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ABSTRACT

Several multilevel converter topoiogies have stimulated widespread interests

amongst researchers because they have the capabilities of (i) reaching high voltage ratings

without magnetics and transfonners and (ii) attaining low Total Harmonie Distortions

(TIll), using the low switching frequeneies of gate-tum-off thyristors (GTOs). This

thesis focuses on the diode-clamped multilevel converter topology as the basic module for

realizing the high kV voltage rating and the high MYA rating in controllers for the

Flexible AC Transmission Systems CFACTS).

The thesis has extended the topology configurations to inelude: (i) multiple

modules ofmultilevel converters and (ii) multimodules of multilevel converters in a back­

to-back rectifierfmverter link. These configurations form the backbones for the following

muitilevei FACTS controllers: (a) the Shunt STAT(ic)COM(pensator), Ch) the Series

STATCOM, (c) the Unified Power Flow Controller (UPFC) and (d) the Asynchronous

Link.

A number ofkey technica1 innovations have been assembled together to make the

new multilevel FAcrs controllers possible. On the sides of the ac lines, the Fundamental

Frequency Switching strategy bas been extended 50 that it succeeds in simultaneously (a)

lowering the Total Harmonie Distortions in the voltage and current wavefonns, (b)

controlling directly the ac voltage magnitudes, and (c) sharing the current loarling in the

parallel modules. On the side of the dc links of the STATCOMs, feedback controis have

succeeded in: (a) regulating the total de link voltages and (b) equalizing the dc capacitor

voltages in all the levels. The voltage equalization by feedbacks cannot be accomplished

in the case ofthe Unified Power Flow Controller (UPFC) and the Asynchronous Link. A

system of locally controlled class-B choppers which transfer the charges from dc

capacitors with the higher voltages to their contiguous neighbours with the lower voltages

succeeds in equalizing the de capacitor voltages.

The proofs ofperformance of the multilevel FACTS controllers are substantiated

by digital simulations. The equalization ofthe multilevel rectifierlinverter using the system

ofclass-B choppers has been proven experimentally_

l
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RÉsUMÉ

Plusieurs convertisseurs à topologies multi-niveaux suscitent présentement un grand

intérêt chez les chercheurs, grâce à leurs propriétés fort attrayantes: (i) ils atteignent des

niveaux de tension élevés sans faire appel à des transfonnateurs ou autres appareils

magnétiques, et (ü) ils contribuent peu d'harmoniques, tirant profit des faibles fréquences de

commutation des transistors GTO. Dans cette thèse, le convertisseur multi-niveaux à diode

de clampage servira comme module principal dans la réalisation de contrôleurs pour des

systèrœs flexibles d e transport à courant alternatif(FACTS, de l'anglais) à haute tension et

à grande puissance.

Nous étudions plusieurs variantes tributaires d'une configuration de base, pour inclure

(i) de multiples modules de convertisseurs multi-niveaux et (ü) des ensembles multi­

modulaires de convertisseurs multi-niveaux formant des liens redresseur/onduleur. Ces

configurations sont au coeur des contrôleurs FAcrS suivants: (a) le compensateur statique

shunt, Ch) le compensateur statique série, (c) le contrôleur unifié (UPFC), et (d) le lien

asynchrone.

Les contrôleurs proposés recèlent plusieurs innovations techniques importantes. Du

côté alternatif: le choix de la stratégie de commutation à la fréquence fondamentale offie les

advantages majeurs suivants. Elle permet (a) de réduire la distorsion harmonique des signaux:

de tension et de courant, (b) de contrôler directement l'amplitude de la tension alternative, et

(c) de dicter le partage des courants chez les modules en parallèle. Chez les compensateurs

statiques, la présence de contre-réaction du côté continu permet (a) de régulariser la tension

continue du lien, et (b) d'égaliser les tensions des condensateurs à tous les niveaux. Par

contre, utilisant cette dernière stratégie de contre-réaction, nous n'avons pas pu reproduire

les résultats favorables pour le UPFC ou pour le lien asynchrone. Dans une stratégie de

rechange, 17égalisation des tensions des condensateurs est assurée par un système de hacheurs

de classe B, contrôlés localement, qui transfèrent des charges à partir des condensateurs à

haute tension vers leurs voisins à tensions plus faibles.

Des essais numériques ont prouvé le bien-fondé des conceptions proposées pour les

contrôleurs FAcrs multî-niveaux. Au laboratoire, un lien redresseur/onduleur mu1ti-niveaux

à système de hacheurs a été e<f'nstruit et a franchi ses essais avec succès.

II
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CHAPTER
ONE

INTRODUCTION

The research ofthis thesis fonns a part ofMcŒll University' s continuing research

program on.Flexible AC Transmission Systems or FACTS. In the past years, the research

has been devoted to the concepts, the topologies and the feeàback controls of the

fol1owing FACTS Controllers: the series STATCOMs, the UPFCs, the Asyncàronous

Links. This research phase is over.

The research of this thesis belongs to the second phase, which is to find the

practical means of realizing the FACTS controllers 50 that they can withstand hundreds

of kilovolts (kV) and handle hundreds ofmegavoltamperes (MYAs) of the electric utility

envÏronment. This thesis is focussed on using the diode-clamped, multilevel converter

topology to realize the high kV and high MYA FACfS controllers.

This chapter introduces the reader firstly to conventional power controllers and
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Chapter 1 Introduction 2

their limitations. The advances in high power electronics usher in the era of FACTS

controllers. The literature review is briefbecause FACTS is a recent research subject. The

research papers on the methods ofincreasing the kV and the MVA ratings ofthe FACTS

controllers are scantier still. As the research subject is on multilevel converters~ a close

examination is made of the 3 promising multilevel topologies and justifications for

devoting the entire research to the diode-clamped topology are given. The chapter ends

with a guide to the chapters which constitute this thesis.

1.1 Flexible AC Transmission Systems (FACTS)

1.1.1 Conventional Power ControUers

The modem power system contains hundreds oftransmission Iines. Apart from the

voltage and frequency regulators of the generators~ the power system depends on

numerous other power controllers to regulate the terminal voltag~ to reduce the reactive

power in the transmission lines and to maintain the power tlow at an economica1 and

secure level below the;-r thennal limits with optimal margin. In theory~ the rotating

synchronous machine can undertake ail these tasks. However~ because ofthe long time

constants in the field excitation control and the govemor speed control~ the operating

margins have to be set conservatively.

In order to increase the capability of power transmission, most of the power

controllers in use today are staric on~ such as the Thyristor Switched Capacitors erses)
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.•..........._~

~~ ~

-----.L...----'---L----L--- - L
Fig.l-l Static VAr compensator using thyristor controlled reactor with.

switched capacitors.

3

•

and the Thyristor Controlled Reactors (TCRs) [1] for VAr compensation, Phase Shifting

Transfonners [2,3] for phase angle control. The statie VAr compensator [4] as shawn in

Fig.I-I, for example, contains banks ofinductors and capacitors ta change reactive power

in steps and depends on the line-commutated thyristors to fine-tune the equivalent

----..---------~A....A......r-----V 'a

V'b

V'c

Boosting Transformer

Exciting Transformer

Fig.1-2 Phase-shifter using transformers.
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reacfance. Although. it is fast with respect to the field excitation and the govemor contrais,

it is still slow in dynamic response because the thyristor cannot he tumed OFF through the

gate and bas to he line-commutated. The conventional phase-shifter, as shown in Fig.1-2,

uses delta/wye transfonners with boost transformers to inject quadrature voltages into

power system. It is difficult to control the phase shift with mechanicaIly driven

tap-changers.

1.1.2 FACTS Power Controllers

Gate-tum-offthyristors (GTOs) at ratings of6 kV and 3 kA are now available for

the development of a new generation of flexible power controllers based on GTO

technology. Unlike the thyristor, the GTO can he switched OFF at any specified instant

hy a gate signal. Therefore active switching strategies can he applied and new power

controllers, similar to but with faster response than that ofthe synchronous machines, can

be developed.

Foreseeing the advantages which high power electronics can bring to electric

power utilities, the Electric Power Research Institute (EPRI) ofUSA initiated the Flexible

AC Transmission Systems (FACTS) program in the late 1980s [5,6] to use solid-state

power controllers to load the transmission lines to the leveis nearer their thermallimits

[7,8]. By inereasing the transmissibility ofpower in existing lines, the need to build new

lines can be postponed. As the rights-of-the-way to build new lines are increasing1y

difficult to secure, this postponement is very desirable.
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The GTO-FACTS controllers have been conceived to interact with the power

system in several ways to bring about the increase in power transmissibility. As a series

capacitive reactance compensator (series STATCOM), the FAcrs controller compensates

the large inductive line reactance to Iower the totalline reactance. As a shunt capacitive

reactance compensator (shunt STATCOM), it regulates the ac voltage at any point in the

transmission line against voltage sags and overvoltages and increases the power

transmissibility. One ofthe most powerful control attrihutes cornes from the ability of the

GTO-FACTS controller ta function as a phase-shifter. With multiple control degrees of

freedo~ the FACTS controller, in the form of an Asynchronous Link or as a Unified

Power Flow Controller (UPFC), can control independently the real power and the reactive

powers ofboth ends ofthe radial transmission lîne. In general, the fast action ofthe GTO­

FACTS controller enables the limit ofthe transient stability ta he increased.

As a result ofEPRI's initiatives, a small number ofGTO-FACTS prototypes are

now in existence. A ±l00 MYAR Static Compensator (STATCOM) for voltage control

oftransmission systems [9,10] has been designed and instalIed in USA. The STATCOM

makes use of 8 modules of 2-level converters, with each converter taking the circuit of

Fig.1-3. {In this thesis, the symbol ofthe V inside the square box is used to denote a valve

with gate-turn-ON and gate-turn-OFF capabilities. Besides GTOs, other possible valves

are IGBTs (Insulated Gate Bipolar Transistors), MCTs (MOS-Controlled Thyristors),

SITHs (Static Induction Thyristors,) etc.} Another example is the Unified Power Flow
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Fig.1-3 Sh1.Ult Static VAr compensator using GTO converter.

Controller (UPFC) [11-16] as shawn in Fig.1-4 which has been invented ta provide a

universal solution to voltage regulation, series compensation, phase-shifter control and

multi-function power 110w control. It consists oftwo back-to-back voltage-source GTO

converters, one in series and the other in parallel with the transmission line. The shunt-

converter half of a prototype UPFC has been installed in the American Electric Power

utility in Ohio which now operates as a shunt-STATCOM. The series-converter halfis

expected ta be completed shortly.

Outside North America, the research has concentrated on High Voltage Direct

•
Current (HYde) Transmission using GTO technology. A 300MW self-commutated

converter prototype [17] is being developed in Japan for research in future HVde

transmission and de interconnections. In May 1997, ASEA Brown Boveri (ABB) invited



• Chapter 1 Introduction 7

Transmission Line

Series
transformer

Reference
SignaIs
~

Series
converter

control

DCbus

Reference ,.---~----"t--~---.

SignaIs Shunt
--~""I eonverter

control

Feedback
Signais

Feedback
Signais

Fig. 1-4 Unified Power Flow Controller using GTû converters.

the electric utility community to visit its prototype HVde Light. ABB, however, has opted

for IGBTtechnology instead ofGTO technology. Solid-state Phase Shifters [18-21] have

aIso been proposed to replace magnetic Phase Shifting Transformers.

1.2 Methods to Meet High kV and High MVA Rating Requirements

The family ofFACI'S controllers, which this thesis is concerned with, is based on

the 3-phase, voltage-source bridge converters of Fig.1-3 In order to withstand the high

voltage stresses and to carry the large currents of the electric utility environment, many

.' valves must he connected in series and/or in parallel ( with auxiliary circuits to ensure that

the voltages and currents are shared equally). The connection of the valves in
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Fig.1-5(a) 2-level voltage source inverter, (b) output voltage waveform
using SPWM switching strategy.

series/parallel can he accomplished in at least 3 ways: CI) as serieslparallel strings of

valves, (2) as multiple modules of2-level voltage-source converters, and (3) as a multi-

level converters.

1.2.1 SerieslParallel Strings of Valves

Fig.l-S(a) shows the 3-phase, two-level converter whieh is composed of6 power

switches and SL"< anti-parallel diodes. The power switches are switched ON or OFF in a

complementary mode. Bach power switch has to sustain the voltage stress which is equal

•
to the de capacitor voltage. In order to withstand the high voltage and to carry the high

current loading, each power switeh must he made of a large number of series- and/or

parallel-connected GTOs to sustain the high voltage and high cunent ratings. This entails
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Phase Shifting
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Fig.l~6 Multimodules of2~level converters, (a)STATCOM, (b)HVdc.

the simultaneous switching ON and OFF of the individual GTOs in arder ta equalize the

voltage and the current stresses across the GTO devices in steady-state and in transient.

Recently, it has been reported that GTOs connected in series have successfully operated

as a single power switch [17,23].

1.2.2 Multiple Modules of 2-Ievel converter

•
The necessity to master the technology ofsimultaneous switching of the series- and

parallel-connected GTO devices can he bypassed by connecting multiple modules of

2-level converters in parallel [9] and/or in series [25].
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Fig.l-6(a) shows the schematic ofthe STATCOM [9] based on multiple modules

of 2 level converters. The GTO in each converter is switched ON and OFF only once

every cycle and the low harmonics of the output voltages are eliminated by using the

gating signals ofeach converter to phase-shift the square voltage waveforms. Because the

output voltages ofthe converters have the phase-shifts, the converter ac terminais cannot

be parallelled without the penalty of a large circulating current. Phase-shifting

transformers (phase shifts obtained for tertiary windings) are interposed between the

converters to bring their voltages in time phase at their common terminais, thus allowing

parallel connection without the large circulating current. At their common terminais,

another transfonner stage steps up the low voltages of the converters to the high voltages

of the transmission lines.

Fig.l-6(b) shows the schematic ofa HVde terminal [25] which i~ based on multiple

modules of 2-level converters. The modules are series-connected in the dc link to build

up a high dc voltage. The phase-shifted triangle carrier technique applied to the weIl

known Sinusoidal Pulse Width Modulation (SPWM) strategy has the very attractive

property that the carrier frequency is effectively increased by a multiple equaI to the

number of modules in connection. This has the implication that the slow switches such

as the GTOs can be used in controllers such as the HVdc tenninal by using a large

number of modules to compensate for the low triangle carrier frequency at which each

module has to operate.
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1.2.3 Multilevel Converter Structures

Il

•

In their attempts ta overcome harmonies distortion and to improve the efficiency

of the motor drive system, Nabae invented the Neutral-Point-Clamped, 3-1evel ïnverter

[26] in 1981. Bhagwat and Stefanovic then proposed the generalized structure of a

multilevel inverter [27] in 1983. However, the re5earch on this subject is sparse until the

19905 when the advance in GTO technology has re-triggered researchers' interests in

multilevel converters because oftheir capability to reach a high voltage rating without the

need ofmagnetic transfonners. 115 unique structure enables the GTOs to be connected in

series ta build up the voltage rating, without the necessity of perfecting the technology of

triggering them ON and OFF simultaneously. The multilevel research [28-51] has been

directed mostly to rea1izations ofthe STATCOM.

So far, three types of voltage source multilevel converters are recognized as

potential candidates for FACTS Controllers: (1) the diode-clamped converter , (2) the

flying-eapacitors converter, and (3) the cascaded-inverters with separated de sources. The

thesis research is devoted entirely ta the diode-clamped topology. However, brief

descriptions are given in the next sections to all the 3 candidates and the evaluations

which have been made show that the diode-clamped topology is the most promising one.

1.2.3.1 Diode clamped multilevei converter

Fig. 1-7 shows the structure of the diode-elamped multilevel converter [28-32],

which is actually an expanded version ofNabae's Neutral-Point, 3-1evel converter [26].

In the structure, (N-l) de capacitors divide the total de link voltage into N levels and each
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Fig. 1-7 Diode clamped 5-level converter.

12

•

half-Ieg consists of(N-I) series-connected valves, with each valve being interconnected

to the corresponding level ofthe dc capacitor via c1amping diodes. The idea is to limit the

voltage stress ofthe valves to the dc link capacitor voltage of the jth level 0=1,2 ... N-I)

with the help of these clamping diodes. Thus the voltage ratings of the converter cao be

increased by adding the number of levels that are connected in series without increasing

the individual GTO rating, provided the technology to ensure that the dc link voltages are

equal at all the levels is perfected. However, the clamping diodes have to sustain the high

voltage stress as the number of levels ïncreases. The voltage withstand of the diodes cao

he increased by connecting severa! units in series. Unlike the GTOs, the turning ON and

OFF ofthe diodes do not depend on gate-triggering 50 that passive circuits are sufficient

to ensure equalization of the voltage stresses in steady-state and in transient.

1.2.3.2 Flying-capacitor multilevel converter
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Fig.1-8 Flying capacitor 5-level converter.

Fig.1-8 shows the structure ofthe flying-capacitor multilevel converter [28]. In

the structure, every pairing ofthe valves that are symmetrically located on the phase legs

Is spanned bya de capacitor. The size ofthe voltage increment between any capacitor and

the capacitor bracketing it on the outside detennines the size of the forward voltage stress

of the switehing valves elamped by the two de capacitors. For a N-Ievel converter, it

requires 6(N-l) switching valves and (3N-5) de capacitors. The structure appears ta be

simple and symmetric. However, compared with diode-clarnped converter, it requires a

large number of capacitors, which normally entails the same number of complicated

controllers or independent de power suppliers ta maintain their voltages at the specified

leveIs.

1.2.3.3 Cascade muitilevei converter

Fig.1-9 shows the structure ofthe cascade multilevel inverters [33,34], in which full
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•

Fig.1-9 Cascade 9-level converter.

single phase H-bridge inverter modules are connected in series, with eaeh module being

fed by the voltage from a separate de capacitance. The N-Ievel easeaded-inverter uses

6(N-I) switehingva1ves and 3(N-l)/2 de capacitors. It has been proposed for application

as a static VAr compensator (STATCOM).

1.3 FACTS Controllers Based on MuItiIevel Converters

1.3.1 Comparison of Different Multilevei Structures

In this section, the 3 multilevel structures will he evaluated for the purpose of

determining which is the most promising structure to follow in the researeh of the thesis.

In the comparison, fonnulas of the components COllOt of the GTOs, the diodes, the

capacitors etc. required for the 3 different structures to implement the N-Ievel converter
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Table 1-1 Formulas for counting components ofmultilevel converter

Diode clamped Flying capacitor inverter Cascade inverter

inverter

Switching 6(N-l) 6(N-I) 6(N-l)

valves

de (N-l) ~-1)*(N-2)·3/2~-I) 3(N-I)/2

capacitors

Clamping (N-l)*(N-2)*3 0 0

diodes

STATCOM ofa given MYA rating and kV rating are compiled in Table 1-1.

15

•

Table 1-2 lists the number of solid switehes, de eapacitors and elamping diodes

required to implement a 9-level converter. Obviously, the cascade structure and the

flying-capacitance structure require more capacitors and the diode-clamped structure

needs more clamping diodes. Table 1-3 lists their fields ofapplication.

Table 1-2 Actual number ofcomponents required in 9-Ievel converter

Diode-clamped Flying capacitor inverter Cascade inverter

inverter

Switching 48 48 48

devices

de 8 92 12

capacitors

Clamping 168 0 0

diodes
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Table 1-3 Fields ofapplication of multilevei converter

16

•

Diode clamped Flying capacitor CASCADE

application STATCO~UPFC, ... STATCOM STATCOM

Compared with the diode-elamped structur~ both the cascade structure and the

flying-eapacitor structure require many more de capacitors and complex capacitor voltage

controllers. In addition, both ofthem cannot be used for application in the back-to-back

rectifierfmverter de link, whieh is the core of the Unified Power Flow Controller (UPFC)

and the Asynehronous Link. This is beeause the de capacitors are specifie to each of the

three phases, sa that on the de-side, the three-phase ae rea1 powers ofthe rectifier-side do

not surrender their identities and merge into a single collective dc-power 50 as to enable

the real power on the inverter-side to emerge as 3-phase ac eomplex power with a

different phase angle.

Although the diode-elamped structure will need more c1amping diodes, it incurs

less cast and lasses. Unlike the other two structures, the 3-phase legs of the

diode-clamped structure share the common series-eonnected de eapacitors. Therefore, it

ean be used in almost all kinds of FACTS controllers, including those based on the

aforesaid back-to-back, rectifier/inverter dc link.

Based on above comparisans, the diode-clamped multiIevel converter is chosen

as the structure for research in this thesis•
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Fig.1-10 Output voltage waveform of7-level converter under fundamental
frequency switching strategy.

1.3.2 Switching Strategy

The literature seareh shows that only two switehing strategies have been

considered: (1) the Fundamental Frequency Switching (Selective Harmonies Elimination)

strategy [29-32] and ( 2) the Sinusoidal PuIse-Width-Modulation (SPWM) strategy

[29,30]. They differ in their ways to form the output voltage wavefonns.

Fig.l-IO shows the staircase output voltage waveform of the Fundamental

Frequency Switching strategy from a 7-level converter. For a N-Ievel converter, there are

(N-l)/2 degrees offreedom that can be employed for the purpose of control, most of

whieh are eurrently employed to eliminate up to (N-I)/2 low order harmonics. The

magnitude of the kth harmonic of the output voltage waveform of the mth module of

•
N-Ievel converter is:
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(1-1)

where k is odd integer and a 1m , "m" ... CX(N-l)l2,m are switching angles of the

converter in Fig.1-10. The magnitude ofits fundamental part is

Fig.l-11 shows how the Sinusoidal Pulse Width Modulation technique ofFig. 1-5

pu Um
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Fig.l-l1 (a) Triangle carrier signais and sinusoidal modulation signal, (b) output
voltage waveform.•
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(b) is modified for application to the diodEH:lamped, 7-level converter. The 7 levels divide

the sinusoïdal modulation waveform of Fig.l-ll (a) into 6 voltage bands, with the

switching ofthe valves ofFig.1-7 producing the pulsed waveforms in the corresponding

bands so that on summation they produce the output of Fig.l-ll(b). As illustrated in

Fig.l-ll(a), each voltage band is provided with its triangle carrier signais. The

intersections ofthe sinusoïdal modulating signal and the carriers determine the tuming ON

and OFF ofthe values ofFig.1-7 ofthe corresponding voltage band. When the modulating

signal exceeds the upper level or faIls below the lower level of the voltage band, the

switching logic interpretes the situation as "overmodulation." Thus there is no switching

until the modulation signal faIls into the voltage band to intersect with the triangle carrier

signal ofthe voltage band. In its output voltage waveform, the local average value within

each triangle cycle is proportional to that of the modulation signal and its fundamental

component is a linearly amplified signal of the sinusoidal modulation signal [24].

1.4 Objectives of Thesis

This thesis focuses on the diode-clarnped multilevel converter topology as the basic

module for realizing the high kV voltage rating and the high MYA rating in FACTS

controllers. It extends the topology configurations and proposes the extended Fundmental

Frequency Switching strategy for realizing the following multilevel FACTS controllers:

(a) the Shunt STAT(ic)COM(pensator), (b) the Series STATCOM, (c) the Unified Power
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Flow Controller (UPFC) and (d) the Asynchronous Link.

The objectives ofthe researc~ reported in this thesis, are to provide the knowledge

needed for the practical rea1ization of the high MYA diode-clamped, multilevel

STATCOM in the first instance, and later for the realizations ofthe more complex FACTS

controllers such as the Unified Power Flow Control1ers (UPFC}, which require back-to­

back rectifier/inverter de links.

r )

1.S Organization of Thesis

The contents ofthe thesis are organized as folIows:

•

Chapter2:

Upper most in the mind for the practical realizations are the very large MVA

ratings and the very high kV voltage ratings which the FACTS controIIers must be able

to handle with GTOs which are rated at only 6kV and 3kA. As transformers will be used

to bring the transmission line voltages down to the lower voltage ofthe GTO muItilevel

converter, the converter-side currents become very large and this implies that many

parallel-eonnected modules ofthe multilevel converters must be used. This raises the issue

ofensuring that the rms currents are shared equally by the parallel modules. In the course

ofthe research, it has been found that the necessity to use multiple modules can be turned

into an advantage, as in applying the Fundamental Frequency Switching strategy, the

degrees of freedom in designing the switehing instants of the GTOs are inereased by a



•

•

Chapter 1 Introduction 21

multiple equal to the number ofmodules. The inereased degrees offreedom are exploited

ta achieve the multiple objectives of: (1) eliminating more low order harmonies so as to

improve the Total Hannonic Distortion (IHDs) indexes, (2) controlling directIy the output

ae voltage magnitudes (previous researehers have depended on the slower method of

eharging and diseharging of the de eapacitor voltage), and (3) equalizing the rms ac

eurrents in the different modules. The targetted FACTS controller in this ehapter and in

ehapter 3 is the shunt STATCOM.

Chapter3:

The requirement ofequal sharing ofcurrents in the parallel converter modules in

the realization of the shunt STATCOM has the co-requisite ofequal sharing ofvoltage

stresses applied across the GTOs [33,36,46]. As the GTOs in the multilevel converter are

braeketed between the de buses of the Many levels, this requirement implies the

equalization of the voltages across the de capacitors of each of the multilevels. In the

beginning of this research, it was already common knowledge that a feedback loop can

apply phase angle control to maintain the total de voltage regulated [53]. However, this

thesis is the first to point out that there is no self-voltage-equalizati.on mechanism in the

diode-clamped multilevel converter. For this reason, the de capacitor voltages will

naturally diverge. Sînce the total de voltage is regulated, the voltage collapse in one level

leads automatically to overvoltage, and in consequence, valve failures at another level.

As a matter of fact, one referee of the first submission of [46], rejected the

manuscript because he insisted that the de capacitors must be naturally equalized and the
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authors were fussing over a non-problem. The objections were overcome upon a

resubmission containing digital simulations painting to dc voltage divergences, in the

absence ofeqllalization feedback control. This rejection caused a delay of several months,

by which time the research group from Oak Ridge National Laboratory claimed a prior

publication date. When laboratory multilevel facilities were available at a later date, the

voltage divergence was proved experimentally.

The early recognition that the multilevel converter will ma1function, in the absence

of self-voltage-equalization mechanism, has 100 to a major research effort in finding

feedback schemes for the equalization ofthe de capacitor voltages at the different levels.

The voltage equalization is considered as a sine-qua-non afthe diode cIamped multilevel

converter because: (1) it guards the GTOs against failures from overvoltages, and (2) it

guarantees the low Total Harmonie Distortions because the equal De capacitor voltages

eonstitute the basic assurnptions of the Fundamental Frequency Switehing (Selective

Harmonic Elimination) strategy.

In addition to finding relatively fast, and stable equalization feedbacks for the

Fundamental Frequency Switehing strategy, ehapter 3 has also succeeded for the

Sinusoidal Pulse Width Modulation strategy. This stage ofthe researeh has taken a long

tîme, because the problem is highly nonlinem-. In addition, inherent third harmonies ride

on each of the de eapacitor voltages 50 that the feedback Ioops must face the diffieult

problem ofdiscriminating of the de signal from the unwanted third harmonie noise.
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Chapter4:

From the successes m safeguarding the multilevel shunt STATCOM with

equalized currents and equalized voltages in chapters 2 and 3, the research in chapter 4

takes up the challenge of solving the problems in making the diode-elamped multilevel

eonverters operate as a back-to-back rectifier!inverter pair in a dc link:. From the

experiences in the digital simulations, it was soon recognized that in using the

Fundamental Frequency Switching strategy, the ac-side voltages ofboth the rectifier and

the inverter must be equal in magnitude for the dc Iink voltages to be equalizable by

feedback control, as in the case of the shunt STATCOM of chapter 3. This constrictive

requirement has been proved mathematieally in the chapter. The practieal implication is

that multilevel versions of the FACTS controllers such as the Unified Power Flow

Controllers (UPFCs) and the Asynchronous Link, which are based on the back-to-back

de Iink, will have to operate with ac voltages whose magnitudes must form fixed ratios.

This reduces the control degrees of freedom so that the vaunted ability to control

independently the reai power and the reactive power on both sides, is compromised.

Faced with this impasse, the research adopts a system ofClass B choppers which

equalizes the de capacitor voltages by transferring the electrie charges from the de

capacitors with higher voltages ta their immediate neighbours with lower voltages, using

local feedback control. The preliminary study results have shown that the current ratings

of GTOs of the choppers are less than 0.1 p.u. and their switching rates are about one

pulse per line frequency cycle, so that their cost is only around 10% of the rectifier (or
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inverter) and their switching rates are comparable ta the rectfier/inverter pair . The 10%

increase in oost is oonsidered to he justifiable for the regain offull flexibility in the UPFC

and the Asynchronous Link.

In addition to proof of concept by digital simulation tests, the concept has been

proven experimentally with laboratory choppers oontrolled by a software driven platform

consisting of digital signal processors (DSPs) and field programmable gate arrays

(FPGAs).

Chapter5

Chapter 5 presents the results of a study of the integrated, Class B Chopper

stabilized, diode-clamped, multi-moduIe, muitiievei Unified Power Flow Controller. The

simulations show that fast, independent controis ofthe rea1 power and the reactive powers

on both sides of the UPFC are achievable. The simulation results of the multilevel

Asynchronous Link are aIso shown in this chapter.

Chapter 6

Chapter 6 presents a summary ofthe results of the research, the conclusions of the

thesis and suggestions for further work.
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CHAPTER
TWO

MULTIMODULES OF DIODE-CLAMPED
MULTILEVEL CONVERTERS AND THEIR
SWITCHING ALGORITHMS

2.1 Introduction

High MYA rea]jvrtions ofthe FACTS controller using GTOs must eireurnvent the

limited voltage and CUITent ratings ofGTOs available [9,52]. It has been recognized that

the multilevel converter can reach higher voltage ratings by adding voltage levels. The

GTO at each ofthe multilevels is stressed by the de voltage across the dc link capacitor of

the corresponding level. The GTOs are evenly stressed when all the de link capacitors are

charged equally to the saIlle safe voltage.

The multilevel approach offers two other advantages. Firstly, as the GTOs at each

level do not have 10 switch simultaneously, their switching instants can be designed 50 that

selected low order harmonics can he eliminated. Secondly, after the unwanted low
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frequency harmonics are cancelled as voltages in the serially connected multilevels, the

residual high frequency harmonics currents can be diminished by relatively small (and

cheap) filter inductances.

However, its application is still limited by the individual GTO current ratings. In

arder ta overcome the limitation ofthe individual GTO current ratings, severa! modules of

multilevel converters [47-50] can he connected in parallel ta achieve higher current ratings

without increasing the individual GTO CUITent rating. This idea has evolved from the

success ofmultiple modules of2-level converter [9,25] in application where the voltage

rating or the CUITent rating exceeds the capability ofa single module. The HVde thyristor

bipale station, consisting of4 units ofthree-phase thyristor bridges eonnected in series to

increase the voltage rating, is an example ofthe multimodular approach. The examples in

the GTO era are found in the 100 MYA-size STATCOM prototypes in USA [9,10] and

Japan [17] which consist of8 units of3-phase voltage-source, GTO bridges in parallel. In

the first example, there are two transformer stages. One stage is for matching the low

voltages of the converters ta the high voltages of the transmission line. The second

transformer stage is for the purposes of harmonie cancellations ofswitching harmonies and

equalization ofthe currents in the parallel modules. This ehapter shows that the second

transformer stage is unnecessary as the multimodular multilevel FACTS controllers ean

perform bath tasks. The first transfonner stage is also not needed in low distribution ac

voltages, around 15 kV.



• Chapter 2 Multimodules ofDiode-clamped MuItilevel Converters and ... 27

This chapterwill focus on the topology ofthe multimodules ofthe diode-clamped

multilevel converters [47-50]. The research addresses the switching algorithms for

harmonies elimination, ac voltage magnitude control and ac current equalization. The study

will show how it is suited for application as FACTS controllers.

2.2 MultimoduIar Multi-Ievel Converter

Fig.2-1(a) shows the example of a 7-1evel converter and Fig.2-2 illustrates the

•

LI
V,. - la. v

V b .......,-~--"'----tr--t++++--1'

vc~

(a)

•

Va.
V dc

2

L...oL...-...:~_-..I.----------.,~t (b)

~_---..__--'-__...a..-_--'L...-_--.&.__.....' 11IS

0.00 2.76 5.55 8.33 Il.11 13.88 16.67

Fig.2-1 (a) Diode-clamped 7-level converter module:. (h) voltage waveform ofa­
phase under fundamental frequency switching strategy.
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specifie case of 2-module configuration. From the conclusions ofthis case study, it should

he possible to generalizethe conclusion frOID the specifie case-study to the M-modules, N-

level converter station. The critical features as illustrated in Fig.2-2 are: (1) On the ac side,

the three phases inc1uding the tilter inductance Li ofthe individual modules are terminated

at 3 nodes. The a-phase input CUITent, for example, is branehed into the two modules as i al

and i a2. The requirement that the GTOs ofthe a-phase ofFig.2-2 ofmodule m=1 shares the

same 1000 as the module, m=2, implies that the ons values of ial and ia2 must be equal. (2)

On the de side, the 7 de buses of each module are connected in parallel so as to share the

de link capaeitors Cl' C2 ' ... , C6 • The GTOs of both modules at the same level are

braeketed between the tenninals of the same capacitor Cl (j=1,2 ... 6) and their voltage

stresses are detennined bythe capacitorvoltage Vçj(j=1,2 ... 6). Equalization ofthe voltage

stress requires that Vcj=(Vd6) (j=1,2 ... 6). As will be discussed in chapter 3, active

Fig.2-2 Multimodular Multilevel Converters - case study:M=2, N=7.

c
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~- ~YdVy T "l.- ...Lp tJ,
~1e4

,. "'-- ~Ydt- m=l
LI *p~

i a2.. -
'--J y y "'-- -

---
~

-
----J T T ~

T Y '---

LI m=2

•



•

•

Chapter 2 Multimodules ofDiode-clamped Multilevel Converters and H, 29

equalization by the control ofthe switehing instants ofthe GTOs is more efficient than the

passive equalization introdueed in ehapter 4 as it does not incur the additional lasses

through the resistances ofthe equalization circuits. However, under the assumption that the

equal and regulated de voltage sources are available, the switching aIgorithms described

in this ehapter are also required ta meet other basic functions of the FACTS contralIer

whieh are:

Ci) achieving low total harmonie distortion (THD) factors in the ae voltages and the

eurrents.

Cii) achieving a range ofvoitage amplitude controL

In the fundamental frequency switching strategy, the requirement of the quarter

wave symmetry in the wavefonn as illustrated in Fig.2-1 (b) allows only 3 switching degrees

offreedom for the 7-Ievel converter. In general, the odd number N-level offers J = (N-1)/2

switching degrees offreedom for control. Multiple modules could be used to increase the

degrees offreedom. Thus the sixswitch angles alm' ~,~m (m=1,2) from 2 modules can

be applied to eliminate unwanted low harmonies and ta specify the magnitude of the

fundamental component [34,48,49]. The elimination of selected harmonies contributes

towards meeting TIID standards. The ability to specify the fundamental eomponent enables

the reactive power (VAr) control for the STATCOM [34] and phase-shift control for the

UPFC [49]. The fundamental voltage harmonie in each module can aIso he specified for

the purpose ofequalization ofthe ac currents.
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2.3 Fundamental Frequency Switching Strategy Design
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•

The Sinusoïdal Pulse Width Modulation (SPWM) strategy has been widely used in

the control ofconverters for medium-power industry application. For utilities application,

however, the Fundamental Frequency Switching strategy [30-32] is preferred because it

requires only one switching at each cycle ofthe utility standard frequency. In the literatures

[30,36], the independent switehing instants of multilevel converter are applied to

eliminating harmonics. The output ac voltage magnitude has to be regulated by eontrolling

the total de capacitor voltage, whieh is usually slow in response. Furthennore, the control

by de capacitor voltage Iimits the application ofthe multilevel converter to STATCOMs

only where there is no other converter connected to the de link. For other applications

whieh require a rectifierfmverter link [11-16], control by the de capacitor voltage means

that the ae magnitude of the rectifier must he at a fixed ratio to that of the inverter. For

independent control over the two ac voltages, it is necessary to control ac magnitude by

designing the switehing instants.

In the 2-module example ofFig.2-2, there are 6 degrees offreedom in the design of

the switehing strategy whieh can be used to perform the following functions:

(1) controlling the magnitude ofthe fundamental harmonie ofthe ac output voltage,

(2) eliminating the 5!!b 7th, Ilth and 13th harmonies,

(3) baIaneing the rms eurrents in the two modules.

Using the Fourier Series Analysis ofthe wavefonn ofFig.2-1(b), the kth harmonie
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ofthe mth module is

4Ve/,
V

km
= __C{coska

1m
+ cosktr2m + cosktrJ,J

3k1r

fork=1,3,5,7... m=1,2.

2.3.1 AC Voltage Magnitude Control
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(2-1)

In controlling the equivalent ac output magnitude~ ofthe converter station, the

fundamental component (k=1) ofmodule m=1 must be

(2-2)

and ofmodule m=2

(2-3)

•

Equation (2-2) and (2-3) leave 4 remaining degrees offreedom for the design ofthe

wavefonns.

2.3.2 Elimination of 5!!!, 7!J!, Ilth and 13th Harmonies

As even and triplen harmonies cannot exist, the 4 lowest harmonies are the 5!!b 7!1b

1lth and 13~ whieh are eliminated by setting

(2-4)
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substituting equation (2-1), one has

2

E (coska1m or coskalm or coska3m ) =0
m=l

for k =5, 7, Il, 13.

2.3.3 Balancing Currents in IndividuaI Modules

32

(2-5)

The nns values ofthe two modules are balanced when the summation ofthe squares

ofthe harmonicvoltages k=1, 5, 7, Il and 13 ofmodule m=1 is equal to the surnmation of

the same harmonies in module m=2. MathematicaIly, this means that

Neglecting resistance in the filter inductance, (2-6) implies:

(2-6)

(2-7)

•

From (2-2) and (2-3), one sees that

and from (2-4), since

v. 2_v,2
/c,J - 1:.2

for k=5, 7, Il, 13.

from (2-7) to (2-9), one sees that (2-6) is already satisfied.

(2-8)

(2-9)
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2.3.4 Residual Harmonie Currents
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Sïnce /cosk«;m/ < 1 (i=1,2,3), it follows from (2-1) that the kth harmonie voltage

ofthe mth module satisfies the inequality

(2-10)

As the filter reactance with respect to the kth harmonie is

(2-11)

the magnitude ofthe kth harmonie current is

(2-12)

•

As IIkm 1 in (2-12) varies inversely with Ji2, the square ofthe harmonie number, the

harmonie eurrent diminishes rapidly with increasing k. Furthermore, as even and triplen

harmonies do not exist, the lowest harmonies number not aIready considered in the

equaljzation ofthe nns voltage is k=17. From (2-12), it is clear that the tilter inductance Li

ean be quite economically sized without eausing noticeable unbalance.

2.3.5 Solutions ofTranscendentai Equations

The 6 unknown switch angles abn (i=1,2,3; m-1,2) in the 6 transcendental

equations of (2-2), (2-3) and (2-5) are solved numerica11y using Matlab Software. The

solutions are listed in Table 2-1 and Appendix B and plotted as a function of ~ in
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Table 2-1 Switching Angles

Switching angles

index V 1cpu) Ct:J1 ~l a11 ~2 an a 12

1 0.48 35.36° 72.84° 88.00° 47.03° 58.70° 90.00°

2 0.52 35.41 ° 70.10° 85.80° 45.95° 57.50° 90.00°

... '" ... ". ... ... ." ...

49 0.96 20.28° 27.04° 64.00° 9.28° 43.23° 57.00°

50 0.98 18.58° 25.13° 62.50° 8.77° 39.48° 56.20°

Fig.2-3(a). The look-up table of Table 2-1 is used for real-time control of the ac voltage

magnitude.

(h)

aIl

«22
(a)

a21

0.9 pu
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50 r------=:::::>-=-- .:=:::::::=---

0.8

0.6

(/32o,--__---' ~ ......-
V 0.5 0.6 0.7 0.8

J. pu
1.0

•
0.4 '------------------------l.-..-----V

0.5 0.6 0.7 0.8 0.9 pu 1

Fundamental Voltage Magnitude

Fig.2-3 (a) Switehing angles-vs-ac voltage magnitude, (h) fimdamental voltage of
individual module vs terminal voltage magnitude.
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(a)
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•
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Fig.2-4 Steady-state voltage: (a) average, (b) module 1, (c) module 2.

Fig.2-3(b) displays ~.l and ~.2 ' the fundamental Fourier component of the

voltage from module m=l and m=2, which are based on the solutions of"im (i=1,2,3;

m=l,2), in the range ofO.S < ~ < 1.0 p.u. One sees ~.l and V1.2 are almost equal 50 that

(2-2) and (2-3) are satisfied, and thus the two modules share the 1000 currents for the range

ofvoltage magnitudes.

2.3.6 Voltage and Current Waveforms

Fig.2-4(a) shows the simulated line-to-neutral ac output of one phase ~ . The
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(b)

(c)
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Fig.2-5 Steady-state cUITent: (a) total, (b) module 1, (c) module 2.

voltage waveforms of the individual modules are shown in Fig.2-4(b) and (c) when the

switehing angles are detennined by Fig.2-3(a) whieh contains the specification that the

fundamental harmonie components ofthe voltage are equal. The totalline eurrent ÎQ ïs a

high quality sinusoïdal wavefonn as shown in Fig.2-5(a). The eurrents ial and ial in the two

modules m 1 and m-2 are shown in Fig.2-5(b) and (e) for steady-state operating condition

•
of eapacitive rated eurrent. The THO of Va and ia are 5.5% and 3.00,,'0 respectively. The

current ial' ia2 in the individual modules contain large 5!!b 7!h, Ilth and 13th harmonies
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which are equal and opposite so that they eliminate each other in ia. The fundamental

hannonie currents are equal from the design specification.

2.3.7 Verification of Current Balancing

Fig.2-6 displays the rms value ofthe current ial and ia2' obtained from simulation

runs and plotted against the MYA of the converters operated as a shunt STATCOM.

Positive MYA is for operation as a capacitive reactance. The small unbalance is due to the

residual high hannonie currents. The condition ofcurrent equalization of(2-6) is satisfied.

2.4 Extension to MModules ofN-Level Converter

From the specifie case ofdesigning the switehing angles of2 modules of7-level

1.00.5-0.0
MY.A. pu

Fig.2-6 RMS currents in modules-ys-MYA

RMS current
0.55 pu
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converters~ this section extends the method ta cover the general case ofM-module ofN-

level converter.

For M modules ofN-level converter, there are (MxJ) independent switching angles

etan (i=I,2 ... J~ m=I,2, ... ~) where J=(N-IY2

For the mth module~ the kth harmonie is:

4V J
V.lm =~L coslcetim3k1t ;=1

(2-13)

M equations are required ta specify the variable magnitude ~ ofthe fundamental

harmonie as in (2-2) and (2-3). The M equations for this are

(2-14)

for m=1~ 2 ... M, one equation for each module.

CM-1) equations are required ta speeify the balancing ofthe rms voltages in each

module as in (2-6). The summation of the squares of the harmonie voltages up to k=K,

(where K is the highest harmonie which will he eliminated) in the mth module is

V 2 V 2 V. 2

S -.2L 2T = V 2 + S,m +--!:!!!.- + Km
m = UT 1 ml,'" 52 72 ... K 2

(2-15)

(2-16)

•
As even and triplen harmonies are not presen~ the hannonics k in Vkm which are to

he eliminated are k=6q-1 and k=6q+I, where q=1,2,3 ...

Based on eonstraining S", of (2-16) to he equaI in aIl the M modules, (M-l)
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equations are obtained.:
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(2-17)

The number ofequations which are aIready constrained by (2-14) and (2-17) are

(2M-l) of the original (MxJ) degrees offreedom. This leaves (J-2)M"+1 equations ofthe

form

(2-18)

to elirninate harmonies in the series 1c=5, 7, Il, 13 ... 6q-I, 6q+1, ..K., which are the odd,

non-triplens.

Substituting (2-13) in (2-18), one has (J-2)A,f+l equations ofthe fonn:

J M

E E cosktr;m = 0
(=1 m=l

(2-19)

•

The (A1xJ) angles aim are solved frOID (2-14), (2-17) and (2-19) using a numerical

routine in MATLAB. The results can he stored in a table like that ofTable 2-1 for rea1-time

control of the output ac voltage magnitude, meanwhile maintaining the elimination of

(J-2)M+1 harmonies in the equivalent output voltage wavefonn and the equalization of

eurrent 1000s among individual modules.
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2.5 Conclusions
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•

This chapter begins ±rom the special case of2 modules of 7-level diode-clamped

conveIter. The case study is simple enough to illustrate the design issues ofcontrol under

fundamental frequency switching strategy. The number ofvoltage levels in each module

and the number ofmodules can be selected to make its output voltage and current ratings

meet high MYA requirements. It has been shown that multiple modules increase the

degrees offreedom in the design ofthe GTÛ switching angles which can be exploited to

accomplish 3 major tasks simultaneously: (1) to achieve low THDs in voltages and

currents, (2) to achieve direct, fast control ofoutput voltage magnitude, which does not

depend on the charge and discharge ofthe de capacitor, and (3) to achieve equalization of

rms current in the separate modules. The 2-module, 7-level example has been extended to

M-moduIe, N-level. FACIS controllers based on multimodular diode-clamped multilevel

converters can take advantage ofthe switehing algorithm to implement the multiple control

goals in the chapters to follow.
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CHAPTER
THREE

REGULATING AND EQUALIZING De CAPACITOR
VOLTAGES IN MULTILEVEL STATCOM

3.1 Introduction

Chapter 2 has shown how the switehing angles aim 0fFig.2-1(b) in multi-Ievel

converter can he used 10 attain three objectives: (1) suppression of selected low harmonies

so that the residual voltage wavefonns contain dominant fundamental frequency

component (low total harmonie distortion,) (2) direct control of the magnitude of the

fundamental frequency components in designs involving multiple modules ofmulti-Ievel

eonverters, and (3) equalization of ons eurrent in the separate modules. Chapter 2 has

exhausted aIl the degrees of freedom in the choice of the switch angles atm in the quarter

symmetry of the fundamental frequency switehing strategy. The switch angles atm are

C:C:frozen" in the ulook-up tables". The remaining flexibility consists of: (4) phase-shifting
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the ufrozen switch angles" with respect to the voltage angle of the electric utility system

[53] and this is used in this chapter to regulate the total de link voltage, (5) sliding the

"frozen" switch angles of the different levels with respect to each other to charge or

discharge the de capacitors [33,36,46] differentially and this is used to equalize the de

capacitor voltages in the different levels.

The prineiples ofdc capacitor voltage regulation and equalization are explained

in full in the context ofthe Fundamental Frequency Switehing strategy. This chapter also

includes the simulation results from another strategy, namely the Sinusoidal Pulse Width

Modulation (SPWM) strategy. To avoid another lengthy exposition, only the simulation

results of the SPWM strategy are presented. As in ehapter 2, the application example

chosen is the shunt STATCOM. The GTO is envisaged as the valve chosen for this

application.

This chapter addresses the methods to regulate and equalize the de capacitor

voltages sc that the multilevel STATCOM can exist as a stand-alone entity. De capacitor

voltage equalization is necessary to share the voltage stresses of the GTOs evenly. It is

useful to he reminded that the harmonie elimination strategy, the ac voltage magnitude

control and the current equalization method described in chapter 2 assume ideal, equal,

de voltages 50 that the realizability of the assumptions affects the quality in the

performance of the multilevel converter for application in FACTS controllers. The de

voltages have to be obtained by charging the de link capacitors by power rectified from

the ac system. Even when the total de voltage is regulated, the cumulative effects of Cl)
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capacitor leakage currents, (2) unequal delays in GTO switchings and (3) asymmetrical

charging of the capacitors during transients and disturbances, all contrihute towards the

divergence of the capacitor voltages, resulting in the voltage collapse of sorne and the

overcharging ofothers.

The goal in this chapter is to demonstrate, through digital simulations of a 7-level

diode clamped inverter (DCMLI) in section 3.4 and multimodular of7-level converters

in section 3.5, that the contraIs to the GTOs are adequate for the task ofregulating and

equalizing the dc capacitor voltages for STATCOM application. The task is complex

becallse it involves control ofmultivariables. Furthermore, the functions ofregulating and

equalizing are not clearly decoupled. It should be mentioned that "voltage balancing

circuits" have been proposed in [39]. They serve virtually as choppers to transfer the

electric charges from the de capacitors with high voltages to boost the capacitors with low

voltages. The chopper-based equalization control will he explored in details in chapter 4

for the case ofback-to-back de link application ofmultilevel converter. The goal ofthis

chapter is to find solutions based entirely on the control of the GTOs of the multilevel

converter.

The 7-level converter has been chosen because it exemplifies a high degree of

complexity without incurring the excessive eomputational costs of still higher levels. As

there have aIready been results of studies reported on the diminution ofcomponent sizes

with respect to meeting Total Harmonie Distortion Standards [30,31], the main thrust of

this part of research is on the methods of regulating and equalizing the de capacitor
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voltages for two different schemes ofcontrolling the multilevel STATCOM:

1. Fundamental Frequency Switching strategy~ which is the method of the existing

STATCOMs [52~54-56] as it requires the GTOs to switch at 1 pulse per line cycle~ the

switching loss is minimum.

2. Sinusoïdal Pulse Width Modulation (SPWM) sttategy~ which requires a higher switching

rate of at least 8 pulses per cycle of the line frequency. The switching loss is not

acceptable for presently available GTOs and the flexibility and advantages~ which come

with SPWM~will have to wait for improved, faster GTOs.

3.2 Multilevel STATCOM

Fig.3-1 shows the detail schematic of the 3-phase, 7-1eveI, diode-clamped

•
•

L •1 •___ 6.

•

•
•

Fig.3-1 3-phase~ 7-Ievel diode-clamped converter.
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converter. Its operating principles have already been described previously [28-30 ] with

the assumption that the de voltages ~J=Vc2=... =Vc6 are available as ideal voltage sources.

For stand-alone operation, the dc voltages must he derived from the real ae power taken

from the ac tenninal voltages, which after rectification, is directed to charging the de

capacitors at 6 levels: Cl ' C2 , ••• C6 • The real ac power must he just sufficient to charge

the capacitor voltages and to replenish aIl dissipative losses in the GTOs, in the leads and

in the capacitor leakages. The control is accomplished through a de voltage regulation

feedback loop and, in principle, this is not different frOID the method aIready in use in the

existing STATCOMs [55,56] and in the PWM-SVCs [27,30]. In the multilevel converter,

however, there is the additional requirement to equalize the voltages in ail the de

W c1

+
• Cl'a Va ..... +~ C 2LI ~ _Vc2

~

• i ... +

• 'b V b ~ C 3 -V 3 +
~ o c...

LI ~
~ V dc~ C 4 -Vc4• ~ J:• 'e V c

t.t
~-=: +

~ ~ Cs _V
c5LI •~

C 6
+
-Vc6

Fig.3-2 3-phase, 7-Ievel converter connected to

• an ac system.
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3.2.1 Single Module of MuItiIeveI Converter

The detail schematie ofFig.3-1 is represented by a simplified block diagram shown

in Fig.3-2. Fig.3-2 shows the external features: (1) on the ac side, the three phases are

connected to the ac network of the electric utility which is represented by the Thevenin

voltages ea' eb' ec and Thevenin inductance Li' (2) on the de side:t the 7 de buses of each

module are eonnected to the de link capacitors Cl' C2 :t ... , C6 . The voltage stresses of

Fig.3-3 STATCOM based on 2 modules of7-1evel converter with 3 regulation feedback
controlloops.

etl iiZ Vt Va- ....
f1-lnel

+-

Lj Rj

~2
Vic

Und lLam

~Q
LI

QREF

phase angle ô

voltage angle
controller

•
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GTOs are detennined by the capacitor voltage V9 U=l, 2 ... 6). Equalization ofthe voltage

stress requires that Vcj=(VeJ16) (j=1,2 ... 6). Active equalization by the control of the

switching instants of the GTOs is more efficient than passive equaiization as it does not

incur the additional losses through the resistances of the equalization circuits.

3.2.2 STATCOM Based on Multimodules of Multilevel Converter

Fig.3-3 displays the STATCOM based on 2 modules of7-level converter with 3

regulation feedback controlloops. As described in chapter 2, the six switch angles alm'

~,«X:3m (m=1,2) from 2 modules are applied ta eliminate unwanted low harmonies, ta

equalize the Joad current between the two modules and to specify the magnitude of the

fundamental component. The elimination of selected harmonies contributes towards

meeting low Total Hannonic Distortion standards. The ability ta specify the fundamental

component enables the reactive power CVAr) to be controlled. As shown in the block

diagram ofFig.3-3, the reactive power Q is measured, compared with the reference QREF

and the error after the passing through a proportion-integral block is used to vary VI' the

magnitude ofthe fundamental voltage harmonic. This is accomplished by aceessing from

the c;'look-up" table the switching angles atm which correspond ta the desired voltage

magnitude.

Once the switch angles are fully specified, the remaining control freedom is the

phase angle ofthe voltage waveform ofFig.2-1(b) with respect to the phase angles ofthe

Thevenin voltages ea , eb and ec • The phase angle control is employed to regulate the
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Fig.3-4 Test ofdc capacitor voltages without equalization feedback
control.

total dc voltage Vdc '

The outer feedhack loop of Fig.3-3, however, exercises no control over the

individual capacitor voltages, and nonnally the capacitor voltages diverge as the digital

simulation ofFig.3-4 shows. This has been confmned in laboratory experiments. As the

total voltage Vdc is regulated, this has the implication that as sorne capacitor voltages

collapse,. others will increase beyond the safe voltage limits ofthe GTOs. For this reason,

the switching instants ofthe GTOs in each ofthe capacitor level will he phase-shifted to

equalize the individual dc capacitor voltages.

3.3 Control of Capacitor Voltages

•
3.3.1 De Voltage Regulation by Voltage Angle Feedback Loop

Representing the fundamental Fourier Series component of the multilevel
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converter voltage Va by the phasor fT ,the Thevenin voltage ea by the phasor Ëa and the
a

phase cUITent iaby the phasor la' the general phasor diagram for the operation of Fig.3-2

is shewn in Fig.3-5(a). The line current is

(3-1)

and it makes an angle cp with respect te Va' The ac power entering the converter is

(a)

,.-.-

Va
~

,.....", ~

(b)
E j{,)LT la ""-'

• Va

Fig.3-5 (a) General phase diagram ofFig.3-2, (h) STATCOM as inductive
reactance, (c) STATCOM as capacitive reactance.•

,-.-

E
t--~-----I__ ----1:

.--
(c)
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(3-2)

•

and after deducting for the losses in the GTOs, the diodes and the capacitor leakages, the

remainder gees ta charging the storage energy of the capacitors. Once the de voltage Vde

has risen sc that the error Ede=Vdc_ref-Vde with respect ta the referen~ Vde_nif' is nulIed,

then the charging can he tenninated. Sînce the losses are low, the error null situation

implies that cos<p=O or q>=+90° or -90 0
•

In the highly inductive electric utility environrnent, the voltage angle ô is the

control lever ofreal power and by advancing the voltage angle of Va' the phasor diagram

of Fig.3-5(a) can he shifted to the form ofFig.3-5(b) or Cc), which are the STATCOM

operating conditions of~-900,with ~ leading Va or q>=-90°, with la lagging behind Va.

Fig.3 -6 shows the schematie of the de voltage regulation feedback loop for

STATCOM. The voltage controlled oscillator (VCO) provides its autonomous frequency

ADDRESS

REGISTER +

J

Fig.3-6 Block diagram ofregulation and equaJization feedback
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Cù. The frequency adjustment ilREF is set at the nominal 60Hz standard, and the

STATCOM must be phase-Iocked ta the system frequency ta allow for drifts in frequency.

The integral and proportional feedback signais are added and stored in the address register

which serves as a pointer of discretized tirne 't'. The 'modulo' implements the cycling

periods 21dCù.

There are 18 sets ofmemories (EPROM) which are addressed simultaneously by

the address register. Bach set contains the switching instructions ta the GTOs for each of

the 3 phases, in each ofthe 61evels. As the VCO generates pulses at a rate determined by

its input, the counter serves the function of digitizing the progression of rime 1t '. The

switching instructions to the GTOs ofa given phase produce a voltage wavefonn such as

Va in Fig.3-7(a). The error éde advances or retards the rime phase of the waveforms 50 that

through ô in (3-2) the converter rectifies or inverts real power from the ac side to charge

or discharge the capacitors CJt Cl ... C6 until the error is nulled. The nulled error situation

corresponds ta the converter operation as an inductive or capacitive reactance since the

rectified real power is a minuscule amount which replaces the losses in the GTOs and

capacitor leakages.

3.3.2 Charging of De Capacitors

In this research, the equalization of the de capacitors of the STATCOM will be

considered in: Ca) the Fundamental Frequency Switching strategy and (b) the Sinusoidal

Pulse Width Modulation strategy. As the charging of the de capacitors have certain
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features common to both methods, it is sufficient to examine the capacitor charging

currents of the capacitors as sho\Vtl in Fig.3-7 for the case of Fundamental Frequency

Switching strategy. Fig.3-7(a) shows the ac phase current ia leading the voltage Va by 90°

and Fig3-7(b),(c) and (d) show the portions of ia which are admitted by the GTOs ofthe

the negative half cycles of the voltages is not shown. The other two traces of charging

currents in the 60Hz cycle come from the phase CUITent ib and ic. The contribution ofthe

charging currents fram the 3 phases account for the 3rd and triplen harmonics. The

voltage ofthejth de capacitor is:

•

v .Ct ) = _1 fi i .(t)d-c
Cl C. __ 9

J

(a)

olo-..ll----....;:llIo~---.-I....-...._---.,.....c::;;;...---__.- __~t

icJ 4
ol ~""""J

ic2

(d)
'--l~~---";:~---I~~---....;:l~---+~~-.....;:a""r-- __.. t

'-- 'L...-__-'-__--I"--_~~----L.'-----l' ms
2.16 S.55 8.33 13.88 J6.11

Fig.3-7 FlUldamental Frequency Switching strategy: (a) phase current and
voltage, (b),(c) and (d) capacitor currents.

(3-3)
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Under the ideal odd symmetric condition of the current ÎC){t) depicted in Fig.3-7,

as much charge flows into the capacitor Cl as leaves it. As the b-phase and the c-phases

repeat the capacitor charging and discharging sequence at T/3 and 2T/3 time delays, there

are 3rd and triplen hannonic ripple voltages riding on a constant de average voltage. The

size of the average de voltage is detennined fram a previous transient charging period

when the steady-state odd symmetric condition was temporarily overridden by the

unsymmetric switchings ofthe GTOs. In the absence ofequalization control, the average

voltage would remain unchanged at the value determined by the transient charging.

3.3.3 Controlling Average Capacitor Voltages

Equalization presupposes that the average de voltage is controllabie. Choosing a

time origin 50 that ia = -IsinCtJt as illustrated in Fig.3-8(a), and triggering the GTOs to

admit icj in the conduction window [-t.XJ+Atp t.xj+~~] as shown in Fig.3-8(b), the voltage of

the eapacitor ~':t according to (3-3) is

Fig.3-8(c) illustrates the voltages as a consequence of the shifting of the•

1 f' +âJ • dtv ~t .+~t. )-v ~-t .+/1t. )=- xl '1-/smwt
<;1 Xl J q Xl J C -1 +âJ

j $;j j

2I. . ( )= - â smwtJi sm Ci)/j

j

For small ât.J,

vit""+il~ )=vq(-t""+iltJ )-::: sinwt"" il~
j

(3-4)

(3-5)
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conduction window for the 3 cases: (i)A~>O-discharging, (ii)â~=O-sustaining,

(iii)A~.<O-charging. Fig.3-7 and 8 illustrate the case of STATCOM operating as a

capacitor. In the inductance mode of operation, when va leads ia' the control method

must be reversed, Ci) A~>O -charging, (ii) f>.~=O -sustaining, (iii) Â~<0-diseharging.

3..3..4 Equalization of Average Capacitor Voltage

The time shift A!.i, to decrease, sustain or increase the capacitor voltage, is added

to t, the output ofthe dc voltage regulation feedback loop as shown in Fig.3-6, 50 that the

address registerpoints to EPROMs oftime, t+A~.The time t ofthe de voltage regulation

feedback loop is common to all the 6 address registers (j=1,2,...6) and the EPROMs ofthe

(a)

'"---------.;;:lI"""r-----------,- r

(0)

• t

.td~ <0

.dt =0

.At >0

(c)

--------------------.-- t
,-'----------'-'-----------l'----ms
-8.33 0

Fig.3-8 èontrolling capacitor voltage by shifted conduction window: (a) itn

(h) window, (c) vq-
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jth level contain GTO switching instructions 50 that the conduction period of ici spans

[ -txj+Â!.i., t:rj+~t.;]. In negative feedback response to the flow of icp the error

pu
2

1

oP+~~....~~.....~..............~"""........................~~~~r+.~t

-1

-2

pu
1

-1

100

(c)

.......-------..------.....------...t
150 mso

0.5

0.4

pu
0.6

•
Fig.3-9 Response ofregulation feedback under

FWldamental Frequency Switching strategy: (a) ac voltage Va and eurrent lez, (b)
3 phase current ill ,ilJ7 la (c) de capacitor voltages Vcl, Ven Vd •
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3.4 Simulation Test for Single ModuIe-Based STATCOM-Fundamental

Frequency Switching Method

3.4.1 Step Response of Regulation and Equalization Feedbacks

Fig.3-9 shows the transient responses as the reference Vdc_ref is reduced in a step

change so that the STATCOM changes from the capacitive to inductive mode of

operation. Fig.3-9(b) and (c) show the 3-phase currents and the capacitor voltages ~l' Vc2t

Vc.3 during this transient which is completed within 1.5 cycle ofthe line frequency. This

transient response time is a property of the dc voltage regulation loop and the gain

constants Kit F;J; ofFig.3-6. The parameters of the simulations are listed in Appendix

C. In Fig.3-9(c), one sees that the equalization feedhacks are at work in ensuring that the

capacitor voltages are equalized throughout the step change.

3.4.2 Step Response without Equalization Feedback

pu

0.6

0.5

Vc3

0.4 OI.o.-.-----SO....L.------1.....00------150·tms

Fig.3-10 Step response without eq11a1iZatÏon feedback control
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20015010050o

(c)......----'----.......~--- ......----"'"----~t
250 ms

0.7

0.75

0.6

0.65

0.5

Fig.3-11 Response ofeqllaJization feedback lDlder
Fundamental Frequency Switching strategy: (a) ac voltage Va and current Î tn (b)

3 phase curreot ÎG ,Îln i~ (e) de capacitor voltages Vcb Va, Vcl.

When the same step change is repeated without the equalization feedbacks, the

capacitor voltages, as shown in Fig.3-10, become unequal.

3.4.3 Response of Equalization Feedback

Fig.3-11 shows, on a different time sca1e, a transient introduced by a step change

•
in Vçj' the voltage in only one capacitor. One sees that the equalizing feedhack draws it

back ta Vdc_rrI"/6 but in a longer time of about 8 cycles. This is because the equalizing

feedback constants kpf and kif are different from those of Kt and K"1;.The feedback
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constants have been chosen after extensive trial and error tests.

3.4.4 Comparison ofWaveform Harmonies

58

•

Table 3-1 compares the harmonies (in % using fundamental waveform as base) of

the waveforms ofthe steady-state ac voltage waveforms (phase-to-neutral ofFig.3-2) after

thetransientofFig.3-9(a) and Fig.3-10. The level ofde voltage unbalance in Fig.3-IO is

not large, 50 that the THD in voltage has deteriorated orny marginally from 9.70% ta

10.15% (The 5% specification [58] is for voltage at the load and not at the STATCOM).

In the design using the Fundamental Frequency Switching strategy, the 5!b, 7th and II th

harmonies have been ehosen to he eliminated.

Table 3-1 Voltage Waveform Harmonies

Equalization Capacitor Unequal Capacitor
Voltage, Fig.3-9(a) Voltage, Fig.3-10

Harmonie number % %

5 0.23 0.42

7 0.16 0.39

Il 0.029 0.21

13 3.21 3.21

17 2.36 2.41

19 3.98 4.08

23 0.47 0.22

25 3.81 5.01

... ... ...

THO 9.7 10.15
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3.5 Digital Simulation of Multimodular Multilevei Converter Using
Multiple Regulation Feedback Control - Fundamental Frequency
Switching Method

In chapter 2, the research has described multiple modules of the diode-clamped

multilevel converter. Up to now, this chapter has foeussed on the regulation and

equalization ofthe de link capacitor voltages for a singie-module only. Since the multiple

modules are connected in parallel to share the same de link eapaeitors, it is expeeted that

the regulation and equalization strategies whieh "work'" for the single module should aIso

"work" for multiple modules. Nevertheless, thoroughness requires a statement that digital

simulations of the 2-module exarnple of ehapter 2 yield results similar to Fig.3-9 and

Fig.3-11, whieh have been obtained from a single-module. These results are not repeated

here. Instead, more interesting results on the ae sicles are presented in Fig.3-12. The

waveforms show how the 2-module of the diode-clamped multilevel converters operate

as a STATCOM while fulfilling the specifications of: (i) direct control of reactive power

Q , (ii) low total harmonie distortions in current and voltage wavefonns and (iii)

equalization of the nus eurrents. It should he stressed that the de voltage regulation and

equalization feedbacks are essential to the successful operation of the STATCOM.

Fig.3-12 displays the simulation run for a step change in the Qref from -1.0 pu to

+1.0 pu. The simulation of Q in Fig.3-12(a) shows the completion of the reversai from

inductive ~o capacitive reactive power in about 3 cycles of the supply frequency.
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Pu;r_Q ~.L:-----------
_1~-_-- ....".7

(a)

(b)

iaI

pu ~lJ\. -"- 1\. '" 1\ n.. J\. r\ r\ j (e)
.lrV~ vu ""\J\JV\.IV V

"___"""--_--'-_---'__..1--0_......._----10 ' lU

Fig.3-12 Digital simulation ofstep change in QRFF: (a) reactive power, (b)
STATCOM output voltage v.(t) and current i.(t), (c) phase-a output voltage of
first module, (d) phase-a output voltage ofsecond moduI~ (e) phase-a output

current offirst module, (f) phase-a output current ofsecond module.•
, ,. /" 111 Ut 161 lU
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Fig.3-12(b) shows the cUITent initially lagging the voltage by 90° changing to 90°

leading. The voltage magnitude changes from the under excitation value to the over

excited voltage level. The THD of the voltages is 5.5% and the THD of the current is

3.00,./0.

Fig.3-12(c) and (d) displaythevoltage waveforms ofFig.2-1(b) ofthe 2 modules.

Fig.3-12(e) and (f) display the currents ofboth modules.

pu U.

VtrI
1VIT2

VtrJ 0 ~~~r.rar~~~r'TI"r&r~~~~~~r.,&r""'~"""'T'I.:r~
VITI

Vtrs-l

Vtr6

1

o......&--------....-..,.,..----------'1,..,.......t
-1

-----------------------' mso aJ3 1~1

Fig.3-13 (a) Implementation ofmultilevel sinusoidal pulse width modulation
technique t:: /fm=36, (h) Output voltage waveform using SPWM.
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3.6 Sinusoidal Pulse Width Modulation Method

Most research on the diode-clamped multilevel converter are based on the

Fundamental Frequency Switching strategy which is suited ta GTO technology because

the GTOs are required to switch at the lowest rate of 1 pulse per period of the modulation

frequency. This chapter extends the research ta the Sinusoidal Pulse Width Modulation

(SPWM) strategy as Insulated Gate Bipolar Transistors (IGBTs) are now possible

competitors ofGTOs in high power applications because they are available at 250~ 3KV,

switching at 2KHz.

The research ofthe remaining chapter has been devoted ta developing regulation

and equalization feedbacks. The conclusion based on digital simulations is that for the low

carrier-ta-modulation frequency ratio, J;/fm =36, the equalization feedback is more

difficult ta stabilize.

Fig.3-13(a) illustrates the implementation ofthe sinusoïdal pulse width modulation

(SPWM) technique as applied to the 7-1evel converter. The triangle carriers are generated

in the 6-levels associated with the capacitors Ci' j=1,2...6. The GTOs admitting the current

icj to control Cj are tumed-on and turned-off at the intersection points of the sinusoïdal

modulating waveform and the triangle wavefonn ofthe jth level.

It is found that in arder ta attain comparable total hannonic distortion (THO) in the

current waveforms, which is comparable ta the Fundamental Frequency Switching

strategy, the carrier frequency to modulating frequency ratio (1;/lm) has ta as high as 36.
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Fig.3-14 Response of regulation feedback Wlder Sinusoidal Pulse Width
Modulation strategy withfjfm=36: (a) ac voltage v.. and current iln (h) 3 phase

current i(l ,iin jo (e) de capacitor voltages vc], vc2, VcJ.

The charging and equalization of the capacitor voltages fol1ow the principles and

physica1 insights offered by the Fundamental Frequency Switching strategy, described in

Section 3.3. The schematic of the feedback contrais is the same as in Fig.3-6. The

•
difference lies in that the modulating signal is programmed into EPROMS. As the

EPROMs are addressed at each increment of the COUNTE~ the modulating signal is

read and compared with the triangle carriers and the intersection points cause the GTOs
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Fig.3-15 Response ofequalization feedhack under Sinusoïdal Pulse Width
Modulation strategy with. f!lm =36: (a) ac voltage Va and current fçn (b) 3 phase

current fa ,Îln i~ CC) de capacitor voltages Ver, Ven Vd -

of the jth level to be activated. The de voltage regulation by voltage angle feedback has

been described in [53,57] and needs no further-elaboration.

The equalization control follows the principle of the shift of ât.i as illustrated in

Fig.3-8. In the SPWM method, this corresponds to shifting the modulating signal by â~

for each of the 6-1evels.

Fig.3-14 shows respectively Ca) va' ÎQ,(b) the 3-phase currents and (c) the capacitor

voltage wavefonns following a stetXhange in the input modulating signaIs which change
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the STATCOM from capacitive to inductive operating mode ofoperation. The 3rd and

triplen harmonie ripples are evident. Fig.3-15 shows again a slower response of the

equalization feedback.

3..7 Conclusions

Because ofthe high MYA ratings, it would be expensive to provide independent,

equaI, regulated de voltage sources ta power the multilevel 'converters which are presently

proposed for STATCOMs. OC voltage sources can he derived from the de link capacitors

which are charged by the rectified ac power. This chapter has addressed two control

issues: (1) regulation ofthe de capacitor voltages and (2) their equalization. Equalization

is necessary (i) ta ensure the even sharing of voltage stresses in the gate-tum-off

thyristors (GTOs), and (ii) ta prevent the degradation of total harmonie distortion (THO)

factors, as all harmonie elimination strategies depend on equal voltages in their

assumptions. The strategies considered are: (a) the Fundamentai Frequency Switching

strategy, (b) the Sinusoidal Pulse Width Modulation strategy. Digital Simulations are used

to conf'rrm the feasibility of the control methods in both the cases of single module and

multimodule of multilevel converter. The researeh has shawn concIusively that the de

voltage regulation feedback loop alone cannot equalize the de capacitor voltages at the

different levels ofthe multilevel STATCOM. The equaIization feedback loop is necessary

for this task. As equalization entails only an additional feedback loop, it is cost effective

and no additionalloss is incurred.
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CHAPTER
FOUR

CHOPPER-BASED De CAPACrrOR VOLTAGE
EQUALIZATION OF MULTILEVEL
RECTIFIERJINVERTER LINK

4.1 Introduction

It has been widely recognized, through digital simulations and reduced scale

laboratory experiments, that the diode-elamped multilevel converter of Fig.2-1(a) is

suitable for application as a STATCOM [28,30-32,40]. This chapter is a continuation of

the research on the "diode-clamped" topology operating under fundamental frequency

switching strategy [46]. Raving successfullyaddressed the problem ofde capacitor voltage

equalization in the STATCOM in chapter 3, this chapter investigates the feasibility of

extending the multilevel concept ta other GTO-FAcrs controllers. The rectifierfmverter

link plays a pivotai raIe in two FACTS controllers: (1) the Unified Power Flow Controller

(UPFC) [17-22], and (2) the back-to-back Asynchronous Link [17,59]. The enquiry ofthis
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chapter is directed again ta the problems ofequalizing the de capacitor voltages. The initial

disappointing finding is that the feedback method applied successfully in the STATCOM

[33,36,46] is effective only when the ac voltage magnitudes ofthe rectifier and the inverter

are equal [35]. The practica1 implication is that reactive power on both sides cannet be

controlled independently and consequently the flexibility of the FACTS controllers is

limited.

This chapter shows that the limitation can be surmounted by ineorporating de

choppers [39,49] to transfer electrie charges from capacitors with excessive voltages to

eapacitors with deficient voltages. The MVA rating ofthe chopper is around O.lpu. The

added cost of the chopper must he balanced against the revenues whieh come from the

increased flexibility.

This chapter continues to use the concept of multiple modules of multilevel

converters which bas been introduced in ehapter2 ta increase the MYA rating. As has been

shown, multiple modules offer additional switching degrees offreedom in the fundamental

frequency switching strategy to elirninate more unwanted harmonies and thus improving

waveform quality. In the design example ofthis ehapter, the rectifier and the inverter are

each based on 2 modules of diode-clamped 7-level converters because they oirer 6 degrees

offreedom in design which are sufficient to provide magnitude CVAr) control, ac current

equalization in the modules and the suppression of4 harmonies CS!!!, 7!lb Il!1b 13!h).

4.2 Rectifier/Inverter Link
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Rectifier Chopper Inverter

FigA-l Schematic of multimodular multilevel converter with chopper.

Fig.4-1 shows the schematie ofthe rectifierfmverter linle based on the 2 modules of

7-level converterofFig.2-1(a) on each side ofthe de link- The rectifier and the inverter are

interconnected through the 7 de buses and share the 6 de capacitors. The chopper-based de

voltage eqlla1jz;rtjon system [39,49] is shown in the de link. A full description ofit appears

in section 4.3. The application ofthe rectifier/inverter link will be discussed in chapter 5.

•
4.3 DC Capacitor Voltage Unbalance

Equalization of the de capacitor voltages is necessary to ensure that the voltage
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•

stresses across the GTOs are equally shared. As the de voltage regulator ensures that the

total de link voltage, Vde. is maintained at Vac_ref' undervoltage at one level automatically

implies overvoltage at another level whieh may exceed the voltage rating of the GTOs.

Furthennore, the fundamental frequency switching strategy assumes equal de voltages and

any departures imply that the harmonie cancellations will be imperfect.

4.3.1 Equalization ofDC Capacitor Voltages in Multilevel STATCOM

In the multilevel STATCOM in chapter 3, it is possible to use a second set of

feedback loops which control the switching angle atm (of Fig.2-1(b» to equalize the de link

voltages at the different levels ofthe converter [34,36,46]. As has been explained more fully

in chapter 3, under steady-state operation, the conduction window ofthe GTOs at each

level (illustrated in Fig.4-2 as aj~GX~1t-af , i=l, ..., (N-I)/2 for N-level converter) is

symmetrically centered with respect to the zero cross-over point of the CUITent . The de

lc)t

...-.-- ffJ

Fig.4-2 Line current and conduction window ofjth level.
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voltage ofthe jth level is based on the electric charge âq deposited on the dc capacitor of

thatlevel which is equal to thearea underthe curve ofthe current ia fromwt=aj to 1t-ai .

In the illustration ofFig.4-2 in which the window is centered, the total area is zero 50 that

the electric charge is not changed and the voltage remains constant. However, when the

window is shifted by âai sa that the window limits are ai+âa; and 1t-ai+.6.a; :J the total area

is positive causing the dc voltage to increase when L\ai is positive and vice-versa. The

equalization control is based on measuring the dc voltage ofeach level, comparing it with

the reference and using the error in negative feedback to control.6.cxi . The equalization

control by feedback in chapter 3 is possible because the conduction window is

symmetrically centered in the STATCOM.

4.3.2 Equalization ofDe Capacitor Voltages in Rectifier/lnverter Link

In order ta reduce the complexity in the analysis ofdc voltage unbalance, Fig.4-3

shows the back-to-back rectifierfmverter Iink using single module of7-level converter. The

conclusion of this simpler model cao he extended to FAcrs controllers using

muItimoduIes ofmultilevel converters ofFig.4-l. Fig.4-4 illustrates the a-phase currents iha

(h-l for rectifier and h=2 for inverter) and the conduction windows ofa typica1level ofthe

rectifier and the inverter. In Fig.4-4, the time origins ofthe rectifier and the inverter have

been chosen to that i 1a=.fïI1sinCù1tl and i2a=.fïI2sïnüJ2t2 • It is useful to bear in mind that

under steady-state, the centers ofthe conduction windows ofall Jevels are aligned with the



• Chapter 4 Chopper-based De Voltage EqlJalization ofMuItiIevel RectifierlInverter Link

V.ll: l [3

~~
(!

~ C J • ~ ,... ~ r- ~ !!l V.l
V~I: [3 r: J ZI ;a ~J'2

• 1: JE (3 F (3

~ C 2 - ~
lS /!I FI ~ .

• r: Cl
~

[J - a
i- a ~ .~

• 1:~ G~ ~ c ~ lJ ~ ~ ~ @D 1- l.l~ C
~ ~ (; ~ ~ ~ C •~ l !! ~ 2J ~~ ~.~- J _"

~II. • 13.~ ._v-
~Iz.

c~· .; 13~~

• Cll- e
~

c
~ ~

~

~
a J ZJ •

"V

Lsz • c r: r: l:J a ZJ • Lfi

· ~ F E t:
C •~ ~ a ~ .

• c ~ f
""- r:

~ - li
'-- a "'--

~ .J S J
~

V.l.l r: F li J [J
J .~ 11 a av.l.1

'Y.l~ r: F (l F li ~ c 6 - l a a l an~

11

Rectifier h = 1 Inverter h=2

Fig.4-3 Schematic of rectifierfmverter link composed ofsingle module ofmultilevel
converters.

peak of the voltage waveforms. The voltage and current have a phase angle 'Ph between

them, and this angular constraint is described by Çh=1t -<p". The conduction angles, aih
2

(i=l, ..., (N-l)/2 for N-level converter) which are solved from Fundamental Frequency

Switching Strategy described in chapter 2, define the half-window width J3jh=~-aih (i=j,
2

whenj~N -1 and i--:N-j when N -1 <j<N.) Under steady-state, the electric charge admitted
2 2

to the jth capacitor in each period is

(4-1)

•
In order to stabilize the capacitor voltage, /:i.qj=O:

(4-2)
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Since <Ph =(.!: -Çh):» h~1;2:» are the power factor angle ofthe rectifier and the inverter
2

respectively, the above equation can be rewritten as

~/l COSCPI sinf3f1
Vi .

=-V2 /2 COS<p2 sm~J"2 (4-3)
V;

or

PJ sin~J
VJ .

- V. P2 sznfJj2 (4-4)
2

where Pl and P2 are the active powers, VI and V2 are the nns values of voltages:» /1 and

/2are the nns ac currents ofthe rectifier and inverter respectively. Obviously Pl should be

equal to P2 and therefore we have

Vl = sinf3JJ
V2 sin{3j2

(;=1:»2 ... N -1 ) (4-5)

In the 3-1evel converter, (4-5) is automatically satisfied. For levels higher than 3-

level:» it is necessary to operate with the same switching patterns at both the rectifier and

invertersides, thatis Pjl=Pj2 and Vi =Jt;, in orderto satisfy (4-5). However, 1311 , J3j2 G=I,2

Fig.4-4 Conduction window orthe (a) rectifier and (h) inverter.•
(a)
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...~ N-l) are determined by hannonic elimination and ather considerations. In order to

achieve the capability ofmulti-function power flow controL the multilevel Asynchronous

Link or the multilevel UPFC depends on changing the switching patterns to obtain the

independent control ofthe ac voltage magnitudes at both the rectifier and inverter sicles.

Therefore, (4-5) is a serious constraint ta the multilevel asynchronous link or the multilevel

UPFC.

The analysis shows that for VI :1: V2 ' in arder to stabilize and equalize the de capacitor

voltages, the electric charges of capacitor must he transferred from one level to another

Ievel.

4.4 Auxiliary Chopper Circuits for Capacitor Voltage Equalization

As it is not possible to use feedback contraIs to equalize the dc voltages, the

auxiliary chopper circuits of Fig.4-1 are incorporated into the design. This design

presupposes that the flexibility which cornes from the ability to vary the ac voltages

independently is worth the additional cost, which is affordable when the ratings of the

auxiliary GTOs, diodes and inductors are low.

4.4.1 DC Chopper Circuit

Fig.4-I contains 4 cIass B de chopper circuits. Comparing the GTOs QI' ... Q6 and

the antiparallel diodes Dl' ... D6 ofFig.4-1 with the GTOs ofthe main converter in Fig.2­

I(a), one sees tbat they must have the same voltage ratings. The chopper circuits are
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economically feasihle only when their current ratings are small.

To explain its operation byway ofan examples=, Ql'Dl' Q2,D2 and L l2 fonn the

elements ofone chopper circuit. Ifthe voltage Vc2 ofcapacitor C2 is higher than ~l of

capacitor Cl and it is desired to transfer sorne ofthe charge in capacitor C2 to Cl=' Q2 is

turned on briefly. The capacitor C2 discharges through Q2 transferring energy to the

inductance L 12 • As the current icgI increases from zero=, the magnetic energy ofL l2 builds

up. When Q2 is turned off: icgl continues 10 tIowthrough diode Dl to charge the capacitor

Cl. The opposing voltage VcI causes icgI to decrease to zero, at which point the stored

magnetic energy in L l2 has been transferred entirely to Cl'

When the charge of Clis to he transferred to C2 , it is QI which is turned on

momentarily sa that icgl reverses in direction. The capacitive energy of Cl is converted as

magnetic energy in L l2 as icgl increases in the negative direction from zero. When Q2 is

turned oa: icgl continues to flow through the diodeD2 ta charge the capacitor C2 •

4.4.2 DSP AIgorithm for EquaIization

Fig.4-S shows the tIow chart ofthe control aIgorithm used in equalizing the voltages

Vc1 and Vc2 across capacitors Cl and C2 • The total de voltage Vdc is measured and the

meanequalired capacitorvoltage for the 7-level converter is set at Vo=Vdj6=, with an upper

threshold Vmax and a lower threshold Vmin of 1%. The GTOs QI and Q2 are triggered ON

and OFF based on 4 logic decisions in the flow chart.
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•

No

,
data acquisition

No

Fig.4-5 DSP control aIgorithm of the chopper control.
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Fig.4-6 shows Vcl , Vc2 and 'cgl which illustrate the operation of the control

algorithm of Fig.4-5. Because of the unequal rectifier/inverter power transfer, Vcl is

collapsing while Vc2 is increasing. At time tl' Vc2=Vmax and Vc1<Vmin' 50 that Qz is turned

ON and QI is tumed OFF. The flow ofthe current icgI drains the charge in Cz 50 that Vc2

drops. The voltage VCl ofcapacitor CI continues to decrease. At tirne lz , when Vc2=Vo '

the GTO Q2 is turned OFF. The magnetic energy stored in the inductance maintains the

flow of 'cgl which takes a path through the diode Dl to charge Cl' The voltage Vcl

increases until /3 when icgI drops to zero. Thereafter VC2 continues to increase and Vcl

Vc1V .
max

v:,
Vmin

L.-.-----..:.-~ ~_~ --II~ t

v . L............................. . .max . : : .. . .. .. .. .V : : : : : .

V:;n ::::::::::::::::::::::r:::.!...:r:::::::::::::::::::::r::I··::r::::::::::::::::::::
L- ~~-~~-~~-_- ~-_~-__~ .... t

I....- ---a::~..:.-~ --'-__~ --II... t

Fig.4-6 lliustration ofvoltage equaliz;ttion control algorithm.

•
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continues to decrease because ofthe inherent unba1ance in the rectifier/inverter. The action

ofthe equalization circuit is repeated at time i4 •

Fig.4-1 shows other chopper circuits: Q2 "Q3 and Ln to equalize the voltage of C2

and C3 , Q4' Qs'andL4s toequalizethevoltage C. and Cs,Qs, Q6 and LS6 toequalizethe

voltages of Cs and C6 • Each chopper circuit is loca1ly controlled by the algorithm of

Fig.4-5.

4.5 Simulation Test ofAuxiliary Circuits

Fig.4-7 shows the digital simulation of the unstable dc link capacitor voltages

without the chopper circuits when the rectifier and the inverter have different magnitudes

of the fundamental ac voltages 50 that the constraint of(4-5) for balance is not satisfied.

Fig.4-7 DC capacÏtor voltages without chopper controls.•
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Fig.4-8 Waveforms of (a)capacitor voltages with chopping circuits~ (b) and Cc)
charging currents ofchopping circuits.

Fig.4-8 shows the digital simulation ofthe stabilization by the chopper circuits sa

that the upper capacitor voltages vc1 , vc2 and vcJ converge towards a common average de

level. Fig.4-8(b) and (c) show the typica1 chopper currents, icgl and i cg2'

•
In the simulation runs ofFig.4-8(b) and (c), it was found that the currents taken by

the chopperdo not exceed 1001"0 ofthe rectifierfmverter. The switching frequency is aIse of
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the arder of 1 pulse per 60 Hz period so that switching loss is not prohibitive. FinallY7 the

addition of the chopper has not caused the Total Harmonie Distortion Factor to be

increased.

4.6 Experimental Tests

As the problem of using multilevel converters in the rectifierfmverter link is dc

voltage instability, the program ofexperimental tests is focussed on proving that the system

+

D'2
• Vc2 1

~_-+-__'_c__r2 --..~-+-_--o;,_ V
3

=

-T-~"""-------------r------ V4
1
1
1

~----------------I 1------------
1 l ,
... ----------------. 1 1 .-----------,

1 1 1 1

FPGA A/D

• Fig.4-9 Laboratory Chopper System.
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FigA-lO Real-time control system for ehopper-based voltage equalizing in rectifierFmverter de
link based on 4-1evel converters.

ofclass B-ehoppers can stabilize the de voltages by equalizing the capacitor voltages in the

different levels.

4.6.1 Voltage Equalizing Chopper System

Fig.4-9 shows the Voltage Equalîzing Chopper System which has been built in the

laboratory for experiments with 4-level converters. The controis are local, that is the

•
control strategies are based on using voltage threshoids of the Vmax and Vmin to tum the

GTOs on and offas illustrated in Fig.4-6. The electronic irnplementation makes use ofa
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Fig.4-11 Test of capability ofchoppers ta equalize capacitor voltages.
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rea1-time system composed of1MS32OC40 DSPs and Xilinx FPGAs as shown in Fig.4-1o.

4.6.1.1 Equalization Tests

Fig.4-11 is the oscillogram ofa passive test in which initially the capacitor voltages

Vc/ and vc1had been charged unequally. The traces of icgl and icg2 show that after the initial

large charging currents required to equalize the capacitor voltages> small notches keep the

voltages equalized in the face ofsmall> unequal current drains in the supply circuit.

4.6.1.2 Suppression ofPeak Currents in Chopper Circuits

Since the chopper systems in the simulation tests have been found to switch at a

frequency ofabout once every ac supply cycle and the peak currents are sized at less than

1()oA ofthe ac current ratin~ they are attractive for FACTS application. However, the test

results of Fig.4-11 disclose that under transient condition~ there are large peaks of the

charging cwrents which can exceed the ratings ofthe OTO devices ofthe chopper system.
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Fig.4-12 Test ofovercurrent suppression ofthe chopper system

In arder ta suppress the overcurrent, a DSP algorithm for overcurrent suppression is

designed and implemented ta supplement the algorithrn for equaIization of Fig.4-5. As

shown in the experiment test ofFig.4-12, when the capacitor, C2 ofFig.4-I, for example,

continues to discharge through inductance L 12 and the charging current Ïcgl reaches an

upper limit, the gating signal for the corresponding GTO of Q2 is blocked sa that the

discharging of Clis stopped and the charging CUITent icI begins to decrease and charges

Cl through Dl . The blocking algorithm is deactivated when icgI bas decreased ta a safe

value and Vc2 is still 1% higher than ~J.

4.6.2 RectifierlInverter DC Link Based on 4-level Converter

The 6 modules of3-phase IGBT bridge converters available in the laboratory are

connected as two 4-1evel converters in a back-to-back rectifierrmverter link. The 4-Ievel
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fundamental frequency switching strategy. The switehing angle ofthe rectifier is used ta

eliminate the 5th harmonic, leaving it no magnitude control. However, the phase angle of

the waveform is shifted by the error between the dc voltage reference and the measured

total de voltage. Thus this converter rectifies or inverts real ac power ta null the error and

in the process, tracks the real power of the inverter module. The switching angle ofthe

inverter is used to control the magnitude of the ac voltage in the experiment. In

consequence, the inverter currents have poorer ac wavefonns than the rectifier.

4.6.3 Steady-State Test

Fig.4-13 shows the line-to-neutraI, 4-1evel voltage waveforms ofthe rectifier and

the inverter. The conduction angles ofthe switches ofthe rectifier are not proportional to

SOV/div

1
VSa L

1

r
ï (a)
1
,

VR L(1.
1
1 (b)1

1"

~
L Tim-c:

FigA-13 Line-to-neutraI voltage waveforms: (a) rectifier, (b) inverter.
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FigA-14 Line currents: (a) rectifier~ (b) inverter.
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those of the inverter, a condition which normally leads ta voltage instability. Fig.4-14

shows the quality oftheir current wavefonns in steady-state operation. The control which

ensures that the ac power drawn by the rectifier equals that delivered by the inverter is the

de voltage regulating feedback loop ofthe rectifier. The de chopper equalize the de voltages

in all the levels.

4.6.4 Transient Test

The transient test consists of introdueing a step-change in the magnitude of the

inverter ac voltages through the switching angle shown in Fig.4-15. In Fig.4-15, the trace

of the inverter ac voltage, VRa' shows asudden widening ofthe conduction angle ofthe top

and bottom segments. The trace of the rectifier ac voltage remains unchanged. The ac

voltage and current on the inverter side are captured in the oscillogram ofFig.4-16 (at a
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Fig.4-15 Line-to-neutral voltage wavefonns showing step change in voltage
introduced in inverter (b)~ while rectifier maintains constant voltage (a).

different time scale).

Fig.4-17 shows the voltages ofthe de buses Vl , V2 , V3 and V4 with respect to the

20V/div

Via

t
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~
~

iRa

• 4A1div

Fig.4-16 Inverter voltage and current in transient test.
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Time:
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Fig.4-17 De link voltages in transient test.

VcJ=V3 - V4 are almast equal even during the transien~ showing the fast action of the de

choppers. The initial increase of Vde=VI - V4 is due to the fact inverter side has reduced the

real power output. As the rectifier is slow in tracking this change, the real power intake

causes the capaeitor charges and the de voltages to increase. The adjustment by the phase

angle ofthe rectifierwavefonn in response to the error in the de voltage regulator feedhaek

loop causes the intake rea1 power to he lowered as the rectifier power tracks the inverter

power. Sorne hunting has taken place hefore the new steady-state reaehes equilibrium.

4.7. Conclusions

This chapter has shawn that by incorporating a de chopper based de capacitor

voltage equaJization system, the multimodular multilevel rectifier/inverter linIe can operate
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with independent ac voltages. Thus independent reactive power control is possible. As the

back-to-back Asynchronous Link [17,59] and the UPFC [11-16] depend on the

rectifier/inverter link, the research opens up the feasibility of rea1izing them by

multimodular, multilevel converters.



•
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CHAPTER
FIVE

BACK-TO-BACK ASYNCHRONOUS De LINK AND
UNIFIED POWER FLOW CONTROLLER BASED ON
CHOPPERSTABILIZED MULTILEVEL CONVERTER

5.1 Introduction

When the multilevel rectifierrmverter pair, as shown in Fig.5-I, is applied as a back-

to-backAsynchronous Link [17,59] ofFig.5-2, or as the shunt and the series converters of

the Unified Power Flow Controller (UPFC) [11-16] as shown in Fig.5-3, the de voltage

instability condition has the implication that the magnitudes ofthe ac voltages ofthe series

and shunt converter must a1ways operate at a fixed ratio detennined by the transfonner turns

ratios chosen. This is a severe constraint and limits its range ofoperation and flexibility.

Therefore, a system offeedback controlled class B-chopper [39,49] has been proposed in

chapter 4 to sunnount the impasse. As shown inFig.5-1, each class B-ehopper consists, for
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example, ofan inductor L[2 and GTO's QI ,Q2and their antiparaIlel diodes Dl ,D2 " The

capacitor with the voltage higher than the preset threshold has its excess electric charge

transferred to the capacitorwith the lower charge. Only local controis are employed. In the

7-level converters ofFig.5-1, there are altogether 4 class B choppers: Ql'Q2 to equalize

Vcl ' VC2 ' Q2" Q3 to equalize Vc2' VcJ' Q4,QS 1 to equalize VCoI ' Vc,5 and Qs' Q6 to equalize

Vc:s, ~6- The voltage Vcjis the voltage across capacitor Cf ,j=1,2 ... 6.

The successful equalization of the dc voltages of the back-to-back connected

multilevel converters, which bas been substantiated by digital simulation and experimental

tests in chapter 4, removes the constraint of (4-5) that the voltages of both converters

must operate at a fixed ratio. This aIlows the back-to-back Asynchronous Link and UPFC

Fig.S-1 Schematic ofmultimodular multilevei converter with chopper.

InverterChopperRectifier
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•
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Fig.5-2 Co-ordination ofreal and reactive power control of the back-to-back
asynchronous dc link •

to operate with independent controls over the rea1 power and reactive powers on both sides.

This chapter will study the feasibility ofthe back-to-back Asynchronous Link and

UPFC based on the chopper stabilized multilevel converter. The cIaims are confirmed by

digital simulations.

In the event when the MYA ratings require multiple modules to fulfil the current

•
ratings which cannat he met by a single GTO module, the modules can he connected

directIy in parallel. It has been shown in chapter 2 that the parallel modules share the load

current evenly.
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Fig.5-3 Schematic ofa transmission line with UPFC in service.

5.2 Back-to-back Asynchronous De Link with Independent Reactive
Power Controls

Fig.5-1 shows the schematic ofthe rectmerfmverter linle based on the 2 modules of

7-level converter ofFig.2-1(a) on each side of the de link. The rectifier and the inverter

interconnect through the 7 de buses and share the 6 de capacitors. The chopper-based de

voltage equalization system [39~49] is shown in the de link The full description ofit bas

•
appeared in chapter4. This section is devoted to the controls ofthe rea1 and reactive power

through the de link, using the back-to-back Asynehronous Link ofFig.5-2. The conclusion

can be extended ta UPFC ofFig.5-3.
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5.2.1 Co-ordination of Real Power Transfer
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In the highly inductive electric power transmission environment, real power transfer

is based on control ofthe voltage angle ôij in the equation:

p ~ ~ sinôfj

Xif
(5-1)

•

This is clone by advancing or retarding 3if' the angle of the converter voltage

waveform ~. of Fig.2-l (b) with respect to the Thevenin voltage V; and the Thevenin

reactancejXij of theac system as seen attheactenninals oftheconverter. In Fig.5-2, ~, Vj

inverter side.

The co-ordination of real power transfer through the rectifierfmverter system

consists ofusing ôij as the control levers to null the errors in two local feedback regulated

systems: (1) power dispatcher and (2) de voltage regulator as shown in Fig.S-2 and

described in [59].

5.2.2 Power Dispatcher

The inverter, for example, may be configured as a power dispatcher [59] with the

specified power set as its regulator reference. The rea1 power P through the rectifier is

measured and compared with the reference Pnf- The error is applied in negative feedback

through a proportional-integral transfer block to null the error by controlling ôR of(5-1) on

the inverter side.
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5.2.3 De Voltage Regulator
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The rectifier needs only to ensure that the total de link voltage Vde is regulated at its

set-point voltage Vdc_n(' This is done by using ÔS~ the angle control lever ofthe rectifier to

transfer real power 50 as to null the error between the measured total de voltage and the

reference voltage [59]. To maintain the dc voltage at its reference setting, the rectifier must

replenish the de power taken by the inverter. Thus the real power transfer of the

reetifier/inverter pair is co-ordinated.

5.2.4 Independent Reactive Power Control on Either Side

Having committed ôij in co-ordinated control of the real-p0\\t'er through the

rectifier/inverter, the voltage magnitudes ofthe rectifier and the inverter are available for

independent reactive power control. Corresponding ta the desired ac voltage magnitude,

the switching angles alm' a2m , ~m (m=1,2) ofFig.2-1(b) are accessed from Switching

Pattern Table ta control the GTO switchings. As illustrated in Fig.5-2, the reactive power

Qs, QR of the rectifierlinverter tenninals are measured, compared with the reference

settings and their errors point to the indexes ofthe Switching Pattern Tables.

5.2.5 Digital Simulation Tests of Back-to-back Asynchronous DC Link

Digital simulation programs have been written in C language and the numerical

integration is carrïed out using the Euler method.

Fig.5-4 and Fig.5-5 present the digital simulations oftwo tests. The design data are
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listed in appendix E. In Fig.5-47 the regulated rea1 power is set at P=O.5 pu. On the

rectifier-sicle, Qs = O.Opu. On the inverter-side, the initial setting ofthe reactive power is

QR=-O.9pu. A step-ehange is introduced to reverse the inverter-side reaetive power ta

QR=+O·9pu.

Fig.5-4(a) and (b) showthatP and Qsmaintain theirregulated values and Fig.5-4(c)

shows the changeover ofthe inverter reactive power from QR = -0.9 ta +O.9pu. Fig.5-4(t)

is total inverter line current and (d) (e) are the currents from its two multilevel converter

modules.

The chopper currents icgl and 42 are shawn in Fig.5-4(g) and (h). Typieal de

capacitor voltages ~/7 Vc2 and VCJ are shown in Fig.5-4(i).

In the test ofFig.5-5, the reactive power settings ofthe both converter stations are

maintained constant. A step-reversaI in the reai power transfer is introduc~ that is the

regulated power setting ofP = +O.85pu is changed to P = -O.85pu. Fig.5-5(a) to (i) show

the same quantities as in Fig.5-4.

The significant findings ofthe tests relate ta sizing ofthe auxiliary chopper voltage

eqllaljzation circuits. From the waveforms oficg! and icg2 in (g) (h), one estimates that their

ratings do not exceed 10% ofthe main converter ratings.

The tests show that the rms eurrents in (d) and (e) and the capacitorvoltages in (i)

are held equal during steady-state and transients.
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Fig.5-4 Digital Simulation of back-to-back asynchronous de link: reversaI of inverter
reactÏve power.

95
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5.3 Unified Power Flow Controller Based on Chopper Stabilied MuItiIevel

Converter

5.3.1 RectifierlInverter Link for UPFC

Fig.5-3 shows schematie of the proposed UPFC based on the chopper stabilized

multilevel converters. The UPFC is situated at the sending-end of the transmission Hne

which is represented by impedence R +jwL. The converter on the left side ofthe UPFC is

conneeted in parallel with the source side of the transmission line. 115 ac voltage phase

angle and magnitude are independently regulated to control the real power transfer to or

from the UPFC and the reactive power generated or absorbed by the converter. The

converter on the right side ofthe UPFC is connected in series with the transmission line

with its voltage phase angle and magnitude being applied ta control the voltage phase angle

and magnitude of Vr, and as a result, the amount of the real power and reactive power

transmitted to the receiving end.

The voltage instability ofthe de busses, resulting from the independent control of

the ac voltage magnitudes using switehing pattern control of bath converters, are overcome

by the class B de ehoppers described in chapter 4.

5.3.2 Digital Simulation Tests ofUPFC

Fig.5-6 shows the transient response when the voltage angle ô between the
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sending-end voltage es and the receiving-end voltage eR has a step increase by a small

amount~ô.Fig.5-6(a)(b) and (c) show the rea1 power P and the reactive powers QR and Qs

as measured on the transmission line. Fig.5-6(d) and (e) show the voltages and currents eR' iR

and es' is ' The feedback strategies have been designed to regulatethe P, Q.r and QR and

the results show that the transients are damped out within 5 cycles.

Fig.5-7 shows the same step increase in the voltage angle ~ô for the case when the

UPFC is not present. One sees that P, Qs and QR settle ta new equilibrium values. In

comparing Fig.5-6 and 5-7, one concludes that UPFC has acted as a phase-shifter ta

compensate for the voltage angle change 6.ô introduced as a step in the digital simulation

}f \ (a)

V'-
... t

~l ~
(h).. t

-1

Fig.5-7 Transient response when ER is Phase shifted and no UPFC is in service.•
o 20 40 60

. , ,
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experiment.

In Fig.5-8, the sending-end and the receiving-end voltage magnitudes have initially

been set at constant values. The experiment consists of making a step-change in the

reference setting of the real power Prcf from a positive value to a negative value without

changing the reactive power references QR_rcf and Qs_l':f. In Fig.5-8(a), (b) and Cc), one

sees that unity powerfactors is kept in the sending-end side while constant positive reactive

power is kept at the receiving-end side. Fig.8(d) and (e), one sees the 180 0 phase reversais

ofthe current as a consequence ofthe power reversa!.

The simulations of the multilevel converter based UPFC would not have been

possible without the class B chopper systems to stabilize and equalize the dc link voltages

thus allowing the magnitudes ofthe ac voltages ofthe series and shunt converter to vary Qs

and QR independently, so that the UPFC operates more effectively. The simulations have

shown that a multileveI UPFC is feasible.

5.4 Conclusions

Digital simulations have established the feasibility ofa back-to-back asynchronous

de link and a UPFC based on a rectifierfmverter pair, each being made up of 2 parallel

connected modules of 7-1evel converters. The de voltages at the different levels are

equalized by de choppers thus solving the problem of voltage instability inherent in

multilevel converter when the ac voltage magnitudes are not equal.
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In incorporating a de chopper based dc capacïtor voltage equalization system to free

the back-to-back asynchronous de link and the UPFC from the constraint that it must

operate with equal ac voltage magnitudes, they enjoy the full flexibility of independent

contraIs over the real power P and the reactive power Qs and QR on either side.
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CHAPTER
SIX

CONCLUSIONS

Summary:

Three years ago when the research of this thesis began, there was a sudden surge

of interests in multiconverters as controllers of reactive power, or STATCOMs, in

Flexible AC Transmission Systems CFACTS). It dawned on researchers of FACTS

controllers that the multiple-Ievel allow the solid-state switch devices to be connected in

series, thus building up a high voltage rating, without exceeding the safe voltage limit of

the devices. The ability to switeh the devices independently aIlows selective harmonie

cancellations to he ineorporated to lower the Total Harmonie Distortions (THDs) in the

output wavefonns. As both FAcrs controllers and the multiconverter concept were recent

arrivaIs to the scene, the field of researeh was unexplored territory.

In undertaking researeh in this field, the literature search and the preliminary
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evaluations in chapter 1 have narrowed the focus to the diode-clamped topology as the

most promising one. Chapters 2 to 5, after uncovering the characteristics of the diode­

clamped topology, have found strategies which control the solid-state switches in the

multi-Ievel framework to operate as stand-alone, high-quality, high kV and high MYA

FACTS controllers. In the beginning, the hope has been to perfect the multilevel

STATCOM. As it has tumed out, the research has been very fruitful because the number

of FACTS controllers has been enlarged to include the multilevel UPFC and the

multilevel back-to-back Asynchronous Link.

Contributions to Knowledge

To the best knowledge of the candidate, the research on the diode-clamped,

multilevel convecters as controllers ofFlexible AC Transmission Systems in this thesis has

made the following contributions:

(1) Extending its field of applicatio~ which up to this thesis has been lirnited to

STATCOMs, to the Unified Power Flow Controller (UPFC) and the back-to-back

Asynchronous Link.

(2) Extending the topology, which up to this thesis has been limited to the single

multilevel converter, to multiple modules of multilevel converters.

(3) Extending the Fundamental Frequency Switching strategy, which up to this thesis has

been restricted to selective harmonie elimination only, to include: (i) modulation index

control and (ii) rms current equalization in the multiple modules.
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(4) Developing methods of equalization of the OC capacitor voltages by negative

feedback strategy.

(5) Developing aclass B cbopper-based scheme for the stabilization ofvoltage instability.

6.1 Extended Field of Application

Hitherto, the multilevel converter bas been applied as a STATCOM ooly. The

STATCOM functions as an electronica1ly controllable shunt reactance or series reactance.

The STATCOM is restricted to one control degree offreedom over the reactive power.

The Unified Power Flow Controller (UPFC) and the back-to-back Asynchronous

Link offer three independent control degrees of freedom: the real power and the reactive

powers on either side of the controller. The research of the thesis offers the conclusion

that:

• The UPFC and the Asynchronous Link can be rea1ized by the multilevel

converters.

6.2 Extended Topology

In order ta satisfy the hundreds of kV requirement of FACTS controllers with

GTOs which are rated at 6kV, a step-down transformer stage is necessary to bridge the
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transmission line voltage to the GTO-based multilevel converter voltage. As the cost of

voltage insulation is high, it is preferred to keep the converter voltage low.

The high MVA requirement of the FACTS controller and the stepped-down

voltage have the implication that the transfonner secondary currents are much higher than

can be carried by a single multilevel converter, as the GTOs are rated at 3 kA. One

requisite is to ensure the equaIization of the load current in the GTOs in the multiple

modules. As passive equalization circuits usually incur additionallosses in the auxiliary

circuits, this thesis prefers active strategies based on the control over parallel connected

multiple modules ofmuitiievei converters.

The necessity to use multiple modules is made into a virtue in this thesis. Instead

ofswitching the multiple modules in unison, each module is made to contribute actively

in harmonic elimination. The degrees of freedom in the designing switching instants of

the GTOs are increased by a factor equal to the number ofmodules.

6.3 Extended Fundamental Frequency Switching Strategy

As the early researchers in multilevel STATCOMs have limited the number of

levels to N=7, the limited degrees offreedom in the FundamentaI Frequency Switching

strategy are used up in the selective elimination of low harmonies. The MYAR control of

the STATCOM is left to the charging and discharging of the de capacitors.

In fonning an array ofM modules ofN-Ievel converters, the degrees offreedom



•

•

Chapter 6 Conclusions 107

in the Fundamental Frequency Switehing strategy are increased by a multiple of M.

Chapter 2 has shawn that the increased degrees of freedom offer the following benefits:

• Direct control over the magnitude of the fundamental harmonic. The response

time in the STATCOM is much faster than the indirect control of the de link

voltage, based on the eharging and the discharging of the de capacitors.

• The rms eurrents in the multiple modules are approximately equalized.

• The Total Harmonie Distortions (TIIDs) of the ac waveforms can be made as low

as desired by the elimination of more and more harmonies.

6.4 De Capacitor Voltage Equalization

The voltage across the GTOs in each level of the diode-elamped multilevel

converter is circumscribed by the dc capacitor voltage across the de buses of its leveL The

researeh ioto the process ofcharging the dc capacitor voltage in ehapter 3 has Yielded an

important conclusion that:

• There is no inherent "mechanismn ta equalize the dc capacitor voltages in the

different levels.

For this reason, the equalization ofthe de capacitor voltages must be "engineered"
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into the FACfS controUers. The voltage equalization is, in fa~ a sine qua non of FACTS

controllers for two reasons. Firstly, the equal sharing of the voltage stress ensures that no

excessive high voltage is applied across any GTO. Secondly, the Fundamental Frequency

Switching strategy assumes equal dc voltages as the basis of selective harmonie

elimination. For these reasons, chapter 3 has a significant conclusion that:

• The equalization of the dc capacitor voltages in the different levels in the diode­

elamped multilevel converter can he achieved by negative feedback circuits.

ft should he mentioned that the research teams ofOak Ridge National Laboratory,

USA [33] and Electrical and Computer Engineering Department, University of

Wisconsin-Madison [36] also discovered the same method of de capacitor voltage

equalization by negative feedback. The work of Oak Ridge National Laboratory was

presented in the Industry Application Society Annual Meeting, October, 1995, Orlando,

Florida The candidate's paper appeared together with that ofUniversity ofWisconsin­

Madison in Power Engineering Society 1996 Summer Meeting, July, Denver, whieh was

Iate because the referees insisted on revisions. However, the editors of the IEEE

Transactions on Power Delivery credited the paper subrnission date of the candidate's

publication [46] as July 31, 1995. Thus, the candidate's claim to original contribution is

justified.
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Research on the multilevel rectifierfmverter link is criticaI because it forms the core

of the Unified Power Flow Controller and the back-to-back Asynchronous Link:. In

chapter 4, one is confronted with the conclusion (which is proven mathematically) that:

• The multilevel rectifierlinverter has voltage instability in the OC link unless their

ac voltages are equal in magnitude.

The equal ac voltage magnitude constraint reduces the flexibility ofcontrol in the

UPFC and the Asynchronous Link as it lowers the degrees of freedom in control from 3

to 2. Further research to overcome the potential shortcoming has yielded the conclusion:

• The voltage instability can be suppressed by a system of class B choppers which

transfer the electric charge from the de link capacitor with the higher voltage to the

contiguous neighbour with the Iower voltage.

• Local controls are sufficient in co-ordinating the electrie charge transfers by the

system class B choppers.

6.6 Suggestions for Further Work
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In the research on the multilevel UPFC, the simulations have shown that the

current Ievels of the GTOs in the Class B Choppers do not exceed 10% ofthe fullioad

rating. Sïnce the cost is critical, a more thorough study should be made covering the

extreme ranges ofreactÏve power on bath sides.

The Fundamental Frequency Switching strategy bas been the mainstay ofthe thesis

because in the beginning ofthe research, the GTOs were considered to he the switches

for FAcrs controllers. At the tinte ofthe writing ofthe thesis, IGBTs are available at 3kV

with switching frequencies at 2 kHz. At such high switching frequeneies, the SPWM

strategy can he used. Sorne preliminary research based on SPWM strategy showed that

de capacitor voltage equa1ization was not easy ta achieve at low switching frequencies.

For this reason, the thesis research did not pursue SPWM. However, the IGBTs have

changed the operating eonstraints and there is room for future research based on the

SPWM strategy
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• APPENDIXA

REAL-TIME DIGITAL
EXPERIMENTAL TESTS

SYSTEM FOR

Two real-time digital systems have been successfully developed in Power Lab~

MeGill University, so that extensive experimental test of Fig.4-11 -- Fig.4-17 for

ehopper-based de capacitor voltage equalization of multilevel rectifierfmverter link: can

DSP FPGAs

" _ - _ .

Power electronicsPC

... : ,;. Digital ~ Data f AID
Processor

.... :

': !' controller ....- lacquisition ': lConversion

.............. ~ ........... ' ~ ..............- ..................................................................... _.- ......
~ ~

ME-PC
INK

Ir·· ....:.. ". •... ....... ··11 ,............................,

Host
Converters

.... "- Power ~
computer

, : r- system

V

L

• Fig.A-I Block diagram ofexperimental set-up.
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he perfonned with one digital system being used te control the multilevel rectifier/inverter

link and the other ta control the choppers.

A.l Real-time Digital System

Fig.A-l shows the block diagram ofthe experimenta.1 set-up and Fig.A-2 shows

the overall view ofthe eXPerimental facilities. The rea1-time data acquisition and control

strategy are implemented in a digital system, which is an integration of hardware and

software, including host-computer, VME-based multi-OSP [60-63] system, multiple

FPGA [64] and PLD logic devices, VCO, AfD and DIA converters etc.

From Fig.4-10 and Fig.A-l, onecan see thatTMS320C40 OSPs and Xilinx FPGA

Fig.A-2 Overall view ofthe experimental faciIities.
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Table A-I VMEbus IlIPI Pin Assignments Table Aa 2 Ariel V..c40 Hydra ADbus pin-out

(a> ('1) (c) Ca) (b) Cc) P!a slpaI Pla lip&l
Pla 1"" IIp&l IIp&I

1 DOO ••ay Dea 000 1 vcc JI 02% 00
~ DOL aa.a. D09 000 :z VCC 32 DU 00
J De2 AaAIL DIO 000 , YCC J] GN1) 00
4 De) a<JOIN OU 000 4 ON]) 34 AG 00
S D04 aooo~ OU 000 S DO JS Al 00
6 DOS BOUN Dl) 000 , Dl 36 A2 o 0
1 ~ BOIOVT 014 000 '1 02 3'1 A.J 00
1 D07 B02Df DIS 000 1 Dl JI A4

00, GND B020UT OND 000 , lM " A$ 00
0010 SYSClL BO.JDl IYDAIL 000 10 OND 40 OND 00

11 OND B430UT aau. 000 11 DS 41 ·STaJJ 00
I~ 011 ua SYSUSBT 000 12 lM A2 -JtUET 00
13 DIO BIU L1VORD 000 13 D7 43 -lU) o 0
14 VJU1'E BU ,OoIS 000 14 Da .cA ·Vlt. 00
IS ONt) au AU 000 15 ta 4S N.c. 00
16 DTAC~ AWO A2% 000 16 QND 46 OND 00
17 CJNl) l'lU AU 000

17 DIO 47 N.C. 00
11 AS .ua A20 000

4' -!NTA 00000 II DU
19 GND .ua Al' 000 19 DU 49 N.C. 00
20 lAc:.: OJfD Al' 000 20 D13 50 -(]llTB 00

o 021 lACXJM &D.~(1) 0417 000 21 D14 SI NoC. o 0:u lAc:.:OOT ID.D.AT(1) A.U 000 22 OND '2 N.c. a 023 AW4 OHD AU 000 U DlS S3 N.C. o 0
24 1'01 1Z.Q7 0414 000

24 Dl' SA NoC. 00
~ l'CU m.Q6 AU 000

~ D17 ss NoC. o a
u l'OS m.QS AU 000

26 S& OND o 0DII
27 0404 m.Q4 AU 000 n Dl' S7 N.C. a 0
2. 0403 m.QJ 0410 000

GND 51 TIMElt. 00
000 :la a 02' AC m.Q2 A"

30 1'01 m.QI 1'01 000 29 D20 S, CL~ 00
000 30 D:U ~ OND

31 ·12V +S V ITDBY +12 V
3% ·SV +SV +5V

devices are the core of the digital system. To implernent the phase-Iock-Ioop, data

acquisition and control logic in FPGAs, Mentor Graphies Software [65-67] and XACT

development system [68] are used for schematic entry, simulation, automatie block

placement and routing ofthe logie design and finally the creation of the configuration bit

stream, and then the configuration data is 100000 from DSP into the internai memory celIs

of the daisy-ehained FPGA devices for customization. Since FPGA devices cao be

reprogrammed an unlimited number oftimes, they provide valuable flexibility for different

•
experimental tests. The complieated mathematical manipulation and control aIgorithm

can be performed by DSPs. DSPs also store sorne valuable data, such as switching

patterns of Appendix B. DSPs are interfaced with FPGAs, sc that DSPs can address



• Appendix A Reai-time Digital System 121

FPGAs and FPGAs can interrupt DSPs.

A.2 System Interfaces

Table A-l [69] and Table A-2 [60] show the V1vŒbus Jl/PI and Ariel V-C40

Hydra ADbus pin assignments respectively_ The PCBs for control and data acquisition

must be compatible to V1vŒbus and ADbus pin assignments..

ADbus is a 24-bit paraIlel bus to provide signal lIO capabilities to the DSPs

independent of the VME bus, so that the DSPs can address the FPGAs. Fig.A-3 and

Fig.A-4 show the ADbus timing diagram of its read cycle and write cycle respectively.

4 7 ~< j
A.wn. -v, , m _--v:-..i
CA"'S) -fi' ~

nu- -- ',,::- iuuu'uuu;-j__----.--J:;

;... 9 _

; ,) .
~ : ~ ~;04-

wt.~;;\J ~

-';2_....uS·uu •• ·
0.. .-r:- ~ - ~
~)~ _ ~

if

-~}

c'";;; =X :::::::::::::.::: x=
!tu' -- \~ iuuu.'uuu; ~...J;V-

...., 1*~ :
m.~ :

1 ~ ~ ~ ---1

:... ....:
coo:u.uuuuu~

~~

•

1 ·A4dRu nlW 10 STU· udY. 3SD8(cyp)
2.sTllB- KÛY' Co JU)-1Ctin ~tJp)

3 -ana- 1ICt1Y. 10 DATA- YaIW I4+NeSOaS(typ)
4 ·A4cfreu ecdY. dl.cr SnB- w:t1Y. 11S+N-5OuS(tn)
s-ana- lICdYe andoe 145+NeSOd(tJp)

45 ·D*hoW til..aft«AUlcu la"aIW 0 118 (IùI.)
7 -1.aM GJ"do dao 13S+N-SOd{tJp)
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Fig.A-3 ADbus timing diagram: read
cycle.
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Fig.A4 ADbus timing diagram: write
cycle.
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The dock frequency on pin 59 ofthe ADbus is 20MHz. *INTA and *INTB on pin 48 and

50 of the ADbus are buffered, logical Ored and connected to the rrOF3 pin ofDSP#2_

They provide the FPGAs devices and V-C40 internai TIMERs the capability to interrupt

the DSPs. As an example, two interrupt routine are detailed in section A.3.

A.3 DSP Programs

DSP programs contain the interrupt routines ta perforrn mathernatica1 manipulation

and control algorithms. They can address, write or read FPGAs.

To run a DSP program, it must be first compiled and linked using Texas

Instrument's C compiler and linker for C40.

Fig.A-5 illustrates the TMS320C40 DSP development flow. The C compiler

accepts C source code, fpgac for example, and produces TMS320C40 assembly language

source code, then the assembler translates assembly language source files into machine

COFF (Common Ûbject File Fonnat) abject file. The linker combines abject files into a

single executable object module. The abject library, rts4O.lib, cantains standard runtime­

support functions, compiler utility funetions and math functions that can be caIled from

C programs that have been compiled for TMS320C40. The typical command lines for

compiling and linking are:

• •
•

cl30 -v40 fpgac

1nk30 fpgalnk
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IRllil1

"---IP'~.I

Fig.A-5 DSP program development
flow.

The content offpgalnk is shown in Table A-3. 115 MEMORY and SECTIONS

directives describe a basic memory configuration of the target processor. As specified in

fpgalnk, the whole process creates an exeeutable COFF object file named fpgaout.

Once the DSP program has been compiled and linked, the executable code exists

in a COFF file and it can he loaded into a specified DSP. Then the DSP will automatica1ly

start running the program. The typica1 command line for loarling a DSP program from the

host computer into a specified DSP is:

•
• 1000 -v 0xf100 a2 fpgaout

Table A-4 shows a DSP program written in C language for ehopper-based de

capacitorvoltage equalization ofmultilevel rectifierfmverter link to get the experimental
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resuIts ofFig.4-11 -- 4-17. It includes 2 interrupt routines: Ci) c_intl( ) to control the data

acquisition and (ii) c_int2() to control the chopper. Fig.4-5 and Fig.4-6 explain the control

algorithm of the interrupt routine c_int2{). The DSP program aIso includes 4 head file:

(i) address.h of Table A-S, (ii) bits.h with bitstreams obtained from Mentor Graphies

Software and XACT Development System for FPGA design, (iii) math.h for function

declarations and (ix) hydrah for macros and utilities defmition.

Table A-3 fpga.Ink for basie memory
configuration of DSP

1* SId: fpga.lnk,v 1.2 1996{04/09 16:14:47 tpaE.'q) $ *'
fpga.obj
setïvec.040

-0 fpga.out
-mfpga.map
-cr
-stack Oxl00
-heap Ox400
-lrts40 .lib

1* LINK USrnG C CONVENTIONS */
1* lK STACK *{

1* lKHEAP *{

1* GET RUN-'IDvfE SUPPORT */

lvŒMORY
{
RAMBLKO:
RMABLK1:
L_ADBUS:
INT_VECTS:
L_SRAM
G_SRAM:
G_JTAG:
}

0= 0002FF800h
o = 0002FFCOOh
o =OOO300000h
0= O40000EOOh
o = 040001200h
0= OCOOOOOOOh
o = 081040000h

1=400h
1=400h
(=I0000h
1=200h
1=3400h
l=4000h
1= lOOh

•

SECTIONS
{
.text: > L_SRAM
.cinit: >L_SRAM
.const: > L_SRAM
.staclc > RAMBLKI
.sysmem: > L_SRAM
.bss: >L_SRAM
}

1* CODE *{

1* INITIALIZATION TABLES ./
1* CONSTANTS .{
1* SYSTEMSTACK .{
1* DYNAMIC MEMORY (HEAP) .,
1* VARIABLES .,



• Appendix A Real-rime Digital System 125

maïnQ
{

long cont.n_samp.set,val.vaI2.val3,cwrent;
double v_de, v_deI, v_de2, v_dc3, v_de_upper,

v de lower;
int al. bl; -

,. mt sin.x[16384]; *'
long sin.x, current_a-phase. Im;
float ModIndext: m_index=O_8;
int SHŒT. PWMro~t,

f_sample,ModIndex;
longtime;
void c_intO1( void ); 1* this is handIer function .,
void c_int02( void);

int ij.M,N;
char LI;
i=sizeoftbits)/sizeof(bits[O]);
n samp=û.- '
GIE_ONQ
for(j=Oj<=ij++)
{
Ll=bitsill;
for(N=O; N<32; N++)
{

*load_Of_stBrt_sample=Ll;
Ll=LI« 1;
}
}

for(i=O;ï<2000;i++) { }

*PLL_VCO=OxC2FFOOOO; 1* for 60 bz·/

for(j=O-j<l00j++)
{
for(i=<>-J<20000;ï+i-) {} ,. the PLL have net
started working. must wait .,
} !* 50 long,
otherwise. wrong data obtained for val ./

,. Timer 1 intemal

Table A-4 DSP program for ehopper-based de capaeitor voltage equalization

/* Program: chop6.c, a DSP program for chopper #define LED OX00200000 1* LED bit in
system control */ MeR */

This program. succeeds in putting three #define rrOF3 (0x6)
capacitors in series. Since the capacitors are #define TableLen 8192
paraIlelIed with resistances ofdifferent size. Their de #define PI 3.1415926
voltages become lDlequaL When the chopper system #define System_Clock 200000oo
is putinro operatioo, the dc voltages are successfully #define Mod_Freq 60
equalized. It is important to put more than 150 #define Tri_Number21
difference inPWM registers 50 that there are enough
switching delay to prevent shoot-through.

l use some available facilities (either the
FPGA design in 'bits3.h' or C programming) for
chopper control. For example, the number of the
triangle actually specifies the frequency of
data_acquisition. When the triangle number is 57
every utiIities cycle, the sampling period is:
16.7ms1(2*S7)=150 us. It appares in
"PWM_counte:r" as 20,OOO.OOO(1vfhz)/(57*60*2) =
3000; These information is also useful when
hardware interlock in PIn is not appliable and
software interlock (in this program) is developed.
The swiclles ofthe chopper circuit requires 5-8 us to
interlock.

This program makes a modification 50 that the
switches will he kept on when v_average
<v_n<v_average·tolerence.

Note:Must n.m *PWM_register_c2 =
OxFFFFFFFF; " to start the counter in every
sampling period.

Orginization orthe program:
(1) "sdÎvec.040" must he available in the saIne

subdirectŒy.
(2) aftecnmning "el30 -v40 ch0p6.c", chop6.obj

is obtained.
(3) in Œder to utilize the fpga.lnk. the ch0p6.obj

is renamed as fpgaobj because that is the name of
input obj file in the fpgalnk file.

(4) Thennmning lnk30 fpga.lnk. The fPgaout file
is obtained which could he "load -v 0xfI00 a2
fpgaout" and the ch0p6's function will he
impl~successfully */

#include tladdress.hIl

#incIude tlmath.h"
#inc1ude "hydra.h"
#include trtlits.h"
#deJioe TINTI (0x2b)
intemJpt .,•
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set=O;

••••••••••*•••••••••••••••••••**••*••**
*••••••••••****•••**••**••*•••*••*.***,

setivec(llOF3.c_intO1);
asm( "or 9OOOb,iif' );

•1

v_dc=(v_dcl+v_dc2+v_dc3)/3;
v_(kLuppeFV_dc*1.016; v_cfc_lowet=V_dcJLOI6;

setivec(IIOF3,c_int02);
asm( " or 9OOOh.,iif' );

void c_int02( void)
{
val=·Cread_data_channeI_2);
va12=·Cread_data_c1umnel_3);
valJ=·Cread_data_channeCS);
v_deI=(va1»8) & OxOOOOFFFF; v_dc2=(val2»8)
&. OxOOOOFFFF;
v_dc3=(va13»8) &. OxOOOOFFFF;
v_dc2=v_dc2lO.915; v_dc3=v_dc31O.9;

, ••••••••••••• Routine for the chopper control••••••••••••••••••• *'

·load_or_start_sample=OxO;
}

·PWM_&nd_intemJpt_enable=0x300; 1* Ox300 *,
while (1)
{
}

}

void c_ intO 1Cvoid)
{
asmC" push arO");
a.sme"ldhi 4OOOh,arOj;
a.sme" iack ·ara");
asm(" pop arO);

.***••*****••*••••••*••••*.****•••*••••
•••••••••••••••••••*.*•••••****•••/
,. The Intenupt Handler Routine to read the data
fromFPGA.

FPGA receives and stores in registers the 16-bit
digital number' outputted in series by AD677. the
analog-to-digital converter. Ailer the hardware
finishs the data acquisition. its "busy" bit edges down
and initiate:s the intem1pt signal "IIOF3" ofDSP2 of
HYDRAI from AD_BUS, tells DSP that the data is
ready. This bandler routine will read the data·,, .
••••••••••*•••••••**••••*•••••*••••••••
•••••••••*.*••••••••••••••••••••••,

•

1* enable global interrupt

1

f_sample=CtriangIe*2; 1* sampling frequency.,
PWMcount=System_Clocklf_sample;
*PWM_half_triangle_coWlter=PWMcount«16;;
SHIFT=PWMcountl2;
ModIndexf=SHIFT*m_index; 1* initialize the

Modulation Index *'
Im=14000; 1* equivalent to 2.4 ampers *'
for (j=Oj<TableLenj-++)
{
bits[J1=(int){lm*sin(2*PI·jffableLen);
bits[)1=bitsU]+Im+ImI2; 1* upper-shift to get
always positive value to compare with
current_a-'phase .,

}

*•••••••••••••••*•••••••••••••*****••••
**•••••••••••••••••••••••••••••••••••

The following 5 instructions are neœssary for
setting and enabling either internaI or external
interrupt. The "iack" instruction acknowledge the
extemal interrupt for initializatiOl1- Without
"GIE_ON", "iack", or withour "setivec", it will not
work".

1* forPWM·'
f_triangIe=?vfod_Freq*Tri_Nmnber; 1* frequency of
triangle waveform *'

1* inhydra.h, GIE_ONQ is
defined as asm ("or 02000h, st"); *'
asme" push arl>");
asm(" Idhi 4OOOh,arO");
asm(" id ·ara");
asm(" pop mOj;

*PWM_register_c29JxFFFFFFFF; 1* starting the
counter*/
*P WM_register_81 =OxFFFFFFFF;
·PWM_register_a2=4«16;
for(i=O;i<lo-,i++) { }•
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if(v_dcl>v_dc_upper) al=l;
else if( v_de2>v_dc_upper & v_de1<v_deJower)
al=-I;

/* when al or b 1 =1, they will charge middle
capaeitance ./

·P~_~er_c2=4«16;}

}
eIse if( bl==-I )
{
if( v_de2<v_dc) {
·P~_regürter_cl=OxFFFFFFFF;

if( v_dc3>v_dc_upper) bl=l;
eIse if( v_de2>v_dc_upper & v_de3<v_dcJower)
bl=-l;

if(al=1 )
{

if ( v_dcl<v_de
·P~_~er_al=OxFFFFFFFF;

) {

·PWM_regïster_c2=4«16; bl=();}
else {·PWM_register_dl=OXFFFFFFFF;
·P~_~er_d2=4«16;

·PWM_regïster_cl=270«16;
·PWM_regïster_c2=OxFFFFFFFF;}

}
else ·PWM_regùrter_cl=OxFFFFFFFF;
·PWM_regïster_c2=4«16;

}

·PWM_register_b2=4«16; al=O;}
eIse { ·PWM_regîster_al=OxFFFFFFFF;

·PWM_register_a2=4«16;
*PWM_register_b 1=270«16;

·P~_register_b2=OxFFFFFFFF;}

·P~_register_a2=4«16;al=O;
}

else { ·PWM_regïster_bl=OxFFFFFFFF;
*PWM_register_b2=4«16;

·PWM_register_al=270«16;
·PWM_re~_a2=OxFFFFFFFF;}

}
eIse if( al==-I )
{

n_samp--n_samp+1;
if(n_samp>=2(00)
{
current=·(read_data_channe1_4);
global_mem.l=globaCmeml+1;
·global_mem.l=current<<8;

1* ·PWM_register_c2=Ox:xxxx aIso starting the
counter ./
1* don't forget to start the counter in any situation ./

1* if( (va12»8 & 0x0000FFFF) > 10000)

/ .
•••••••••••••••••••••••••••••••••••••••...................../

{if ( v_dc2<v_dc )
·P~_register_bl=OxFFFFFFFF;

if(bl=l)
{

}
} ./
1* ••••••••••••••••/

if ( v_de3<v_de )
·PWM_register_dl=OxFFFFFFFF;

{
·MCR!'=LED;

•

·PWM_register_d2=4«16; bl=O;
/. also start counter ./
·P~_~_cl=OxFFFFFFFF;

·PWM_register_c2=4«16;
}

else {·PWM_~_dl=270«16;
·PWM_~_d2=OxFFFFFFFF;

·PWM_re~_cl~FFFFFFF;

asm('" push art>");
asm(" ldhi 4000h,art>");
asm(" isck ·arO");
asm(" pop arO");

setivec(lIOF3,c_ intO1);
asm( " or 9OOOb,iif' );
}
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Table A-S Head file of the DSP program for ADbus address definition: Address.h

128

•

1* November 2, 1996
This head file contains the Hydra l address

for data acquisition. phase-lock-loop and
Pulse-width-modulation control in FPGAs. The AS
of ADbus is connected ta the "RD" of the data
acquisition (without change of the design for
HYDRAm. While A4 (effective at low) will enable
the addressing of the data acquisition design. When
A5~ and A4=O. the write or read cycle will start
the sampIing. When A5=1 and A4=O. the read cycle
will read the data from the one of the 15 registers
(received from AD converter) specified by address
Iines Ao-A3. Sïnce A4 (active at low) replace '"RD"
line. 50 the ",rite and RD signalline of AD_bus is
not connected to the data_acquisition board •
therefore. Ox30000x C·load_or_start_sample) of
AD_bus ta he addressed by DSP 2 is reserved ooly
for start-sampling and Ox30002x is reserved for
reading the data acquisition results. (x=l-A. or
lst-l5thcllannel). AlI oth~ addressing should avoid
these addresses. Please note that there is only six
address line (aD-aS).

(l)·PWM_register_al is for upper
•••••••••••••••••••••••••••••••••••••••
SOt only Ox30001x or Ox30003x are available for
application other than data-acquisition.
••••••••••••••••**•••*•••••••••••••••••.,
long *timerl-»b =(long ·)OxOOlOOO30;
1* address oftimer 1 global register */
long ·timerl.J>rd = (long *)OxOOIOOO38;
1* address oftimer 1 period register */
long *MCR = (long *)Oxbf7fcOO8;
1* address ofthe MCR ./

1* Addressing the data acquisition board./

long ·load_Ol"_start_sample =(1ong ·)OxOO300000;
loog*reacCdata_channel_1 = (long ·)OxOO300021;
loDg*read_data_channel_2 =(long *)OxOO300022;
loog *read_data_channel_3 =(long *)OxOO300023;

long *read_data_channel_4 = (1ong ·)OxOO300024;
long ·rescCdata_channel_5 =(long ·)OxOO300025;
long *read_data_channel_6 = (long *)OxOO300026;
long *read_data_channel_7 = (1ong *)OxOO300027;
long ~_data_channel_8= (1ong *)OxOO300028;
long *read_data_channel_9 = (long *)OxOO300029;
long *read_data_channel_ID = (long *)OxOO30002a;
long *read_data_channel_ll = (long
*)OxOO30002b;
long *read_data_clumnel_12 = (long *)OxOO30002c;
long *re8(Cdata_channel_13 = (1ong
*)OxOO30002d;
long *read_data_channel_14 =(long ·)OxOO30002e;
long *read_data_channel_15 =(1ong *)OxOO30002f,
long *global_mem = (1ong *)OxSd0ft7dO;
1* base address of the global memory */
long ·global_meml = (long *)Ox8d0ff7da;
1* start ofthe data black */

1* addressing the PWM part */
long *PWM_regîster_al=(long ·)OxOO300030;
long *PWM_register_ a2=(1ong *)OxOO300031;
long ·PWM_register_bl=(long *)OxOO300032;
long *PWM_register_b2=(1ong *)OxOO300033;
long ·PWM_regïster_cl=(long *)OxOO300034;
long ·PWM_register_c2=(1ong *)OxOO300035;
long ·PWM_register_dl=(long ·)OxOO30003d;
1* for chopper test */
long *PWM_regîster'_ d2=(1ong *)OxOO30003e;
1* for chopper test */
long ·PWM_haIf_triangle_ counter-(1ong *)
0x00300036;
long *read_PLL_VCO=(1ong *)OxOO300037;
long *read_time_ax:ir-(long *)OxOO300038;
'* from MicroP_out ofpll_bl design the data from
*read_time_lIXÏs from Iowed VCO frequency output
will address 4096 numbers (of one cycle sin
wavefŒm) in DSP program table as the modulation
signal ofPWM strategy *'
long *PLL_VCO=(1ong ·)OxOO300039;
1* f0l'6O hz */
long ·PWM_and_interrupt_enable=(1ong .)
0x0030003a;
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APPENDIXB

SWITCHING ANGLE TABLE OF 2 MODULES OF
7-LEVEL CONVERTERS

Chapter 2 describes the way to design the switching angles of multiple modules

of multilevel converters to achieve multiple control targets. This appendix lists the

switching angles of2 modules of 7-1evel converter solved numerica11y from equations

of(2-2}, (2-3) and (2-5) by Matlab Software. The solutions are also plotted as a function

ofthe equivalent voltage magnitude of Vi in Fig. 2-3(a) and utilized in the research which

are described in chapter 3 - chapter 5. The switching angles for M modules ofN-Ievel

converters can be obtained from solving equations of (2-14), (2-17) and (2-19) and the

similar solutions can he achieved.
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Appendix B Switching Angle Table of2 modules of7-level converter

Table B-1 Switching Angles of2-module of7-1evel converter

VJÜ1U} (Xn ~1 (Xu ~1 CXn (X11

0.48 3536 72.84 88.00 47.03 58.70 90.00
0.52 35.40 70.09 85.80 4595 57.50 90.00
0.53 35.74 68.75 85.10 45.18 57.22 89.50
0.54 36.58 67.19 84.90 43.86 57.29 88.40
0.55 38.08 65.48 84.00 42.09 57.53 87.70
0.56 39.20 64.76 83.19 40.80 57.58 87.69
056 39.20 64.58 82.52 40.70 57.42 87.94
0.57 39.90 64.34 81.98 39.90 5730 88.03
0.57 4030 64.19 81.42 3930 57.12 88.16
0.59 41.20 64.00 8038 38.50 56.65 88.36
0.59 42.70 63.75 77.59 36.15 54.87 88.59
0.62 4330 63.91 77.05 35.40 5432 88.75
0.62 43.00 62.88 75.21 35.15 53.52 87.72
0.67 42.80 62.24 7397 35.00 52.97 86.85
0.68 41.80 35.00 60.24 51.37 70.19 82.73
0.70 4125 58.78 6936 35.00 51.19 80.14
0.70 40.71 5539 34.23 69.81 52.59 76.50
0.72 41.43 52.74 69.70 32.04 53.86 74.70
0.73 41.57 52.40 69.50 31.42 53.89 74.40
0.74 41.60 51.49 68.60 29.56 54.03 73.80
0.74 41.52 5129 68.30 29.07 54.06 73.70

0.75 4131 5130 68.00 28.48 53.88 73.50

0.76 40.69 51.18 67.20 27.20 53.68 73.20
0.77 3927 51.22 66.00 25.28 53.18 72.70
0.76 3734 51.89 65.00 23.38 51.89 71.90
0.78 36.73 51.72 64.90 22.96 51.72 71.60
0.80 33.99 51.51 63.80 20.95 50.62 70.50
0.81 32.99 50.90 63.70 20.46 50.67 69.90
0.81 32.44 5130 63.60 2021 49.97 69.60
0.82 31.67 50.34 63.70 19.99 SO.52 69.00
0.83 29.93 49.09 64.00 19.67 50.90 67.50
0.83 28.80 48.22 64.60 19.62 51.28 66.10
0.84 27.49 46.39 65.50 19.43 52.48 64.00
0.85 26.66 44.60 6630 18.89 53.69 62.00
0.85 2629 43.64 66.60 18.48 54.29 61.00
0.86 25.97 42.28 67.10 17.67 55.08 59.50
0.86 25.69 41.67 67.10 1737 5532 59.00
0.86 25.41 41.03 67.10 17.03 55.50 58.50
0.87 25.16 40.41 67.10 16.67 55.56 58.10

0.87 24.94 40.06 67.00 16.52 55.so 58.00
0.87 24.83 39.79 67.00 16.35 55.43 57.90
0.88 24.36 38.66 66.90 15.68 54.82 57.80
0.88 24.16 37.14 6730 14.25 53.00 5830
0.89 23.63 36.26 67.00 13.85 52.42 58.20
0.90 22.83 34.81 66.50 13.15 51.18 58.10
0.91 22.55 34.00 66.50 12.55 5032 58.00
0.92 21.93 32.60 66.00 11.88 48.97 58.00
0.93 21.47 31.47 65.50 11.41 47.89 58.00
0.94 21.12 30.50 65.00 11.01 46.91 58.00
0.96 2028 27.04 64.00 9.28 43.23 57.00
0.98 18.58 25.13 62.50 8.77 39.48 56.20
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PARAMETERS OF FIG.3-2 AND FIG.3-6

C.l Fundamental Frequency Switching Strategy

(~= rad/pu.volt, K i = rad/Cs . pu.voIt»

l/wCI = 1/wC6 = O.IOOpu,
l/wC2 = l/<ùCs= O.100pu,
1/wC3 = 1/CùC4 =0.1 OOpu,
KI = 0.1,
XLI = O.OSpu ,

~1=~=O.40,

1;2=~=O.35,

~=~=0.35,

K2 K3 =3.5;
RI = 0.02pu;

Kil =~6= 0.30;
Ku. = ~s = 0.25;
~ = Ki4 = 0.20;

C.2 Sinusoidal PuIse Width Switching Stragegy

(~= rad/p.u.volt, Ki = rad/Cs' pu.volt»

•
1/wC1 = I/CùC6 = O.240pu,
1/wC2 = l/CùCs= O.125pu,
l/wC3 = l/<ùC..= 0.125pu,
KI = 0.1,
XLI = O.OSpu,

lÇl =~ = 0.15, Kt. =~6 = 0.12;
1;2 = I;s = O.OS, Ki2 =Kis = 0.10;
~= ~=0.OS7 Ki3=Ki4=O.10;
K~3= 5.0;
R1=0.02pu;
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APPENDIXD

PARAMETERS OF FIG.4-9 AND FIG.4-6

D.I Chopper of Fig.4-9

Cl = 6000 MFD, C2 = 6000 1vfFD, C3 = 6000:MFD;

L I2 = 6.67 mH, L23 = 6.67 mH;

D.2 DSP Control of Fig.4-9 Using the Algorithm of Fig.4-6

As shown in interrupt routine c_int02() ofTable A-4, Vmax = 1.016 ~ and Vmin

= Vo /1.016.
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APPENDIXE

PARAMETERS OF FIG.S-l AND FIG.S-2

E.l Rectifier/inverter Link

W o = 377 rad/s, WaLSI = 0.1 pu, WaLS2 = 0.01 pu, wh! = 0.1 pu, wk = 0.01 pu;

l/(woc;,·) = 0.12 pu (j=1,2 ... 6).

E.2 Chopper

WaLI2 = 12 pu, Wet23 = 12 pu, WJ..45 = 12 pu, W~56= 12 pu.

133



•

•

APPENDIXF

PARAMETERS OF FIG.S-3

F.1 Rectifier!inverter Link

Wo = 377 radis, w~SJ = 0.1 pu, waLSl = 0.01 pu, wJ.,Rl = 0.1 pu;, WaLR2 = 0.01 pu;

l/(woCj ) = 0.12 pu 0=1,2 ... 6).

F.2 Chopper

waLJ2 = 1 p~ WJ.,23 = 1 p~ WaL45 = 1 pu, WaL56 = 1 pu.

F.3 Transmission Line

wJ., = 0.035 pu, R = O.Olpu;
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