively.

It is also noted from Table 4.1 that, as expected, the proposed
RIFC structures (i.e. #3-1, #3-2, and #3-3) yield significant
reductions (approx. 70 2) 1in .the input f{Iter component values and
their kvA ratingg and hence in the filter costs.

Moreover, as a result of the input stage analysis, the ip;lysis
and design data of the corresponding rectifier are provided i; Table
4.2, including the worst case of rms, average, and peak current
ratings for each rectifier switch, aibglq?‘ks* the'peak forward and
reverse blocking voltages and switching frequencies. The types of gate
turnfoff switching devices, such as bipolar transistors, MOSFET'S,
GIO's etc., are not specified, because the choice of switches depends
on the associated. switching frequency, voltaée, and current levels,

Moreover, the technology of power ' switching devices is still in

a state of flux.
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4.5 DC Link Analysis and DC Link Filter Design

The dc link anlysis and dc link filter design are carried out

under the following assumptions,

(1) The rectifier input voltages and inverter output (line)
currents are balanced and distortion-free.
(11i) The switching devices of the rectifier gnd inverter are ideal.
(i1i) The dc link filter ¢omponents are lossless.
(iv) The inverter de{}VEfg the rated current to an inductive load
with the worst case of operating conditions.
(v) The switching frequengy (or carrier frequency) of the inverter
is fixed as the output frequency varies. fﬁﬁ
(vi) The ma;imum load , power factor (p.f.) is 0.9 inductive.
(vii) The ripple factor of the inverter‘input voltage, REW defined
iﬂn(3.38), remains below 10 Z of the rated dc voltage.

{viii) The r;pﬁle factor of the link current, RF‘Ir defined in (3.39),

remains below 10 % of the rated dc current.

Fig. 4.4a represents the equivalent circuit of a dc link, which

consists of a voltage sourceé containing all the unwanted (or ripple)

-

.components, a second-order dc filter, and a'éakrent source containing
all the unwanted components. From (3.17), the rectifier output'voltage

V, (wt) is given by:

®
Velo©) = Vao + 1 V.. sin(w

de  mp T t+0_ ) - 4.11)

i 0
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Fig. 4,4:
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Analytical model of an RIFC de link.

a) Equivalent circuit of the dc link.

'b) Harmonic ®quivalent circuit for the

rectifier output voltage.

. ¢) Harmonic equivalent circuit for the

inverter input current.

S
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where
w, = angular frequency of the three-phase mains.
The input current of the inverter, I;(Fig. 4.1), is given by:'
\
I(w,t) = [Io(wot)][sléwot)'] ‘ (4.12)

where “

-

]

[Io(wot)]

[51 (Wot)]

1 x 3 matrix of the inverter output phase currents

3 x 1 matrix of the inverter s@itching function;>\‘
Wg = angular frequency of the inverter output frequency:
R - !

After trigonometric manipulations, (4.12) may.be written as

@
I(ut) =1, + ) I
f* o de a=6 f,n
where
I4c = dc component of the inverter imput curreat, T, (wot)

Ign = amplitude of the n-th component of the Is (wot)

d%n = phase displacement of the n-th component of the Ij(wt).
\ ;

Moreover, in designing the dc link filter, tpe }nverter input current
ffﬁﬁot) must be determined dnder‘the worst "operating conditions.
th.?a.s shows the rms ripple current of the. MSPWM inverter inbps
current Tm , as a function of the modulation index M for various

load power factors. From the figure, it c¢an be seen that the

¥

-

sin(nw t+o, ) L (613

- i—:,“«;w
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Fig. 4,51 RMS ripple current of t:he~ MSPWM inverter input current
versus the modulation index, M, for various .load
* power factors.
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maximum Tfﬂ value occurs at M=0.55 with load p.f.=0§9, which is the
maximum 1load power factor in this case. In other Qords, this pair of
values is considered to be the worst operating condition. The wo;:st
operating condition is found to bé M=0.6 and load power factor =0.9,
as shown by the T;z -vs- M plots for the SPWM inverter in Fig. 4.6.
By applying the superposition theorem to Fig. 4.‘:»4 t);e equivalent
circuits for the unwanted components can be represented as shown in
Figg. 4,4b and ‘;.‘&C. Hence, the rectifier output current, I,, (Fig.

4.1) and the inverter input voltage, V;, dre given by:

- 2 =2 =2 %
L= [Idc * 1 (Itl,n * Ir:z,n)] (4.14)
n=6 .
v, = [v2 + E (Vz + 72 )]” ’ (4.15)
£ de =6 fl,n £2,n’’ - *
4
where ' T.

B3

'f, = rms value of the rectifier output current,

V¢ = mms value of the inverter input voltage.

- ' n ot ) N .‘$
L ™ T e (4.162) %
, L% \ ~
(o] [o]

xC ,
= . 0o = (4.16b)
r2,n pl f.n ' # .
. ok -X. 7 %

o o . : .’
where ’

T/';.,,, = rms value of the n-th harmonic component

i
1
\ .
4
H

of the rectifier output voltage, V;

It,n = rms value of the n-th harmonic component

of the inverter input current, If .




~-128-

1 + _ (8.6,0.96)

- - - — SN S o = wa——

4

Fig. 4.6: RMS ripple current of the SPWM nverter input currvent
versus the modulation index, M, for various load'

power factors. - ' °
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bt n Irl n
vfl,n - - -EE—L__ (9.17a)
o <
T . o LA (4.17b)
/ ) © "f2,n I ) » :

The dc link components Lo and Co are selected in- exactly the same

" manner as devel e& in Section 3:4, and the salient design data for all
the subject structures are summarized in T;Q;Q 4,3, 1In particular, the
Lo and 'Ccivaldbs for the proposed Structure #3-2 are found to be:
XLO =0,09 p.u. and Xco =2.8 ﬁ.u}.' Again, for an RIFC system supplied
from 60 Hz mains &nd rated at 30 KVA and 208 volts (60 Hz), sthe
aforeméntioned X{, and X¢, values can be translated into: to =1.033 mH
and Cqo =220 uF. Cémpar%son of thé cpr;esponding design data of
Table ;.3 shows th;t the prgﬁosed RIFC strucfure #3's offer significan£

reductions in de filter inductor values, but that they require larger

dc filter capacitor values. . " N

L4

Finally, as a result of the analysis of inverter input current,

'the inverter switch ratings are shown in Table 4.4, which includes the

~o

worst rms, average, and peak current ratings per switch for each

b g

w o
strucfuref as well as the peak forward and reverse~blocking voltages

P A

2

and switchipg frequencies.

4,6 Evaluation of the RIFC Structures

o 1

To facilitate the evaluation of the’ RIFC structures, their main

v
.

. ’

3
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.
features are summarized in Table 4.5, which includes the values of ac
and dc filter components, TKVA ratings of ac -filter, switching
frequencies, overall voltage utilizations, and overall system
complexities. It is noted that each structure has 1its own advantages
and disadvantagess However, if the main design objective is to minimize
the size of the associateq reactive componenjts (as it is in this case),

Y :
then the Structure #3s are by far the best alternative. Among the

Structures #3-3%, #3-2, #3-3, the Structure #3-2 is found to represent

‘the ‘'optimum' RIFC system, because although the Structure #3~3 employs

a larger Nh value (to the rectifier) than that of Structure #3-2, there

are no significant reductions in the reactive component values of the

ac/dc filters and the TKVA value,

4

Furthermore, some selected design data, such'as input voltage,
rated fundamental input line current, and rated dc¢ link voltage and

current for each structure, are shown in Table 4.6. They are expressed

4

> in p.u. and have been obtained .under the worst load condition(i.e.

p.£.=0.9 and M=1). These values prézide a quick estimafe of component
ratings ;nd a frame work for comparing the structures. For this
purpose, Table 4.6 also includes the values of three Voltage
Utilization Factors (VUF's) for each strﬁcture. These factors are; the
rectifier VUF,/ly , the inverter VUF,”; , and the overall RIFC vuF, Ty

which represents the product of the previous two. From TESIe 4.6 it can
be seen that the best and worst overall RIFC VUF values are obtained
with the Structure #2 and Stucture #1, respectivel?. Conseqdently,.the

circuit components comprising RIFC Structure #2 have the highest

e




PuNTR——A

B e L

-133-

TABLE 4.5: PERFORMANCE CHARACTERISTICS OF 'RIFC'

STRUCTURES.,
CHARACTERISTICS STR%%TURE STR%STURE STRygTURE
Values of ac input | ° .
‘|filter componengs Large Large Small
N
Tociéaég 3: ﬁ%kter . Large Large Small
Rectifier switchin
frequency g Low Low Medium
Values of dc link. .
filter reactor Large Medium Small
Values of dc link
filter Capacitor Small . ) Medium Medium
Inverter switchin
frequency 8 | wigh High High
Overall voltage 5 : "
utilization8 LQV High . Medium
1 of (system) N
_gﬁomplexigy ‘ Low ["edium -} High
5 ) < ‘K . o,
., ~
. »
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current and the lowest voltage ratings. The opposite is true for the’

circuit components comprising Structure #1.

4,7 Simulated Results H

To vefifx the analytical key results, the aforementioned 'optimum'
RIFC Structure #3-2, as specified in the fourth row of Tables 4.1 to
4,6, was tested by simulation on a HP9836-DATA6000 system. A dedicated
computer program for HP9836 computer’ was employed. te generate the
voltage and current waveforms, which were further processed on the
DATA6000 waveform analyzer. These simulated waveforms and their

corresponding frequency spectra are shown in Figs. 4.7 to 12.

In particular, Figs. 4.8 and 4.9 show the ac source current, Ig,
and the input voltage of rectifier Vg wavgforms, with the optimum input
filter and the corresponding“frequency spectra. From these figures it
is apparent that they have very loy total harmonic distortions (THDi
and THﬁV). These results are in close agreement with. the specified
THD limits (i.e. 5 % and 10 7%, respectiv?ly). Figs. 4.}1 and 4.12 show‘
the dc linki current I, °§nd inverter input voltage V¢ waveforms and
their frequency spectra, whieh_also reveal that they contain very low - -
riﬁple components. Again, these results are in‘close agreementlwith the
specified ripple factor 1limits (i.e. 10 Z and 10 Z). Moreover, Figs.
4.7 and 4.10 -verify that the selected PWM contrel technique (i.e.
optimized PWM) of the rectifier attenuates the low-order harmonics of

the rectifier input line current and ‘6utpu£ voltage very effectively.
[ .

.
e T - o ———— = ‘
. ’ " - — - . . ;
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Fig. 4.7: Simulated input line current waveform of the
‘ *RIFC' Structure #3-2 with ripple-free dc link
current, and its frequency spectrum,

Fig. 4.8: Simulated filtered ac mains side current
waveform of the RIFC Structure #3-2, and
its frequency spectrum.

Fig. 4.9: sYmulated input line-ta-neutral voltage
wdveform of the 'RIFC' Structure #3-2,
and its frequency waveform.

LY
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Fig., 4.107 Simulated rectifier output voltage ¥
waveform of the -*RIFC' Structure #3-f;

and its frequency spectrum. .

- AR A

Fig. 4.11: S%mulated dc link current waveform
of the 'RIFC' Structure #3-2, .and °

its frequency spectrum.

Fig. 4.12: Simulated inverter input voltage
‘ waveform of, the 'RIFC' Structure i3-2,

and its frequency spectrum.
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4.8 Conclusion

This chapter has dealt with the ‘'optimum' system design of a

three-phase rectifier-inverter frequency changer by means of the’

minimization of the associated reactive components, as well as the
improvement of the overa RIFC system performance. To achieve this
task, the advanced Pﬁy control tgchniques discussed in Chapter 2 have
been applied to the rectifier and the inverter.” Three RIFC structures
have been investi%ated to make a comparison and to provide system
design data. The ac/dc filter design methods developed in Chapter 3
were utilized to sele¢t proper filter component values, and some other
useful system de§ign data were also provided. The analytical and
simulated results have shown that the RIFC systems employing the
advanced PWM control technique to the rectifier (i.e. Structure #3's)
require considerably smaller sized ac/dc filters. Moreover, the
*optimum' RIFC system has beeh found to be the system which consists
of a PWM rectifier employing the optimized PWM'switching‘function with

Np =11 and a PWM inverter employing the MSPWM switching function.

On the other hand, ‘the proposed Structure #3's are more complex
and expensive than their six-diode rectifier counterparés. However,
with the semiconductor prices falling, themﬁrices of inductor§ and
capacitors remaining stable, floor space for static power converters
becoming more expensive, and the harmonic standards becoming stricter,

the PWM %ectifier has already begun to attract considerable attention.

v

("
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CHAPTER 5

RECTIFIER-INVERTER FREQUENCY CHANGERS

WITH SUPPRESSED DC LINK COMPONENTS

5.1 Introduction

In response to expectations towards motor frame mounted converters

the(RI systems studied in Chapter 4 are reconsidered here to study

the feasibility of further reductions

in converter volume , cost, and

weight through the suppression (or complete elimination) of the dc link

components Lo and Co(Fig. 4.1). The dc link components in general:

.(i) are bulky and heavy,
(i1) require a good portion of overall cabinet space,
(1i1) slow down system response, and

(iv) complicate power regeneration to the ac source.

These disadvantages have motivated the'investigation of RIFC
topologies with suppressed dc link components (referred to as 'SRIFC').

In this case, the rectifier must have

the capability of regeneration,

because of the elimination of the energy storage of dc link capacitor.

Two such structures are introduced and thoroughly discussed 1in this

chapter [61]. The discussion includes:

(1) changes in rectifier structures required to create a stable

. v
de bus without using the passive components L, Co(Fig. 4.1),

(ii) quantization of the distortion of dc bus voltage and

- T
i e o

RERE A
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- methods of distortion control,
(iii) effects of dc bus distortion on the load voltagés and
methods of improving the corresponding frequency spectra,
(iv) quantization of the distortion of input currents (ac mains
side) and input filter design, and )

(v) analysis method and design data for the two SRIFC structures

and their system performances. . . _ -~

Finally, some of the key results are experimentally verified on a

1 kVA laboratory set-up.

ad

S.2 System Description and Principles of Operation .

Fig. 5.1 sﬁows the circuit diagram of the SRIFC system. studied.

It considts of a three-phase mains, an input filter, a regenerative
7 : .

rectifier, an inverter, and a three-phase load. Depending on the

rectifier configuration, two kinds of SRIFC structures are considered.

Structure #1, having the harmonic ~control capability of the
output voltage and input current, is showﬁ in Fig. 5.2. It consists of
a PWM regenerative rectifier (comprised of bidirectional switches)
which employs the optimised PWM scheme with Nh =11, and a PWM inverter
which employs the MSPWM scheme at switching frequencies of about 6 kHz .
For gc/dc conversion the PWM regenerative rectifier operates in the
rectification mode to provide the dc bus for the PWM invert;r, while

for dc/ac conversion it operates in inversion mode, producing a three-

phase PWM waveform at the ac terminals so as to send the regenerated
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-

energy back to the source,

Structure #2, having only the harmonic control capability of
the output voltage, is shown in Fig. 5.3. *From this figufé it can be
seen that the configuration of the regenerative rgctifier' is ex;dtly
the same as that of a typical PWM inverter. Therefore, Structure #2
has the advantage of emplaying interchangeable rectifier and inverter
modules. This regenerative rgctif%er oplrages as follows [62]. For
ac/dc conversion, the six switches are gated only during Ehe normal
conduction inteyval (120 degrees) of their corresponding antipéfaliel
i&fbdes. Continuous gating on each switch only dpring the time, when the
antiparallel diode conducts, will not-iﬁ;erfere with the rectification
action of the circuit provided that each switch is turned off when the
antipérallei diode ceases conduction. During inverting mode operation,
by gating on the switches fqr 120 degrees as descrised previously, *

T
thyee—phase voltage waveform of the six-step type is produced at the ac
terminais. Inerefore, - provided the switches are turned on and off
\synchrono;sly in‘relation\to the+ ac sj;ply voltage, the regeﬁerative

T

rectifier will deliver or accebt dc current!

The power flow of both structures is controlled by varying the

modulation index M of the inverters so that an optimized PWM switching

-

function can be applied to the rectifier (Structure #1). Since dc link

~

rectifier output voltage have a direct effect on the inverter output

voltages. Similarly, all the components of the inverter input current

A

components are not employed, all the harmonic components of the’
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have ‘a direct effect on the input 1line currents of the rectifier.

Hence, the frequency spectra and the magnitudes of both rectifier and

inverter switching functions are of significant ‘practical importance,

and both switching functions' must be chosen carefully.

+

»

The chrée—phase load is assumed to be a.balanced delta connection

+with 1 p.u. imgedance, ¢and the range of the load power faltor is

&

assumed to be 0,4-to 0.9 inductive. The rated rms output voltage of the

inverter is defined as 1 p.u. voltage, Output frequencies up to 100 Hz.

are commonplace, with 250 Hz or 400 Hz available in special cases [25].

. \ .
In fact, the maximé% output frequency 'depends on the applications- and

sﬁitching devices.

However, in this case, the maxigum and base

frequencies  are assumed to be 150 Hz and 60 Hz (1 p.u.. frequency),

respectively.

5.3 Outpuf ifage Analysis

where

X

From (3.17) the output voltage of a rectifier is given by:

-

Vge = dc component of a rectifier output voltage,

Vr,k

.

= phase displacement of the k-th unwanted component,
r,k . p )

;gu/f;yangular frequency of a three-pﬁase mains.

-

©

) = Ve * k§6 ek

. <&

©

sin(kmit+6r

“

’k) (5.1)

o

amplitude of thdfk-th unwanted component, .

“
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Assuming the switching function of an inverter to be:
‘ _ ~ ,
N B i
\ S (W t) Z B, sin m w_t
\ m=l
. ‘ e (5.2)
.,[SI(‘)]' S (0,0 - Z B, sin m(w t-21/3)
m=1
S c (mot) 21 B sin m{w’ t+21t/3)
hamsn. — m-

-146-

then the output voltage of the inverter, [Vo(t)], can be expressed by:

[V (t)]

=V, (tg‘[SI (t)]

/J

By inserting “(5.1) and (5.2) into (5.3),

- - )
Vple) q mzl B_sin M wt .
) s
Voolt)| = [vdc ) L sin(kmit+er,k)J 2 B sJLmy(wot-Zn/3)
E k=6 . =1 .
v (¢t B_ sin M{w t+27/3
| Yea® ] mzl ' i o 3_
Tsin w t 7] : v
6]
R 1
Vyed, | sin(w t-2/3) | + ,[Voh(t)] .(5.4)
sin(wot+2n/3)
where ’

o/

(5.3)

(Voh (t)] = unwanted components of the output voltages

[Vont®)] = Vg,

-

2 B sinmw. t
m“5,7r n . °
) Bn? sin ﬁ(mot-h/ﬂ

m-5,7

_m-5,7. _

K X ‘Bm»ai’n m(mo‘t+2‘rt/3)

of the inverter, and is given by:

s\

.
o e o et
e S
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® ° s

t~3 8§

v B sin (miwe]r
km6,12 m=1s7F? : ;
+ ) Yo
k=6,12 m=l

,k)~ sin mwot

r,kB.m ‘siq (kwit+er,k) -8in m(wot-qu(B)

ol E E V_ B sin (kw,t+8_ )
Ke6,12 me1 Tokm L L m kT

— N <7 * - . N | .
Consider the unwanted components: for phase A, Vohg(t), only. By using

sin m(u)ot‘-i;27t/3) . (5.5)

the trigonomet}id identity? {.e.’

sin A sin B = 0.5 [cos(A-B) - cos(A+B)] .. (5.6)
\ E A
v (h ) = E \B si’ t | “
oh,a t m;S 7 m "W,
4 o PR 1 B vV . . '
k=6,12... ms] 2 ® D,k cos[(miﬂ-'w°)tﬂfnk]
-3 7L 7
- 7 B vr,k cos[‘(kwimo)t?-er’k] (5.7)
. k-6,1200o m=1

e

(5.7) implies that the output voltage of’ the inverter .contains spectral

components at frequerncies

X ' k
fon,1 ™ 2y w=3,7,00e - | . (5.8a)
fonz = |KEgmE | } k=6,12, ... C (5.8b)
th,B = kfi+mf° ‘.m-1,5,7,..., . : . L (5.8(:) .
whelre ",

f, and f, are the input and outpﬁﬁ‘freqdencies of an SRIFC. : :
i LY ' N . . \}

In general,. the output waveform of an SRIFC can contain frequency

components lower than the fundamental output frequency. These

:‘ ‘. ) 7- {
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components are called subharmonics. In ac motor-drive applications,

such voltage subharmbnics in the output of an inverter can have a

serious effect on the machine performance, because the amplitude of

t /

the flux wave produced in the ac machine by a particular voltage

' component is, to a first approximation, inversely proportional to its

&
frequency. ¢ Thus, subharmonics of edﬂn a small amplitude can give rise

s

to large components of flux if the frequency. of these components is
low enough. Since subharmonics can also create a number of related
L .

problems such a8 magnetic saturations, torque pulsations, energy

»,

losses, light flickerings, etc.; they should #e minimized wh;never
poss;ble.
’ ¢ ’
Among the three sets of harmonic frequencies in (5.8) the middle

set may contain subharmonic components when f.,h’z = ’ kf; - mf.,l( fo.

Thus, these components can be avoided if always

i foh,Z = lkfi-Pfo‘ ) fo o (5.9)
& f
that is‘ {
T f
k 0 . .
£ ¢ £ (m#1) | : . ¢5.10a)
or - ) §
£y fo - : + (5.10b)
o+l fi . )

. It is noted that in principle the tnéqualities (5.10a) and (5.10b)

cannot be satisfied for all k and m values simultaneously, since k= 6,

12, .»., ©© and m=l, 5, 7, -+, 0O . However 'in practice, .these

)

-
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L
* x
o

g




v

.

-149-

inequalities can be satisfied t; yield subharmonics of‘\negligible
‘amplitudes, if the kf; and (m + 1)f, are assumed to represent only the
frequencies of dominant compone;ts in the rectifier output voltage and
inverter swit;hing function, respectively. Techniques which can be used
to satisfy (5.9) and (5:10) (and therefore avoid subharmonics) are
described in Suﬂsections 5.3.1 and 5.3.2. These techniques exploit the

fact that the dominant frequency components can be cqntrolleg‘(as fo is
. Z

varied) by controlling the rectifier and/or inverter switching

. frequencies.

I , i .
In variable-frdﬁuency variable-voltage applications (such as ac
variable-speed drives), the required frequency range is commonly at

lgast‘ 10:1,  and often greater. It 1is not wusually practical to
allow the ca;rier frequency ° to vary so widely, because, 1if it is too
low, the motor time cénstant is 1insufficient or 1inadequate for
smoothing of the current drawn by the mo;or; and if it is too high, the
commutationt losses in the power circuit will be unacceptably large.
Clearly, for a synchronous PWM systemvto be'capablekof operation over a
wide frequency range, it is necessary to change the ratio of carrier to
modulating frequency whenever the carrier frequency becomes too high or
too low for the satisfactory operation of. the system. This rdtio-
changing method was propo;hQ\;Fy ﬁouldpworth and Qurgum in [63] and by
Grant in [64], and it now offgrs an economic solution to the problem of

generating high quality PWM waveforms over a wide frequency range,

‘particularly in digital PWM systems. . -,
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5.3.1 Output stage analysis with Structure #1

The waveform of the inverter output voltage can, in general, be

obt&ined by multiplying the waveform of the rectifier output voltaée

with the waveform of the inverter switching functions.  Similarly, the -

spectruﬁ of the inverter output voltage can be obtained by multiplying
the spectrum of the gectifier output voltage with the spectra of the
inverter switching functions, The product of the two frequehcy
components ylelds " corresponding components with frequencies equal to
the sum. angd difference' of the multiplied comébnents.- Therefore, in
order to avoid the gengration of low-order frequency components in the

inverter output wvoltage, the dominant harmonic' components of the
. ’

inverter switching functions should be ‘placed’' as far as possible

from the corresponding components of the rectifier output voliage.

The-output frequenc;\spectrum of a rectifier with Structure #1 is %

presented in Table S.i, and the unwanted components are plotted in E;g.
5.4a, Also, the dominant harmonic compone&ts (dx'dh) of an inverter

switching function (MSPWM) are shown in Fig. 5.4b. Since the .dc

component as well as subharmonic components of the output voltage of an:

SRIFC should be avoided (or minimized), the switching frequencies of

the inverter have to be chosen properly so that the resulting dominant
components of the inverter switching functions are located in a 'safe

operating area' (for example: band A) in Fig. 5.4a.

As stated in Chapter 2, the dominant harmonic components, d£~ang'

dj ,of the inverter switching functions (MSPWM) are dependent on the
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TABLE 5.1: FREQUENCY SPECTRA OF 'SRIFC' RECTIFIER OUTPUT VOLTAGES.
. . OUtput  Voltages
"Harmonic htﬁ
Structure No. 1 Structure No, 2
Order (N, =.11) (N} = 1)
(p.u.) 9] (p.u.) @)
0 1.417» 100.00 1.417 100.00
6 . .40 .081 5.71
12 .048 3.39 .020 1.40
18 . 097 6.87 ,009 .62
24 » 191 13.47 .005 .35
30 .063 4.43 .003 .22
36 .002 .16 .002 ' .15
42, .109 7.68 .002 .11
48 .107 7.54 001 .09
54 .034 2.43 .001 .07
60 .008 .53 _.001 .06
66 .058 4.12 .001 .05
72, + 045 3.16 .001 .04
78 . 004 .31 0.000 .03
84 - .005 .33 0.000 - .03
90 .005 .32 0.000 .02
96 »001 .06 0.000 .02
102 - ,013 .88 0.000 .02,
108 . .017 1.21 0.000 .02
114 .034 2.37 0.000 . .02
120 . 027 1.91 0.000 . ,01
126 .001 07 0,000 . 01
132 024 1.72 0.000 .01
138 .038 2.65 0.000 .01
144 . 017 1.23 - 0.000 ,01
150 0.000 0.00 0.000 . 0.00

e s

|
}
.
/
?
i
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Fig. 5.43 Frequency spectra of the unwanted components in the . T !
rectifier output voltage and the inverter switching , o
function, with SRIFC Structure #1.
o a) In the rectifier output voltage. |
b) In the inverter switching function.
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vl& L}
number of pulses per half-cycle, N,, (or switching frequency: f; ) of
the inverter and are given by (eqn.(2.14)):

3
d = (N +1)f,
" (5.11)
3
d, = (-2— N+ s)fo

and the maximum amplitudes (i.e. the worst casé) occur at modulation
index M =0,7 and their values are 357 of the rated fundamental ,
amplitude (Fig. 2.10). Thus, in order to be able to operéte vithin band °

A in.Fig. 5.4a, the d, and d; shquld be located between 72f; (4.32 kHz)

L
and 114f; (6.84 kHz) when a ratio-changing method is applied. Fig. 5.5

shows the variation of the inverter switching frequeqcy for the rafio-l-
changing method shown 1in Table 5.2. As apparent in Fig. 5;5 and
Table 5.2, the Nj values for f=60 Hz (1 p.u.) and £f,=42 Hz CO.f‘p.u.)
are 56 and 88, respectively. Since the d1 and d# are the only
comﬁonents of interest here, the minimum dy and maximum d; are kept to

be 4,6 kHz and 6.6 kHz, respectively. From (2.13a) the swftching

frequency of an inverter switch, f4;, is given by:

P

3N +3

o (2 b ) £, (5.12)

:
Thus, the maximum fg; is about 6.6 kHz and minimum f5; is about 4.6 kHz.
However,” the maximum f,; (or dg) for below 10 Hz. may be increased
further (for e;ample, up toiabout 10 kHz), because the gradual changes
are very small.,. While considering the worst conditions, the maximum dc
or sﬁbharmonic value that c¢an be produced 3Qith this particular

technique is about 0.15 7 of the rated output voltage of E&e SRIFC, and

it may be ignored.
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" Fig. 5.5t Characteristics of the ratio-changing method applicable
to the inverter of the SRIFC Structure #1.

a) Switching frequencies of the inverter.
o b) Range of the dominant harmonic frequencies
’ in the .inverter switching function.
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RATIO-CHANGING METHOD APPLICABLE TO THE INVERTER
OF *SRIFC' STRUCTURE #1.

st

Y A

Nh Output Frequency Switching Frequency Rangé of d,
( Hz ) ( Hz ) and d, (Hz)

28 107.0 --- 140.0 4815 -—- 6300 4600 --- 6600

36 83.6 --- 120.0 4765 === 6840 4600 === 6600.

44 68.7 -—== 93.0 4740 === 6417 4600 --- 6600

56 54,1 - 74.2 4707 === 6455 4600 === 6600

72 42,2 === 58.4 4685 === 6482 4600 -=- 6600

88 36,6 -~ 48,2 4671 —=- 6507 4600 === 6600
112 27.2 =—- 38.2 4651 === 6532 4600 == 6600
144 21.2 === 30.0 4643 —== 6570 4600 --— esoo"
176 17.4 === 24,5 4646 === 6542 4600 === 6600
224 13.7 -=—- 19.4 4644 ——- 6577 4600 === . 6600
288 10.6 --- 15.1 4610 —-= 6570 4600 == 6600
352 8.7 —== 12.4 4620 === 6585 4600 ——— 6600
448 6.8 -——- 9.8 4614 === 6580 4600 === 6600
576 5.3 === 7.6 4611 === 6585 - . 4600 --= 6600
704 Goh === 6.2 % 4609 ——= 6588 4600 ——= 65600
704 0.0 == 4.4 . 0 --— 4609 0 === 4669

s
’
N/
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. \Fig. 5.6 shows ‘the simulated voltage and current waveforms with
Structugh\?l for f, =100 Hz, Np=36 , M =1, and 0.78 (lag) load power
factor. The frequency spectra 'of the output voltage and current for
k=6,12,---,150 and m=1,5,.-.,156 in (5.4) and (5.5) are presente; in
Table 5.3. As it can be seen from the Fig. 5.6e and Table 5.3 , the
output current 19 almost sinusaidal. _Also, the frequency spéctra of
the output voltage and current with Structure #1 for f°¥42 Fz, Np, =88
and M=0.7 are provided 1in Table 5.4, , showing thag although there

exist some subharmonics, their amplitudes are very small, and hence

they can be ignored.

5.3.2 Output'stage analysis with Structure #2

The output frequency spectrum of a rectifier with Structure #2 is

presented in Table 5.1, while the unwanted components are’plotted in
Fig. 5.72. Since their amplitudes decrease exponentially as harmonic
frequency increases, the safe operating area can be chosen anywhere
after the 12-th frequency component. Waus, the subharmonics of the
output voltage can be made negligible, if f,<180 Hz. However, the
subharmonics having ‘the amplitude of 2.85 % occur when f,)180 Hz
because of the 6-th harmonic component of 5.71 % in the rectifier
output voltage. In this case, band B in Fig. 5.7a is chosen as a safe
operating area as an example. A ratio-changing method'is proposed in
Fig7 5.8 and Table 5.5. The minimum d, and maximum dj, are kept at
1.2 kHz and 2 kHz, respectively, for up to about 1 p.u. output

: r .
frequency and the same Ny va\pe (i.e. 16) 1is used for greater than

1 p.u: output frequencies.

.“\
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Fig. 5.6: Simu’lated'wavefoms related to the outputs of the )
' SRIFC-Structure #1 (fo=100 Hz, Ny =36, M=1). ‘ }

_e) Inverter output phase current, I, (load p.f.=0.78).

a) Rectifigr switching function. e g
b) Rect-ifié&- output voltage. ’ : .

¢) Inverter switcHing function.
d) Inverter autput voltage, Voas -
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TABLE 5.3: FREQUENCY SPECTRA OF INVERTER OUTPUT VOLTAGE AND
' -CURRENT WITH 'SBIFC' STRUCTURE #1.

'.[ f,=100 Hz, N,=36, M=1, and load power factor=0.78 (lag)
%
Harmonic Qutput Voltage Qutput Current
————immm e e e e e e e y————
Order - ; (p.u.) 3 (p.u.y . €]
| § .

‘ .20 | 0.0000 - .001 0.0000 .002
" 1.00 . ' 1.0000 100.000 1.0000 100.000
©6.20 L0172 "1.716 .0043 434
' 8.20 .0166- 1.658 - .0032 .320
| 9.80 .0326 3.255 .0053 .527
{ 11.80 .0384 3.842 .0052 .517
13.40 .0650 6.500 ©.0077 772
I 15.40 .0726 "7.265 0075 - . ,751
i 17.00 .0225 2,249 ©.0021 -L211
' 19,00 .0215 2.150 .0018 .180
| 24,20 .0341 3.409 .0022 . .225
f26.20 .0481 . 4.807 .0029 .293
. 27.80 | .0333 . 3.329 ° .0019 .191
{ + 29.80 P ,0475 4.754 .0025 . 255
31.40 | .0121 1.207 .0006 . 061
33.40 0124, 1.237 .0006 .059
| 38.60 P,0129 1.289 . .0005 .053
i 40.60 | .0379 3.789 - 0015 .149
42.20 I .0119 -1.188 .0004 . 045
44,20 I .0246 ' 2,462 .0009 .089
44.60 i .0173, 1.725 .0006 .062
53.00 b.1149 11.494 .0035 . 346
55.00 I .2561 25.606 0074 744
.59.00 ' .2561 25.608 0069 - .693
61.00 . .1149 11.490 .0030, ;801
69.40 ' ,.0148 1.478 .0003 .034
73.40 .0162 1.616 © 0 ,0004 ¢ .035

+

* Voltage harmonics less than 1 Z and the cdorresponding
current harmonics are omitted. ° .

1
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TAHLE 5.4: FREQUENCY SPECTRA OF INVERTER OUTPUT VOLTAGE AND'
CURRENT WITH 'SRIFC' STRUCTURE #1..

\
x

w

: . N .
f,%’z Hz, Np=88, M=0.7, and load power factor=0,9 (lag)
- -
Harmonic Output Voltage Output Current.
Order (p.d.) % (peus) (%)
14 0..0000 . 001 . 0.0000 .001 c
£71 | 0.0000 .902 . ",0.0000 .002
1.00 .7000 100.000 . 7000 100,000
16.14 7 .0119 1.702 .0017 . 2408
18.14 .0119 1.704 .0015 '%;r:
24,71 .0241 3,444 .0022 .
26.71 .0241 3.445 .0021 1,295
13,29 L 0472 6.737 ) +.0032 - . 463
735,29 L0472 6.737 .0031 ©,437
41.86 | .0155 2.220 .0009 7,122
43.86 4 0155 2,221, . 0008 .116 s
59.00 1 .0270 3.854 .0010 - - ,150°
. 61,00 .0270 3.857 .0010 - 145
64.43 .0123 ©1.750 . 0004 . .062
" 67057 <§ozqa 3,770 £ ,0009 " ,128. J
[ 68.43 .0123 -1.750 . 0004 .059 (;)
69.57. ".0264 3.770 . 0009 124 -
‘73.00 .0]25 «1.783 , .0004" . 056
7%.00. J0125 . 1,783 . <0004 .053
93.29 ™| ..,015 | 2.07 L0004 .051 -
95.29 | L0145 . \2.07% .0003 ! ,050
98,71 .0219 127 . 0005 .073
101.86 .0111 1.586 + 0002 .036 .
102,71 .0219 3.127 .0005 . ° .070
10386 0111 1,587 . 0002 ..035
107.29 0111 - 1,592 .0002 . -, 034
111.29 G111 - 1.592, - .0002 .033 .
133.00 3250 * 46.431  .0056- 801
L, 137:00° ' .3250 35;432 » 0054 777
) . . t

* Voltage harmonics less than 1.

QJ\Z and thé"”‘*cor}‘esponding

. . N
¢ n s o Al et v L . -

- . g '\'\
.current harmonics are omitted. S &
v ‘x A . - . ' [ SN ; ’ "l?
/ - T TTRITRLMct h S e m e e ety e ~—---—-—v~:—~—-——;-—‘--~—:";““ el anke
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TAﬁLE 5.5t RATIO-CHANGING METHOD APPLICABLE TO THE INVERTEk
OF 'SRIFC' STRUCTURE #2.

Nh Qutput Frequency Switching Erequency Range of dy
( Hz ) ( Hz ) and d, (Hg)
16 74.1 === 150.0 2000 =--- 4050 1853 === 4350
16 4.4 === 74,1 1200 ==~ 2000 1110 --~ 2149
24 30.8 --- 51.3 1200 === 2000 1140 -=- 2103
32 23.5 ———  39.2 (1200 -=~ 2000 1152 - 2078
48 16.0 -—-  26.7. 1200 --- 2000 1168 --- 2056
64 12.1 === 20,2 A¥ 1200 '~-- “zooo 1174 --- 2040
96 8.2 == 13.6 1200 == 2000 1189 --- 2026
128 6.2 --- 10.3 ~1éoq —— 2000 1197 --- 2029
192 4,1 === 6.9 1200 --- 2000 1185 ---- 2022
256 301 === 5.2 5 1200 --- 2000 1194 - 2023
256 0.0 --- 3.1 0 --- 1200 0 —-- 1200
{
-5 | f
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Fig. 5.9 shows some simulated voltage and current waveforms of the

SRIFC Structure #2 foR f5.=60 Hz, M =1 and, 0.9 (lag) 1load "power
fagtor. The frequency spectra of the output voltage and current of the
SRiFC for k=6,12,-..,150' and m=1,5,--:,150 4in (5.4) and (5.5) are
presented in Tab1e~5.§. ‘The frquency spectra of the output voltagg'

. and current for fg=42 Hz, Np=24, and M =0.7 ‘are shown in Table 5.7,

From these tables it is noted that even though there are, as expected,
low-order unwanted components the output curregts are almost sinusoidal

1]

v
and the subharmonmics, negligible.

5.4 Input Stage Analysis and Input Filter Design

As defined in Chapter 4, the input current of an inverter (also,
»in this case, the qutput current of a rectifier), Ij(t), 1is given

by (eqn. (4.4)):

If(wot) ol PR ) It o sin(mwot+¢me) 5.13)
m=6,12,... 4
where. 4

L4

Ide = dc component of khe inverter input current, If((uot),

I, = amplitude of m-th unwanted component of the I;(wgt). ot

Theﬁ, fhe input current of an SRIFC, fII(c)], is defined by :

7

[y ()] = [Sp(t)] - T4 (t)

1
_ . By substituting (5.13) into (5.14), one gets

N

LS
3
! - I.W#@Ww@w“ R
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Fig. 5.9:

[y

Simulated waveforms related to the outputs of thé
SRIFC Structure #2 (f,=60 Hz, N =16, M=l).

"a) Rectifier switching function. - Ke

b) Rectifier output voltage.

¢) Inverter switching function,

d) Inverter output voltage.

e) Inverter output phase current (load p.f.-O 9)
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TABLE 5.6: FREQUENCY SPECTRA OF INVERTER OUTPUT VOLTAGE AND
CURRENT WITH 'SRIFC' STRUCTURE #2.
\“f°=60 Hz, Np=16, M= 1, and load power factotr=0.9 (lag)
P> t
Harmonic Output Voltage Qutput Current
Order (p.u.) @) (p.u.y %)

1.00 1.0000 106@600 1.0000 100.000

5.00 0286 2.859 .0121 1.212

7.00 0293 2.935 .0092 .923

- 19.00 0121 1.210 .0015 - . 145
23.00 .1139 11.392 .0113 1.132
25,00 .2581 25.808 0236 2.360

~ 29.00 .2584 25.836 .0204 2.039
’ 31.00 .1132 11.319 .0084 .836
35.00 0101 1.006 .0007 . .066
43,00 0121 1.209 .0006 064
47.00 .0540 5.402 .0026 .263
49,00 1224 12,242 . ,0057 .573
53.00 0560 5.599 .0024 .242

., 55.00 .0562 5.616 .0023 .234

- 59.00 ..1237 12.371 .0048 481
- 61.00 .0520 5.198 .0020 .195
65.00. 0163 1.634 .0006 .058
67.00 .0170 1.698 .0006 .058

., 71.00 0302 3,015 .0010 .097
73.00 0847 8.471 ,0027 .266
77.700 .0304 3.038 .0009 .090
79.00 .0176 1.756 .0005 .051
83.00 ) ,0183 1.832 .0005 051
85.00 0319 3.191 ,0009 086
89.00 p 0887 8.872 .0023 .229
91.00 .0203 2.030 .0005 . - .051

. 95.00 .0101 1,014 0002 024
97.00 0693 6.928 .0016 164

., * Veoltage harmonics less than'l 7% and the corresponding

current harmonics are omitted.

-5 2 —
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TABLE 5.7: FREQUENCY SPECTRA OF INVERTER OUTPUT VOLTAGE AND

CURRENT WITH 'SRIFC' STRUCTURE #2. - )
' §-
fo=42 Hz, Np=24, M=0.7, and load power factor=0.9 (lag) .
* .-
Harmonic OQutput Voltage “ Qutput Current ’
Order (pous) (%) (p.u. (%)
14 0.0000 .003 0.0000 .003
.71 0.0000 .003 0.0000 . 004
1.00 .7000 100.000 .7000 100. 000 .
©7.57 .0200 2.855 .0058 .835
9,57 . 0200 2.855 . .0047 .669
28.43 .0093 1.332 .0008 107 - -
’  31.00 .0097 1.393° .0007 .103 . .
. 32.43 _~p094 1.339 .0007 .095
37.00 J3271 46.732 .0203 - 2.893
41.00 3273 ¢ 46,760 .0183 2.613
© 45,57 .0093 1.334 .0005 .067
P 47.00 . .0106 1.516 .0005 .074
4 49,00 .0077 1.097 . 0004 .051-
49.57 .0093 1.335 . .0004 . 062 ' »
65.00 .0105 . 1.498 . 0004 .053 :
67.00 L0144 2,053 .0005 .070
71.00 .0267 3.813 © ,0009 .
73.00 .1443 20.615 .0045 .648
77.00 .1062) 7 16,891 _.0031 . 444
79.00 .1042 '14.881 ~.0030 .432 )
83.00 . 1447 20.666 .0040 .571
85.00 . .0272 . 3.886- .0007 .105
89.00 .0153 2.182 .0004 . 056
91.00 L0116 . 1.664 - ,0003 . 042
95.00 .0088 1.260 .0002 .030
97.00 .0085 1.219 .0002 " .029
*

v

* Voltage hamonics less than 1 Z and the correspmpdi,ng
curtént harmonics are omitted. !
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'_-Ia(t)_ ) A sin dw,t
k=1

Ib(t) | = kE]_ Ak sin k(wit-Zn/B) [Idc+ )) If,m sin '(mu)ot*'tbf’m)]
- m=6,12,.2. .

I(t) in k(uw, t¥2n/3
i ‘/:(t)_J‘ _kzl Aks n (uit n/3)

. ] sin wit

=A oL, sin (wit—i.).n/3) + [Iih(t)i] (5;15)/'

L__sin (wit+2‘n/3)

(I (£)] =3 x 1 matrix-of the unwanted components in the

>
input line currents of an SRIFC, and is given_ by:

]

where

«E sin kw, t
k-5,7,..#Ak i
- o 4 .
[Iih(t)] =l 1. A st k(w t-21/3) 1
s k-5’7,lil
®
: ) sin k(w,t+2n/3)
_k-5,7,...Ak 1 B
- . —
, 2 Z T sin(km t) sin(mw_ t+¢
‘Y k=1 m-6,12,.‘?‘.‘ f,m 17 (e, f"“)
L+ ) 1 <A, I, sin k (w,t-21/3) sin{mw _t+é
o o k=1 m-6,12,'.‘?‘;( f.z 1 )s\( ot*?¢,a)
P (o e425/3) stofamuere, J|
1 sin k |w,t+2n gin{mw _ t+¢
S h-l-m-s,lz,.ﬁ‘ f,m 1 o |

. fCongider only the unwanted componénts for phase A, Tiha (t). By using

-

the tzigdnometri‘c ‘identity (eqn. (5.6)), (5;16)1. can be rewritten as:

1 () = - 1 sin ku t
. 1h,a 1.:-5,7,...Ak 1

1 : s
i Ak If.m COS[(ﬂl.do"kwi)]t*'@f,m

A

k=l m=6,12,...
. .. [ ] L 1 .. -
ol o ) v 4 I, cos [(mo +kw, Jt+o (5.17)
' ’ k=] ﬂ‘&,lz,-.- 2 Ak- f‘m b ° 1 f.m] *
’ . a

el
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(5.17) implies that the input 1line curreng of an SRIFC

spectral components at frequedcies

£ - k£, k=5,7,...
" 1h,1 1 |
Eipg " |mf -kt | K=1,5,7,...
£ = mf +kf m=6,12,...
. (o] [o]

ih,3

contains

(5.18a)

(5.18b)

(5.18¢)

As discussed in Section 5.3, the fin2 set may contain subharmonic

components when £ 5 =lmf°— kfd ( £f;. Thus, the following conditions

should be satisfled in order to avoid the subharmonic components in the

- the input line currents of an SRIFC.

fipg ™ (o CABEN

ih,
’
that is
m fix‘ ’
By = for | k=1,5,7,...,e0
kf"{) £, m=6,12, ..., o
or
£ ' .
k_‘i‘_.<-f-§- (k#1) °  for  k=5,7;...,%
1rf) - " m=6,12, ...,

The input stage analyses are performed under the same

~

conditions discussed in Subsections 5.5.1 and 5.3.2.

@

e ' o

. a
P |
=, saf . .
-
. . - .
¢

(5.19)

gS.ZOa)

(5.20b)

operating

now wser Anw we s

-

i
{
H
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S.4.1 Input stage analysis and input filter design with Structure #1
1 a
. l ,
The dominant ‘frequency components (d, »dp) of the 1inverter input

current with Strucure #1 1is shown in Fig, 5.10a, and-the frequency

spectTum of corresponding vrectifier switching function (see Tafle 5.8)
L

. is plotted in Fig. 5.10b. These d, an d, are dependent on the

Np values of the inverter, and their amplitudes are plotted as
b - . I

a function of M with different 1load power factors in Fig. 5.11,

From this figure, it is noted that the worst amplitudes of the dominant.

components occurs at M=1,0 with load p.£f.=0.,4 (lag), and their values

are 0.52 p.,u. . Moreover, the extremely worst case t‘hat genergtes a dc
f the

ﬁmgé’nent by the multiplication of the dominant components
inverter input currént by those of the rectifier switching function
does not occur, because the Qominant components of the': rectifier
switching function are 29f; and ;3:1f, and those of the inverter input

current are located within a predetermined area (band A).

Fig. 5.12 shows some of 5&& simulated“waveforns which are related ?
to the input': current of the SRIFC Strﬁcéure #1 for £o=100 Hz, M =1-
and 0.78 (lag) load power ‘factor; and the exact frequency spectrum of
the ‘input line current, Ig(wt), fow k=1,5,...,150 and m=6,12,‘--- ,150 in

(5.15) and (5.16) is shown in Table 5.9.
[}

. - In designing the input -filter the same technique developed as in

&\ . Section 3.3 is applied. Assuming that the THD; value of the input line

o

.
3 0
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b) In the rectifier switching function.
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TABLE 5.8: FREQUENCY SPECTRA OF 'SRIF

-

‘(—\’

C*' RECTIFIER SWITCHING

FUNCTIONS.
Switching Functions
Harmonic

Structure Np, 1 + Structure No. 2

(p.u.) ) . (p.us) %)
1 1.021 100.00 1.103 100.00
5 -.001 Jd1 -.221 20.00
. 7 .003 .29 -.158 14,29
11 .022 2.12 .100 9,09
13 -.013 T 1,27 - .085 7.69
17 -.017 1.64 -.065 5.88
.19 -,087 8.51 -.058 5.26
23 .047 4.60 048 4.35
25 -.091 8.87 .. 044 4,00
29’ .264 25.91 -.038 3445
31 .219 21.47 -.036 3?&3
35 T -, 094 9.18 .032 2.86
37 -.095 9,34 .030 2,70
41 .071 6.93 -.027 2,44
43 -.008 .76 -.026 2.33
47 .081 7.90 .023 2.13
49 ..004 .36 ¢ .023 2.04
53 .154 ¥ 15.10 -.021 1.89
- 55 .129 12.66 -.020 1.82
59 -.001 .09 .019 1.69

61 .00S W45 .018 1.6
65 -025 F} 2-‘04 '.017 10£
67 -.017 1.68 -.016 1.49
71 <113 11.03 .016 1.41
73 .080 7.87 .015 1.37
77 .054 5.26 <.014 1.30
79 .057 5.57 -.014 1.27
83 .033 3.20 .013 1.20
85 .036 3.53 .013 1.18
89 . 040 3P4 . =.012 1.12
91 .043 4,26 -.012 1.10
95 .024 2,40 .012 1.05
97 .025 2.46 .011 1.03

4

e

v
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5.11:

RMS value of the dominant harmoniq component$ d; and

v

-

dp , of the inverter lnput current lversus the modulation
index, M, for varlous load power factors (lagging).

~

)

'4

.

Y



-

-173-, - —

B :u, - g wt

’ d) I ‘l I wt
’ -1 9 . ‘ | :
-2 { M . ‘ ; ‘
e) + 4 4— 4 — $ !
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Fig. 5.12: Simulated waveformis felated to the inpgt'lihe current, %
. with the SRIFC Structure #1 (f,=100 Hz). ; .
N Ay
. ) i
a) Invertet switching function. - ' :
: b) Inverter input current (N,=36, M=l; load p.f.-O 78). :
. ©+ ¢) Rectifier switching function. ‘ i

. s d) Rectifier input line current. '
’ e) AC source current with the input filter specified
in Table 5.10. .
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LY
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TABLE 5.9: TINPUT LINE CURRENT FREQUENCY SPECTRA WITH 'SRIFC® -
STRUCTURE #1. -
fo=100 Hz, M=1.0, N, =36, and load power factor=0.78 (lag) ¢~
Harmonic Without Inp ilter With Input Filter
Order * (p.u) - (peus). = (D) .
1.00 1.9416 100.000 1.9968 100.000
3.00 .0187 .962 ,0370 1.852
5.00 .0 514 0266 1.333
7.00 L0073 376 0043 216
9,00 0443 .736 0041 . 207
11.00 .0315 1.621 o .0056 .279
13.00 - | .0377 ' 1.940 0045 .227
15.00 .0233 - 1.199 0020 .103
17.00 .0421° 2.167 ,0028 . 141 v
19.00 .1973 10.161 L0105 524 !
21.00 .0085 436 - 0004 .018
23.00 ’ .0935 -4,816 .0033 « 167 .
25.00 .1847 9,512 .0055 ) . 277
27.00 .0243 1.250 ,0006 . .031
29.00 .5289 27.239 0117 . ,585 - '
31.00 4256 21.921 - ,0082 411
33.00 . 0062 .0 .318 .0001 . 005
35.00 ,2023 10,417 ,0030 * .153
37.00 L2164 11.146 .0629 146
39,00 . 0047 0 242 .0001 . 003
41.00 L1309 6.742 ; 0014 .072
43.00 .0451 - 2.323 % ,0004 . .022
45,00 .0251 . » 1.292 ° .0002 .011
47.00 .1843,, 9.494 ,0015 ,077 ,
49,00 L -i@!3§ .710 . 0001 . 005
§ - .
S o
3 :
L
4
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current %s léss than 5 7 of the rated fundamental current,\mnd ;hat of
the 1nput voltage is less than 10 Eﬁf the optlmum input f11tet component
values can be determined. The results obtained are provided in

Table 5010. - ' N . ‘w

5.4.2 Input stage analysis and input filter design with .Structure 2

o

The ffequency spectrum of the unwanted components of the Inverter
input current with Structure #2 is shown in Fig, 5 134, and that of the’

rectifier switch1ng function 1is shown in Fig. 5. 13b. Fig.cﬁ.lb shows

-

some of the simulated waveforms related to the input line current of
nhe SRIFC Structure #2 for f,=60 Hz, Nu=16, M =1, and 0.9 (1ag)
load power factor{ and the exact frequency spectrum of the input line
current for k=1,5,7,'~-,159 and m=6,12,:-+,150 in (5.15) ‘and (5.16) is

piovided in Table 5.11. From this table it can be seen that there

{
/

are low-order harmonic components, as expected, because of the low~
order harmenic frequency components in the rectifier{switching function

(Tablg 5.8)., -However, the - distortion factor of this spectrum is
o ' :
a little better than that of the six-diode rectifier input current,

.~

The input filter is Jesigned in the same manner in Section,Sla.l,

Y

and the results presented in Table 5.10.
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_ 'TABLE 5.10: 'SRIFC' INPUT FILTER DATA.
© Structure.#l Structure #2
X, - 0.11 pou. ¢ 0.14 pou.
i : '
\
”XC, 2.0 p.u. 0.75 p.u.
TKVA 0.461 p.u. 0.896 p.u.
LKVA © 0.220 p.u. " 0.378 p.u. -
" CKVA 0.241 p.u. 0.518 p.u.
8, 0.4 deg. ‘ .  ¥.9 deg.
¥
\ .

o

i O 4
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Fig. 5.13: Frequency spectra of the unwanted tomponents in the

inverter input current and the rectifier switching

function, with the SRIFC Structure #2.

&) In the inverter input current (fy,=60 Hz, Nh=16, M=1).
b) In the rectifier switchins function.
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‘Fig. 5.14: Simulated waveforms related to the input line cﬁrrent, T,

with the SRIFC Structure #2 (fo=60 Hz),

- a) Inverter switchipgey: ction.

) b) Inverter input k4P (N, =16, M=1, load p.f.=0. 9)
¢) Rectifier switchi#e function.
d) Rectifier input line current.
e) AC source current with the input filter specified
- in Table 5.10.
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TABLE 5.11: INPUT-LINE CURRENT FREQUENCY SPECTRA WITH 'SRIFC' '

4

STRUCTURE #2.

=179~

)

i

o e et & W -

fo=60 Hz, Np=*16, M=1, and-load power factor=0.9 (lag) //
Harmonic Without Input Filter With Input Filter
L P L L Ty, o e e o o T 2 > o S Tt A e o ol 'J-—.--
Order - (p.ui) €3] (p.u.) (Z)//
1.00 2.0661 100,000 2,3513 100/000
5,00 .3819 18.483 .1091 4.640.
7.00 . 2677 12.957 0342 1.456
11.00 © . .1491 7.214 ,0072 /.305
© 13.00 1265 6.124 .0043 " ,183 f
17.00 .0730 . 3.533. 0014 / .061
19.00 . 0589 2,851 0009  /  .039
23.00 .1725 8.350 .0018 .078
25.00 3177 15.375 .0028 121
-+ 29.00 .2863 . 13.855 ,.0019 / .081
31.00 .2289 11,079 .0013/ . .057
35.00 . 0429 2.074 .0002/ .008
37.00 . .0576. 2,787 0002 010 .
41,00 . 0229 1.109 .0001 .003
. 43,00 .0287. 1.387 .0001 .004
47,00 .0880 4.259 <0002 ",009
49.00 L1342 6,495 . 78003 1,013
53,00 .0998 - 4.832 /0002 .008
$5.00 .1323 6.402 /.0002 .010
’59.,00 . 0622 3,008 / .0001 .004
61.00 ©.1607 7.778 .0002 .010
65.00 . 0290 1.402 0.0000 .002 ¢
67.00 .0834 4.036 .0001 - .004
71.00 .0592 2,864 .0001 .003
73.00 .1231 5,957 .0001 .005 |
. /-
) /
/
\ '//
v
/
///
//

4
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5.5, Discussion

. P ~

In designing an SRIFC system, it is noted /Egat the selection «of

the rectifier switching function is very important in order to avoid a
' )
dc component as well as subgarmonics in the input and output waveforms,

Y . ' °

+ since no dc link components are employed.

.

Regarding the inverter opé%a:ion to vary the ou@%ut“frequéhcy of

Waﬁ SRIFC system, it is worthwhile mentioning that for an asynchronous
PWM operation of an inve;tér the th&iﬂ-hafﬁonic-injection SPWM scheme

shown in Aﬁéégdix A can be aéplied:in such.a way that no ratio-changing

method need be used. In thi; case, the carrier fyequency ‘can be set as

-constant, S kHz;for Str;cture #1  for example, and let the inverter be
frée-ruﬁning, so that the switching point; can be derived frow ﬁthe

intersections 'betwegn the carrie? signal and fhe modulating signal in

"tHe same manner as the typicél SPWM opefation. However, when the
asynchronous. PWM scheme is applied, some subharmonic components‘may be

) ggneratea. Thus, depending oﬁ the applications of‘ either the
'r;tio-chénging method with MSPWM scheme for wynchronous PWM operation

or of the third-harmonic-injection SPWM scheme for asynchronous PWM

operation can be qulied.

-~

Ccmpariﬁg the Structureé #1 and #2 by éonaidering all the results
‘obtained in Sections 5.3 and 5.4, the rectifier switching function for

Structure #1 has to be chosen gitafullf to ensure the proper °‘safe’

operating area' for the inverter operation. The switchiné frequencies,

in this particular case, of the rectifier and inverter are higher than

-

" those values derived ' from Structure #2, but the size of the input

v
L T ‘ - o v .
— \'Sw.M . .
. .
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filter required is quite small. On the other hand, with Sgructure #2,
the frequegcy sp;ctrum bf the réccifierioutput voltage is fixed and i;
quite ideal fér the inverter operation; so that the 'safe operiting‘
area' can be chosen easily tanywhere after the 12-th frequéney

component, depending on the applications and switching devices.
However, a 1arge—sgzed input filter 1is required. As a result,, if the

size o6f the input filter is not the prime concern, the SRIFC™ Structure
[}

#2 is the proper choice.

Regétding«the filter components obtained with SRIFC systehs, it is
noted that' even though the value obtained with SRIFC Structure #1 is

somewhat greatetr than that value obtained with the corresponding RIFC

Structure (i.e. #3-2 in Table 4.1) the total filter cost may be more

‘ot less the same as each other because of the dc link filter in the

Py

RiFg s{stem. In effect, - it may be stated that the input filter and

the dé link filter in RJFC systems are integra;ed into the input filter

.in SRIFC systems. However, in system point ;f view the-SRIFC systems
: -

are very attractive to build compact static po@er converter systems,

because the input filter in SRIFC'éystems can,{for.example, be moved

[y

aw om the converter c¢lose to the ac mains.

?

5.6 Ekperimental Results

In order to estabiiah the feasibility of the proposed #wo new

.

. -topologies.and to evaluate the effectiveness of the theoratical results

obtained in previous aectkons, both SRIFC systems were built and tested

o

h 3
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on a laboratory set-up using " MOSFET's, _In this cese, 110 voits " and

[

3 amperes were , for an example, ronsidered as 1 p.u. voltage and

1 p.u. - current, respectively. Some of thevexperimental key results'

obtained -with Structure #1 for . £,5100 Hz, N, =36, M=1, <and 0.78
. N ‘
lagging load power fdctor are shown in Fig. 5.15. The experihental

results obtained with Structure #2 for f°-60 Hz y Ny=16, M=1, and 0.9

lagging load power factor are shown 1n~Fig. 5.16. From these figures,
it {s noted that all the experimental results are in close agreement
with the corresponding predicted results. haad

o

5.7 Conclusion

In this chapter, it has been shown that the cumbersome dc link
filter components encountered . in typical rectifier-inverter frequency
changers can be eliminated with only the modest power circuit changes.

The resulting SRIFC Structures #1 and #2 have the advantages of:

.

(1) not requiring dc link inductors~and capacitors,
(i1) readily allowing bilateral power flow,
(111) negligible input and output current/voltage distortions, and

(iv) higher voltage gain., . >
However, they also:

(L) require more complex rectifier circuits,
(i11) are more susceptible to ac mains transients, and
(iii§~reqhire higher switching frequencies which, for the time
N ‘ ‘eeihg, 1imit their applications from low to medirm:power

~ levels, 5 7

Y
*.
i
L4
t

.
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xperimental waveforms with the 'SRIFC' Structure #1

a) Unfiltered input line current (top) and.filtered ac sourcé
current (bottom) with the input filter in Table 5.10.

b) Rectifier output voltage (top) and inverter inﬁuﬁ
current - (bottom). :

.

¢) Load Qq;tage (top) and load current (bottom).
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X ;}’oﬂ_it can be concluded that Structure #2 4i8-'optimum' for low

to medium powetr applications whére the THD requirement of “tbe input
Lo 1' , current are rather loose. For apblications wi;ﬁ strict THD requirgmeqt'
.o . . LoD :

of the input current, Structure #l clearly offers the best choice.

. , o

kv e e miam e N ,',.M-a-m,;»«.amm—wﬂl"‘t
b
o

;‘ L) ‘. 1
‘. . N »
i
;’.’ﬁ . . \ \ )
%/—.0 ;):%g) . . .
T C P
- ’ r \V R
p - . .
N . ' i
. . DN o ; . [ - - ?
» * b . . .
/ | .
{ . * . *
£, ' PR -
\ ¥ \ €u . . ) )
. ’\ R s
1 , ’ ‘
P S . .
% + // 1
% 2
; e :
-’ “ - ‘ -
I/s§ . ! - v
: - . - ) . ,

A o B ———————— A o s R A ———— + ox
v
.

D

P U L

e ¢ e i e

4<...\....~ i D i i -




G

s

e S ‘SE
-

e T

~

/) é,‘ —187"‘
S . ’
' CHAPTER 6
. CONCLUSION™
' . "
.
3
3 , /-
6.1 Gonclﬁsioﬂs

Y
) ' . )
g "‘\) )

L}

.‘,ﬁ changer systems with and without dc 1link components have been

.investigated in order to design optimum converter systems by means of

the minimijzation of the reactive components, such as ac/de ffiters,

1

power-factor correction capacitors, etc., while improv{ng the system's *
performance,

L}

In order to “achieve this task,

some advanced PWM control
techniques, which yielded, minimum possible harmoni% distortion of the

<

input and~ output waveforms along ' with maximum possible voltage

utilization, have been employed to the associated rectifiers and
* . ‘ ‘
,inverters. ' J

Three kinds of PWM switching functions have been employed to the

three-phase ac/dc converter system. By using a suitable'computer~aided
analysis ‘method,

the input and output waveforms

have been analyzed in
3
deﬁail. In conjuctioﬁ with the above analyses, the techniques to design

the associated oﬁtimum ac/dc filters have been developed ' and J%iliied
by using proper comptuer-aided design methods.

summarized as follows:

The main results.of' the study of PWM. rectifier systems can be

Three~phase PWM rectifier systems and rectifier-inverter frequency

.
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‘(1) in Sections 3.3 and 3.4, it was shown that the size (or cost)
of ac and dc filters can be reduced significantly,
(1i) 'in Section 3.2, it has been demonstgated that the leading

input power factor can be obtained with the optimized

PWM switching functions, and finally.

(4i1) in Section 3.3, it was shown that the total {nput'powex

|
1

factor can be improved considerably without using
power-factor correctionlCapacitors.
» — N\ ‘

Three kindé of three-phase RIFC structures with dc link components
have also been %Pvestigated in order to design an optimum RIFC system.
It 'is apparent that the optimum RIFC system, which consists of a PWM
rectifier .and a ‘PWM- inverter 'employing the advanced PWM control

techniques, requires considerably smaller sized reactive components.

o

In response to expectations regarding the frame (motor) mounted
converters, thre above RIFC topologies have further been investigated in
order to suppress their corrésponding dc link components, Two such
topologies have beeny thoroughly studied and. discussed. It was
shown that the prosased new RIFC structures have the following

characteristics:

(1) they do not»require‘any'dc link component,
(i1) they readily allow'bilateral power flow,
(1i1) the harmonic distortions of the input/output waveforms

are negligible,

Lo
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.
(iv) they ;ield good voltage gain, and

(v) they require more complex rectifier circuits.

. N
»

As a general conc1u§ion, it has been shown 'thaf the feactive
‘componeﬁis of static power éonﬁerters can be reduqed ‘significantly by
employing advanced PWM .control® techniques and new converter system
structures., These structures also exhibit improved performance
characteristics. However, th?se converter systems require more compiex
circuits and higher switching fgequencies which 1limit their
applications to between low and medium power levels fof'the ﬁimé béiné.f
However, with the £mproving semiconductor technologies; the price; of
inductors and capacditors remaining stable, the industrial (or office)
floor space .becoming more expensive; and <the harmoﬁic gt;ndards
becoming ‘stricter, the minimizat@on of the associated reactive
components of stdtic power converters, by enploying tbe' conveg;er

structures investigated in this thesis, has already begun to attract

considerable attention. N

Moreover, some of the theoretical key results obtained have been

s [

verified experimentally or by computer simulation in time domain,  and
have shown that the experimental results are in close agreement with

the corresponding theoretical results.
4
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6.2 Suggestions for Future Work i

.The analysis and désigﬁ of static power converter topolpgies
. ., Rk

discussed in this thesis have been based on the assumption that 'the ac

mains feeding the front end fectifiers is distorion-free. This is; to a

’
4

lafge extent, true with the power generated by large utility compaﬁies.

'

However, in cases where power,generated‘on site Dby small sized diesels

" of thermal generating plants, this basic assumption is not always trﬁe.

In such césesj the use‘oﬁ a second-order input ﬁ;C filter may lead to

systen instabilities, especially when a number of sth gystems are.

supplied from the same ac bus, Consequently, further tnvestigétioé is
. C
required to detesmine whether sys;em{topologies otherithan the ones
_presented in this thesls are mére suitable to ‘'weak' b ; ac-'mains.
A good starting point Equld be thé topoiégiqs ﬁha? utilize synchronous
type of rectifiers [65], [66]. The;é rectifigFS‘ use ley a single
reacgor input filter 'which makes them more immune to system reson;nt
frquencies. They have,' however, their own ‘intrinsic complexities,

because their operatiod 1is based on the direct power (instead of

voltage or current) control.

s
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) APPENDIX A .
Third-Harmonic-Injection SPWM Switching Function
. Typical SPWM switching functiog' described in Section 2.2 yields

lower fundamental amplitqu than that of other PWM switching functions

(Table 2.1). To achieve a highéTr fundamental .amplitude overﬁodulatibn

is aften used. This reduces the .switching points and therefore 1lower .

¥

harmonics occur. Furthermore the control characteristic changes, as

~

the amplitude of fugdamental'component is no longer 1linearly dependent

on the modulation index M. To avoid the reduction of switching points,

.

but still get a high fundamental amplitude, waveforms other than a sine.

*

wave can be used. One solution is a trapezoidal wave. This.wave is

easy tb generate and the fundamental amplitude is improved, but several

v
lower harmonics are- introduced.

4

Another solut}gm is to §§d some triplen harmonics, because all
triplen harmonics in a three-phase supply are cophasal ~aﬁd are

€liminated from the.line-to-line wavefornms. {Thereforé, by adding some

amount of third harmohic cg# increase the fundamental amplitude without

4 deteriorating the harmonic characteristic of typical SPWM scheme [67].
e n .

,

-Fig. A.1 shows . the deri#atio“ of Third-Harmonic-Injection SPWM

(THI-SPWM) switcliing function with N,=15 and M=1.15. Fig, A.2 shows
. T~

the frequency spectra of SPWM and THI-SPWM sﬁitching functions with

4

$Ng=15 and ~ at'M=1 and 1.15 respectively. From this figure it is
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. apparent that with the THI-SPWM sﬁitching function the fundamental

amplitude is increased by about 13 % as compared to that of SPWM

switching function, along with improving the harmonic characteristic.
Moreover, the fundamental amplitude. as well as the' harmonic

characteristic with THI-SPWM switching function are similar to-those

3

with MSPWM switching function described in Section 2.3, <
<’

Finally, it 1s.ﬁoted that triplen harmonics other than the third

harmonic component may'be added to increase the fundamental amplitude\

. . de
and to improve the harmonic characteristic..
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FigL/Ale The third—ﬁarmonic—injection SPWM (THI-SPWM) scheme.

a) Deriviation of the switching points.
b,c) Phase voltages of an inverter with
~ the THI-SPWM schene. ] -
d) Line to line voltage of the inverter.
e) The switching function (Nhsls,"Mao.BD.
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APPENDIX B .

¢

'S
¥

, In this'Aﬁpendix B, some of the useful computer-aided analysis and

design programs used in this thesls are listed.

1

A.B.1:

T

@

¢
1
10 SUB Mspwm(M,Nh, Sw(*), Phsw(*), Ang(*)) . T .
20 oo ‘ ' o
30 This. subprogram computes the éom#Ltation points and the frequency .
40 spectrum of an MSPWM switching function.
50 ! ' , ‘
60 REAL Ti(300),Psw(150)
70 Tol=.001
80 ' Mul=180/P1
90 Z=PI/3
160 - . Np=Nh/4
110 Nd=2%*Np '
120" PRINT USING """ ", 2D,"" PULSES PER HALF-CYCLE """;Nh
130 PRINT USING """ MODULATION INDEX ="*,D.2D, ;M
140 RAD , T
150 Ti(1)=0
160 K=1 " .-
170  *eicdekickdcicickiokickk COMPUTE THE INTERSECTING POINTS #isdiciicieicioirioirdcick
180 Sf=Mul*(Np+.5)/30
190 FOR I=1 TO Np .
200 > Xo=Ti(K) ﬁ#
210 K=K+1 : .
420 Newton: \ NEWTON-RAPSON METHOD
230 - F=M*SIN(Xo)+(Sf#X0~-2%1)
240 G=M*CQS(Xo0)+Sf . .
250 =Xo-F/G ‘ '
260> Delta=ABS((Xn-Xo)/Xn)
270 , IF Delta =Tol THEN GOTQ OQutl
280 Xo=Xn
- 290 GOT0 Newton ,
300 Outl: Ti(K)=Xn
310 Xo=T1i(K) R .
320 K=K+1 :
330 Raphson: FaM*SIN(Xo)~SE*Xo+2#I
340 . G=M*C0S(Xo)~Sf
350 . Xn=Xo-F/G _ N

/
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360
370
380
390
400
410
420
430
440
450
460
470
480
490
500
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

=205~

Delta=ABS((Xn=-Xo)/Xn)
IF Delta =Tol THEN GQTO Out2
Xo=Xn
GOTO Raphson
Out2: Ti(K)=Xn

NEXT I

No=2%(Np+1)

FOR I=1 TO Np )
Ni=No+4#*(I-1) )
N2aNo-1-2%(I-1)
N3=No-Nd+2*(I-1)
TL(N1)=2%Z-Ti(N2)
TL(N1+1)=2%2-Ti(N2-1)
TL(N1+2)=Z+T1(N3)
TL(N1+3)=2+TL(N3+1)

'NEXT 1

"N5=13+6%*(Np-2)

FOR I=1 TO Nd

. TL(N5+1)=PI-Ti(No-1)
NEXT I
¥ededclekie COMPUTE THE FREQUENCY SPECTRUM OF THE SWITCHING FUNCTION#rieiiek
Nhalf=8%Np+l
PRINT :
PRINT " COMMUTATION  POINTS"
PRINT

FOR J=1 T0 Nhalf

PRINT USING """  TI('",2D,"")="",4D.2D,";J,TL(J)*Mul

C NEXT J , N
. PRINT/ : ’
PRINT "THE SPECTRUM OF THE SWITCHING FUNCTION"
PRINT .
.FOR N=1 TO 150 STEP 2
IF N MOD 3=0 .THEN GOTO Nextn
B 0
n=Nhalf-1
FOR I=2 TO Nn STEP 2
P=N#T{(I+1)

Q=N#*T1(I) .
Dummy=(1/N)*(COS(P)-C0s(Q))
B=B-Dummy
NEXT 1
Sw(N)=2#B/PI ,
Phsw(N)=0 p
Psw(N)=100*ABS(Sw(N)/Sw(1)) v
PRINT USING nnnsw(nu 3D nn).mi'3D 4D 8D 3D,""
Nextn:NEXT N
SUBEND

20N, Sw(N), Pew(N)

-
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10
20
30
40
50
* 60
70
80
90
100
110
120

130

140
150
160
170
180
190
200
10
220
230
240
250
260
270
7280
290
300

310

320
330
340
350
360
370
380
390
400
410
420
430
440
... 450
460
470
480
490
500
510
520

AT -206-

21

v v ——
. i
. a

SUB kecq_out(Vi,Swé*),Phsw(*),Vo(%),tho(*),Vdc) -

This subprogram computes the output voltage of a rectifier.
REAL Ph(2,150),U(2,150), Pvo(150)°
RAD -
Mul=180./PI
" 2z=2%P1/3
FOR I=al TO 150 STEP 2
Rl=2z*(I-1)
R2=2z*(I+1)
Fr=Phswr(I) _
Cv1=Vi*(COS(Fr)+COS(Fr-R1)+COS(Fr+R1))
Cv2s-Vi*(SIN(Fr)+SIN(Fr-R1)+SIN(Fr+R1))
Cv3s-Vi*(COS(Fr)+COS(Fr-R2)+COS(Fr+R2))
Cv4=Vi*(SIN(Fr)+SIN(Fr-R2)+SIN(Fr+R2))
U(1,I)=SQR(Cv12+Cv22)*
U(2,1)=SQR(Cv32+Cv42)

Atan2(Cvl,Cv2,Setal) v

Atan2(Cv3,Cv4,Seta2)
Ph(1,I)=Setal . '
Ph(2,I)=Seta?
‘NEXT I . .
Vde=1.5%*Vi#*Sw(l) -
FOR I=3 TO 150 STEP 2 ’
Kl=Sw(I-2)*U(2,1I-2) .
K2=sw(I)*U(1,1)
V1=K1*SIN(Ph(2, I—Z))+K2*SIN(Ph(1 1))
V2=K1*COS(Ph(2 I-2))+K2*cos(Pn(1,1))
Vo(I-1)= .5*SQR(V12+V22)
Pvo(I-1)= lOO*ABS(Vo(I-I)/Vdc)
Atan2fv1,Vv2,Seta)
Phvo(I-1)=Seta
NEXT I
SUBEND
felriieicteieioirieirictoirivleeiefetoledoicidete ool ol ol letedoiiveteleleioieleloietrielednioigededvleleloleeedelede

SUB Atan2(Im,Re,Seta) -
This subprogram computes the phase angle'by considering 'QUADRANT'

RAD
Mul=180/PI .
IF Re=0 THEN GOTO Zero 5
Seta=ATN(Im/Re) .
IF Re 0 AND Im O THEN Seta=PI+Seta ' '
IF Re 0 AND Im O THEN SetasPI+Seta
GOTO Subend

Zero!
IF Im O THEN Seta-PI/Z )
" IF Im O THEN Seta=-PI/2 o

Subend:

SUBEND
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A.B.3:

10 SUB Srifc_out(Vde, Vr(*), Phvr(*),Swi(*),Phswi(*))
20 ' o .
30 This subprogram computes the frequency components of an 'SRIFC' output
40 wvoltage by the frequency multiplication between the frequency components
5Q of the rectifier output voltage and the frequency components of the

60 inverter switching function. .

70 \ “
80 REAL V1(15),Phv1(15),V2(50),Phv2(50), Frq(SO) Voab{1500), Pvoab(1500)
0. REAL Phvrab(1500), Fvect(1500),Cvoab(1500), Svoab(lSOO) Ioab(lSOO)
1%0 REAL Pioab(1500), Phioab(1500) ;

110 : " ) .

1 .REARRANGE the HARMONIC COMPONENTS of the RECTIFIER OUTRUT VOLTAGE
55 and INVERTER SWITCHING FUNCTION to do FREQUENCY MULTIPLICATION
130 N

140 RAD ( L,

150 Mul=180. /PI

160 FOR 1=2 TO 15 ~

170 VI(1)aVe(6%(I-1)) . .
180 Phvl(I)=Phvr(6*(I-1)) ' : .
190 NEXT I

200 V1(1l)=Vde

210 Phv1(1)=0. - *
220 FOR J=1 TO 25 :
230 J1=2%J-1 ,

240 J2=2t3

250 " J3=6%J=5

260 J4=6%J-1 i

270 Frq(J1)=J3 , '

280 Frq(J2)=J4 .

290 . v2(JL)=Swi(J3) )

300 V2(J2)=swi(J4)

310 Phv2(J1)=Phswi (J3)

320 Phv2(J2)=Phswi(J4)

330,  NEXT.J ‘

340 ‘ ] '
350 - CONSTRUCT MATRICES and VECTORS to do FREQUENCY MULTIPLICATION
360 according to the GIVEN OUTPUT FREQUENCY

370 :

380 - Wi=60, /

390 Wo=60,
400 Wn=W{ /Ho

. 410 FOR N1=1.TO 50

420 Fvect (N1)=Frq(N1)

430 Voab(N1)=Vdc#tV2(N1) ‘
440 " Phvrab(N1)=Phv2(N1)

450 NEXT N1 . ‘ “
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, FOR M=2 TO 15
FOR N=1 T0.50
»‘Ms=100*(M-l)+N-SO FOR SUBTRACTION
Ma=Ms+50 ‘ FOR ADDITION
Frql=6.*Wn*(M-1)
Frq2=Frq(N)
Fvect(Ms)=ABS(Frql-Frq2)
Fvect(Ma)=Frql+Frq2 ~
Voab(Ms)=p1(M)*V2(N)/2.
Voab(Ma)=-Voab(Ms)
- Phvrab(Ms)=Phv1(M)-Bhv2(N)
. Phvrab(Ma)=Phv1(M)+Phv2(N)
NEXT N
NEXT M

SE?ARATE the COSINE and SINE COMPONENTS

FOR I=1 TO 1450 \
CVO&b(I)?Voab( *#SIN(Phvrab(I))
Svoab(I)=Voab(I)*COS(Phvrab(l))

NEXT 1

" SORTING

FOR M=1 TO 1449
M1=M+1 :
FOR N=M1 TO 1450
IF Fvect(M) =Fvect(N) THEN GOTO Nextn
Fdummy=Fvect (M) ‘
Cvdummy=Cvoab(M)
Svdummy=Svoab(M)
‘Fvect (M)=Fvect(N) )
Cvoab{M)=Cvoab(N)
Svoab(M)=Svoab(N)
Fvect (N)=Fdummy
Cvoab(N)=Cvdummy .
Svoab(N)=Svdummy
Nextn:NEXT N
Nextm:NEXT M

¢

COMBINE the SAME FREQUENCIES

Ftol=,0001
Fcheck=10000.
FOR L=1 TO 1449
IF Fvect(L)=Fcheck THEN GOTO Nextl
Ll1=L+1 .
FOR N=L1 TO 1450
"IF Fvect(N)=Fcheck THEN GOTO.Nextl
FdeltasABS(Fvect(L)~Fvect(N)) .

he

COS(WoT) COMPONENT
SIN(WoT) COMPONENT

Ardea .
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1280 Subend: SUBEND,

ATAN2(COS COMP./SIN COMP.)

960 IF Fdelta Ftol THEN GOTO Nextl

970 Cvoab(L)=Cvoab(L)+Cvoab(N)

980 Svoab(L)=Svoab(L)+Svoab(N)

990 Fvect(N)=Fcheck

1000 Fdelta2=ABS(Fvect(L)-1.) )
1010 IF Fdelta2 =Ftol THEN Voab1=SQR(Cvoab(L)2+Svoab(L)2)
1020 NEXT N )

1030 Nextl:NEXT L

1040 Mi=1,0

1050 Wo=60.

1060 Sf=Mi*SQR(2. )/Voabl

1070 . FOR M2=1 TO0 1450,

'1080 IF Fvect(M2)=Fcheck THEN GOTO Nextm2

1090 - IF Fvect(M2) 150. THEN GOTO Nextm2

1100 Voab(M2)=SQR(Cvoab(M2)2+Svoab(M2)2)/SQR(2.)*SE
1110 Atan2(Cvoab(M2), Svoab(M2), Seta)

1120 Phvrab(M2)=Seta o

1130 Pvoab(M2)=100. *Voab(Mz)/Mi

1140

1150 OUTPUT CUBRENT SPECTRA

1160 . .

1170 Wn=60. /Wo

1180 Pf=.9

1200 X1=SQR(1.-R12)" o

1210 Z1= SQR(R12+(X1*Fvect(M2)/Wn)Z)

1220 IoablaVoabl/SQR(R12+(X1/Wn)2) 5
1230 Ioab(M2)=Voab(M2)/Z1 '

1240 Atan2((X1*Fvect(M2)),R1, Setai)

1250 Pioab(M2)=100. *Ioab(MZ)/Ioabl

1260 Pioa=Pioab(M2) : .
1270 NEXT M2
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A.B.4:

-

10 SUB Input_filter(Idcm, Vi, Swr(*),Phswr(*),Thdiao,X1io,Xclo, Tkvamin)

20 )
% ‘This subprogram is used for designing the ORTIMUM INPUT FILTER.
‘ 40 ’ » .
© 50 REAL Ia(150),Ix11(150),Ixci(150),111(150), Ici(150),Vei(150)
o 60 REAL P114(150),X11(10), Thdvei(7,51), Thdi1i(7,51),Pvei(150) -

70 REAL Tkva(7,51),Tkval(7,51);Tkva2(7,51) : ;

. . 80 Tkvamin=100. N

N 2N 90 FOR I=1 TO 150 STEP 2 v '
100 . Ia(I)=Idem*Swr(I)

110 NEXT I
120.  Tkvamin=100

130 . FOR I=1 TO7 .
T I 140 - X11(I)=(I-1)#*Dx1+X1f . Xlf=initial value of Xli
150 FOR J=1 TO 51 L e ‘ -
160 Xei=(J-1)*Dxc+Xcf Xef=initial value of Xci P
) 170 FOR K=1 TO 150 STEP 2 . ‘
. 180 Ix11(K)=K*X1i(I) .
‘ 190 Ixci(K)=-Xci/K o

200 Zi=Ix1i (K)+Ixci(K)}
210 IF Zi=0 THEN
220 GOTO Nextj
230 ELSE , .
240 IF K=1 THEN ¢
250 Vei(1)=Vi ]
260 ’ Ici(1l)=-Vi/Xel i
270 - 114(1)=SQR(Ia(1)2+Ici(1)2) - i
280 Atan2(Ici(1),Ia(1), Seta) :
290 - Philil=Seta
300 Vx111=Ix11(1)*I1i(1) °
310 Vanp=SQR(Vx1112+Vi2) ' o , . :
320 : Atan2(Vi,Vx1il, Seta) - . !
330 Phvanp=Seta 3
340 . ELSE ' : !

- 350 114 (K)=Ia(K)*Ixci(K)/Zi H
360 . Ici(K)=Ia(K)*Ix1i(K)/zi ;
370 Pi11(K)=100%*ABS(I1i(K)/Idcm) 7
380 Vel (K)=Ici(K)*Ixci(K) .
390 . Pvei(K)=100%ABS(Vci(K)/Vi) :
400 END IF
410 . END IF
420 NEXT K
430 Smi=0
440 Smv=0Q i
450 . . FOR N=5 TO 150 STEP 2

-
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; - 460 Smiasmi+Pi11(N)2 .
' % 470 Smv=Spv+Pvci(N)2 ' : i -
¢ 480 NEXT N <
' 490 " Thdi1i(I,7)=SQR(Smi) .7
500 Thdvei (I, J)=SQR(Smv) .
510 PRINT
520 IF Thdili(I,J) 5 THEN
? 530 . GOTO Néxtj . _ -
540 ELSE . ‘ s oo
550 IF Thdvei(I,J) 15 THEN :
< 560 GOTO Nextj '
570 ELSE
580 END IF
590 Smli=0 . ) .
600 ‘Smci=0 ' B
610 FOR M=l TO 150 STEP 2 .
620 Smli=Sh1i+.5*I14(M)2*ABS(Ix11(M))
630 a Smci=Smei+. 5#Vei (M)2/ABS(Ixei (M) .
640 A NEXT M’ ‘ ® .o )
: 650 ) IF L=1 THEN i
; 660 Tkva(l,J)=Smli+Smci
- " 670 : ELSE
4 680 Tkva(I,J)=2*Snli+Smci X
; 690 END IF ~
[ 700 IF Tkva(I,J) Tkvamin THEN
g 710 GOTO Nextj - . _
| 720 ELSE o ‘
f 730 Tkvamin=Tkva(I, J) . '
; 740 X1i0=X14(1) . '
N G 750 Xcio=Xci , T
- < 760 Thdiao=Thdi1i(I,J) "
. 770 END IF C -
§ - 780 END IF
: o790 GOTO Nextj :
N 800 Next J+NEXT J , _ e ‘
. 810 NEXT I . S i
. , 820 Oxli=Xlio - . L C T
i 830 Oxci=Xcio 2 . '
o 840 Otkva=Tkvamin
850 Subend: '
860 SUBEND
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