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ABSTRACT 

Flexible AC Transmission Systems (FACTS) have been conceived to increase the 

transmissibility of electric power without the necessity of building new transmission iines. 

An important family of controllers proposed for FACTS are based on high power solid- 

state switches, such as the gate-tuni-off thyristor (GTO), which is presently rated at 6kV, 

6kA. The FACTS controlier operates at the transmission voltage, in the order of 5ûûkV, 

and it rnust be mted at hundreds of MVA. The research of this thesis contributes in 

developing the rnethodologies necessary for the integration of the sotid-state switches so 

that the FACTS controllers have the voltage withstand and the cwent carrying capacity. 

The rnethodologies followed in the thesis are based on organizing the solid-state 

switches firstly in the forrns of: (a) 2-level, voltage-source converter modules or (b) multi- 

level, voltage-source, converter modules. Thereafter, the modules are connectai in series 

and/or in parallel. Switching strategies such as: (i) the phase-shifted triangle can-ier 

technique and (5) the fundamental fiequency switching, are show to be proniising. 

The thesis addresses the methodologies of unithg the modules: (i) in parallel, (ii) 

in series and (Üi) in @el groups of series-comected modules. Senes connecti011~ 

require magnetic transformers. Transforrners also enable 6-phase and 12-phase ac systems 

to be produced from the standard 3-phase ac utility supply. The thesis has initiated 

research in incorporating the multi-phase ac syst ems to the multi-rnodular , dti-level 

convert ers. 

The thesis has also developed the interface methodology for digital (digital signal 

,orocessor, DSP) control of the amy of modules in r d - t h e .  

The methodologies of the thesis have ken proven in digital simu1ations and 

experimentally in laboratory models. 



Les systèmes flexibles de transport à courant alternatif (FACTS, de 1 'anglais) ont 

été conçus dans le but d'accroître les transits de puissance sans pour autant augmenter 

le nombre de lignes dans un réseau de transport. Une importante famille de contrôleurs 

proposés pour les FACTS est basée sur des interrupteurs électroniques de haute puissance, 

comme par exemple les transistors GTO exploités à 6kV et 6kA. Le contrôleur FACTS 

sera soumis à la pleine tension du réseau, typiquement de l'ordre de 5ûûkV, et devra 

transiter des puissances de plusieurs centaines de MVA. La recherche décrite dans cette 

thèse contribue au développment de méthodologies pour intégrer les interrupteurs 

électroniques dans un contrôleur FACTS pouvant supporter ces tensions et courants de 

réseau. 

Les méthodologies mises de l'avant dans cette thèse explorent deux types de 

convertisseur: (a) modules convertisseurs à tensions commandées à deux niveaux, et (b) 

modules convertisseurs à tensions commandées multi-niveaux. Afin d'atteindre les 

performances requises, les modules sont branchés en série ou en parallèle. Les stratégies 

d 'interruption utilisées sont comme suit: (i) Ia technique de la porteuse triangulaire 

déphasée, et (ii) 1 'interruption à la fréquence fondamentale. Ce deux techniques s ' avèrent 

prometteuses. 

Cette thése fait 1 'étude des branchements des modules élémentaires (i) en 

parallèle, (ii) en série, et (iii) en groupements séries branchés en paraliele. Les 

branchements séries font appel à des transformateurs magnétiques. La présence de ces 

transformateurs permet également de produire des convertisseurs à 6 ou à 12 impulsions 

à partir de l'alimentation triphasée. Nous abordons égalment le branchent de 

convertisseurs aux configurations multi-modulaires et multi-niveaux à des réseaux 

d ' alimentation multiphasés. 

La thèse présente également une méthodologie pour implanter la cornmande 

numérique du contrôleur en temps réel. 

Des simulations numériques et des essais sur prototype en laboratoire ont permis 

de valider les méthodologies proposées dans cette thése. 
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CHAPTER I 

INTRODUCTION 

1.1 Historicai Perspective of Power Electronics 

Power Electronics began with the vacuum tube diode which made ac to dc 

rectification possible [l]. The advent of the thyratron [l], with the gate-turn-on capability, 

introduced an element of controllability. By delaying the gating pulse, it became possible 

to control the amount of rectified power [Z]. The turn-off of the thyratron depended on 

the negative half of the ac voltage cycle or what is called, line-commutation. A whole 

technology has developed around the line commutation concept: the Graetz bridge [2], the 

line-cornmutated inverters [33, the High Voltage Direct Current (HVDC) Transmission 

System [2], the Static VAR Controller (SVC) [4,5], the cycloconverters 131. 

By the mid-1960s, the solid-state thyristors, i.e., the Silicon Controlled Rectifier 

(SCR) 163 replaced the thyrattons and the mercury-arc rectifiers [l] in the 

linecommutated technology. Like the thyratrons, the thyristors have gate tum-on 

capability but have to be turned OFF by the reversa1 of the anode-cathode voltage. Apart 

fiom line-commutation, this voltage reversa1 can also be achieved by a force-comutation 

circuit which turns ON an auxiliary thyristor to connect the reversed voltage from a 

previously charged capacitor to the principal thyristor [7,8]. The force-commutated 

thyristors enabie dc-to-ac inversion to be carried out over a range of operating frequencies 

for variable speed ac motor drives [9,10]. 

As the research in the variable speed ac rnotor drives progressed , it became clear 

that the ac voltage amplitude must be cmrdinated with the motor speed [Il].  When the 

1 



inverter source is a fixed dc voltage or dc current, the amplitude control can be achieved 

only by Pulse Width Modulation (PWM) [12], that is by controlling the relative durations 

of the ON and the OFF States of the force-comrnutated thyristors. 

ûriginally the forcecornmutated thyristor circuits were slow, complex and costly. 

In the past two decades, the solid-state industries have produced a range of power 

switches which have both gate-tum-on and gate-turn-off capabilities [13]. These switches 

are given the general narne "valves" in this thesis. Fig. 1.1 shows a schematic and symbol 

of a generic "valve". Some of these valves are Bipolar Power Transistors (BJTs) [14], 

power Metal Oxide Serniconductor Field Effect Transistors (MOSFETs) [15J, Insulated 

Gate Bipolar Transistors (IGBTs) [16], Static Induction Transistors (SITs) 114 J .  They 

cover a broad ranges of switching speeds, voltage and current ratings. Tending to be 

slower but reaching to the higher voltage and current ratings are the Gate-Tuxn-Off 

thyristors (GTOs) [17], the Static Induction Thyristors (SITHs) [18] and MOS-Controlled 

Thyristors (MCTs) [19]. The symbol for the "valve" shown in Fig. 1.1@) will be used 

throughout in this thesis to represent a power electronic (solid-state) switch with 

gate-tum-on and gate-turn-off capability. The "valve" rnay be a single power electronic 

(solid-state) switch or a series andior parallel combination of several switches which 

receive a cornrnon gate control signal for 

turning ON or OFF. Anode 

The availability of these valves has 7 
given a great irnpetus to the developrnent 

?Cathode 

of different methods of static power (a) 
processing. For low and medium power Fig. 1.1 : Power Electronic valve. 

(a) Functional schernatic. (b) Symbol. 



applications such as ac motor drives, different methods of pulse width modulation (PWM) 

have been developed. In addition to controlling the frequency and the amplitude of the 

fundamental fiequency of the modulating signal, the objectives have been broadened to 

include the control of the harrnonics so as to reduce the motor torque pulsations 

[11,20,21]. As a result, there is abundant literature on PWM methods [22,23]. 

The success in low and medium power applications has led to the challenge of 

extending power electronics to the electric utility environment. Recognizing that the GTOs 

by then were beginning to be available in the 3kV and 1kA range, the Electric Power 

Research Institute (EPRI) of USA fostered Research and Development (R&D) on Flexible 

AC Transmission Systems (FACTS) [24J based on high power electronic controllers. 

The objective of the FACTS initiatives of EPRI is to increase the transrnissibility 

of power through the existing network by the installation of fast FACTS controllers so 

that no new transmission lines need to be built. The FACTS controllers provide voltage 

support as in the shunt-STATCOM [25,26], compensate the inductive line reactance as 

in the series-STATCOM [27] or they combine phase-shifting and VAR compensation as 

in the Unified Power Flow Controller (UPFC) [28]. By the fast action of the power 

electronic switching, the FACTS controllers increase the transient stability lirnit beyond 

the levels which are presently set by îhe slow field excitation systems of the alternators, 

the pwer  systern stabilizers and the transfomer tapxhangers [26,29,30]. 

For high power applications, however, the voltage and current ratings of the 

individual power electronic switches are still far below the requirements of the electric 

power utility. As a consequence, different rnethods of achieving high power requirements 

from the available solid-state switches have been proposed. These are: series and parallel 



comection of individual switches [31-343, series and parallel connection of 2-level 

converten 13 1,32,35-371 and multilevel converters [3 8-44]. In general, high power valves 

are slow and the switching rates have to be kept at the lowest possible levels in order to 

mùiimize switching losses. Low switching rate has the following drawbacks: (1) lirnited 

frequency bandwidth resulting in slow response, (2) low order h m o n i c  content in the 

output voltage which will need expensive harmonic filters. 

This thesis consists of research on the synthesis of static power converters for high 

power applications. The basic building blocks of the synthesis are: (1) 3-phase, 2-level 

voltage source converter of Fig. 1.2, and (2) the 3-phase, diodeclamped multilevel 

converter of Fig. 1.3. To date, the technologies for these two converter topologies have 

already a modest literature [35,37,41,42]. The study presented in this thesis wil1 

concentrate on the different methods of cornbining the basic building blocks to achieve 

high voltage and high current ratings, low harmonic content and current equdization 

among the individual valves. 

Fig. 1.2: Schematic of a 3-phase 2-level voltage source converter. 
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Fig. 1.3: Schematic of a 3-phase 5-level diodeclamped converter. 

The thesis work contains simulations as weli as experimental work Digital 

simulations are relatively easy to implement as it is a mtter of writing software to 

describe the circuit equations of a given topology. On the other hand, experimental 

verification requires the building of hardware. In the laboratory, 6 modules of 3-phase 

2-level voltage source converter of Fig. 1.2 have been built and they form the building 

blocks of the experimental research on multiple modules of Fig. 1.2 and multilevel 

converters. A few words of explanation are n d e d  to justify the many experimental 

research on multilevel converters that has been c h e d  out. 

For practical reasons related to bracketing the valves safely within the dc capacitor 

voltages, the diode~lamped topology of Fig. 1.3 is the circuit which will be use. in the 

field. For this reason, the research contains extensive digital simulations of the 5-level, 



diode-clamped circuit. The 5-level and al1 odd-levels cannot be represented by modules 

of Fig. 1.2 without additional diodes. For this reason, all experimental studies on the 

multilevel converters are based on even number of levels: 6-level and 4-level. 

In the experimental tests which involve multilevel converters, five modules of 

3-phase 6-valve converters of Fig. 1..2, have been used to configure a 6-level converter 

shown in Fig. 1.4. And a 3-phase 4-level converter shown in Fig. 1.5 has been configured 

using three modules of Fig. 1.2. It has to be stated here that, the multilevel topologies 

used in the laboratory experirnental tests (Fig. 2.4 and 1.5) are not suitable for high power 

applications due to unequal voltage distribution across the valves. These laboratory 

rnodels of the 6-level and the 4-level converters were used to obtain experimental 

verification of the theoretical and/or simulation fmdings. 

Fig. 1.4: Schematic of laboratory 6-level converter. 



Fig. 1.5: Schernatic of laboratory 4-level converter. 

1.2 Review of Previous Work on Electronic Power 

Brocessing for High Power Applications 

The difference between the power electronics converters designed for high power 

applications and the ones intended for low or medium power applications goes beyond 

the simple scale factor. The main reason is that, while the high power converters have to 

operate at hundreds of kV and several kA, where as the ratings of the high power 

solid-state switches available today, as exemplified by the GTOs, are lirnited to  6kV and 

6k.A only 1451. Furthemore, the highest switching rate ever applied to the GTOs is 540Hz 

The methais of augmenting the voltage and/or current ratings ultimately consists 

of connecting the solid-state switches in series and/or in parallel. However, the schemes 

fa11 into 3 general classifications: 

(1) Multidevice: senes and/or parallel connections of the solid-state switches to 



form valves. 

(2) Multiconverters: series and/or parallel connections of the solid-state switches 

or valves which are already in the forms of bridge modules such as in Fig. 1.2. 

(3) Multilevels: series connection of the solid-state switches or valves organized 

as multiple levels as in Fig. 1.3, for example. 

1.2 .  Mu1 t i-device 

The cornrnon practice used to increase the voltage withstand is to use valves, 

which are composed of several single solid-state switches connected in series. Similarly, 

the current rating can be increased by having valves composed of several individual 

solid-state switches connected in parallel. As a result, the high MVA rating cm be 

achieved by employing valves which are composed of series and parallel connected 

solid-state switches. This technique has been used since the era of thyratron up to the 

present, for synthesizing high power electronic power processors such as line-commutated 

HVDC transmission systems [3 1,32,37,46], GTO based Static VAR Compensators [25] 

and GTO based Static VAR Generators [26,29,47]. The main problem of combining 

individual power electronic switches in series and/or parallel is that some auxiliary 

passive circuits have to be employed so as to ensure the equalization of voltages and 

currents. This is because it is not possible for the manufacturers to provide al1 the power 

electronics switches with exact switching characteristics. The losses in the passive circuits 

lower the efficiency. To ensure voltage and current equalization, solid-state switches must 

switch ON and OFF simultaneously. 

The valves which are composed of several single solid-state switches connected 



in series and parallel, form high power switches to build high power static power 

converters [29,37]. There are mainly two categories of static power converters. They are 

the voltage source converter shown in Fig. 1.2 [37,48-501 and the current source converter 

which is depicted in Fig. 1.6 [SI-531. 

Fig. 1.6: 3-phase cment source converter. 

12.2 Muiticonverters 

The converter modules of Fig. 1.2 and Fig. 1.6 are conceived as the building 

bIocks for the realization of high power converters for use in Flexible AC Transmissions 

Systems (FACTS) such as HVDC Transmission systems [35,37,46], STATCOMs [25,26] 

and UPFC [28]. This method is already in application, as in most of the early 

linecommutated HVDC Transmission systems [3 1,321, four 3-phase 6-pulse cment 

source converters of Fig. 1.6 are connected in series on the dc side. On the ac side, four 

sets of 3-phase transfomers are used, two sets connected in wye-wye and the remaining 

two sets connected in wyedelta. This arrangement has the advantage that the sixth 

harmonic on the dc link is eliminated leaving the residual 12'b harmonic, hence the name 



12-pulse converter was given [3 1,321. The and the TI harmonies are elimUlated in the 

ac waveform. Another advantage of the 12-pulse converter is that in case of failure of one 

converter, the remaining converter can continue to deliver power to the load. 

In the STATCOMs installed in USA and Japan 125,261, GTOs have b e n  used as 

basic solid-state switches so that turn-off is achieved by gate signais. Both STATCOMs 

use 8 modules of 3-phase 6-pulse GTO voltage source converters of Fig. 1.2. The 

converters are switched at power system frequency. According to [26], the switchings of 

the 8 converters are equaliy staggered in tirne so that the output voltages of the modules 

are not in phase. Then a special transformer arrangement is used to synthesize them into 

a staircase equivalent voltage wavefom. The synthesized staircase voltage is then stepped 

up to the transmission voltage level using another transfomer stage. The GTOs switch 

at a rate of 1 pulse per 60Hz cycle so that the switching loss is minimum. 

In an on-going research in Japan [37], there is an early attempt to use Pulse Width 

Modulation (PWM) in high power application. Though it has not been expressly stated, 

fiom the description in [37], one c m  clearly conclude that "phase shiffed triangle carrier" 

technique (361 to operate the converters has been us&. In their prototype, they use 4 

modules of 3-phase, 6-pulse voltage source GTO converters (Fig. 1.2) which are 

connected in series by transformers. The switching frequency for each converter is 500Hz, 

and as a result the equivalent switching rate for the 4 modules is 2ûûûHz. 

12.3 Multitevel 

Another approach of increasing the MVA ratings is the use of the multilevel 

concept [384 ] .  The multüevel topology has three main advantages. First, the high 



voltage withstand is obtained by the senes sumrnation of the voltages across the dc 

capacitors. By feedback regulation of the dc capa'citor voltages so that they are safely 

below the ratings, the solid-state switches which are comected across them are protected 

against ovewoltages. The solid-state switches connected between the dc buses of the 

different Ievels of the dc capacitors do not have to switch simultaneously. Thus the 

necessity of achieving sirnultaneous switching is bypassed. Second1 y, in the medium 

voltage range, such as 1 3 kV distribution system, multilevel converters may be connected 

directly, in applications such as STATCOMs [40,42,44,55], without the necessity of the 

coupling transformer and this means swing in cost. The third advantage is that, in the 

case of fundamental switching, selected hannonics can be eliminated by choosing 

switching angles [44,54,55]. This feature makes multilevel converters attractive in medium 

power applications such as in ac rnotor drives [55,56]. 

Historically, the rnultilevel converter topology began with Nabae's invention [3 11 

of the "Neutra1 Point Clarnped" (NPC) converter. Since then, several research groups 

developed on Nabae's idea [3 9-44,54-641. Presently , there are three known topologies of 

multilevel converters. The first topology is the diodeclamped which has been based on 

the NPC configuration [38]. Fig. 1.3 is an example of NPC converter [40,64]. Ln the 

diode-clamped multilevel converter, the same dc capacitors are comected to all the 

3-phase converter legs. 

Another topology termed "flying capacitor" multilevel converter is shown in 

Fig. 1.7 [40,64]. In this topology, the dc capacitors are of different voltage ratings. 

Separate capacitors are used for each phase of the rnultilevel converter. 

In 1995, a new topology of multilevel converter with the narne "multilevel 



cascade" was introâuced [63,64]. In this topology, each phase leg of the inverter is 

composed of (M-1)/2 Full Bridge Inverter (FBI) d t s  connected in cascade to form an 

M-level output voltage. Fig. 1.8 shows an example of a 3-phase 5-level cascade inverter. 

Each full-bridge inverter has its own regulated dc voltage source derived from its dc 

capacitor. 

1 - 1 1 1 

Fig. 1.7: 3-phase 5-level flying capacitor converter. 

1.3 Objectives and Scope 

The objectives of this thesis are to study the methodologies for attaining high 

voltage and high current rating for FACTS controllers. The constraints which have to be 

met are: (1) the switcking losses of the solid-state switches must be minimum, (2) the 

voltage stresses and the current loadings of the solid-state switches must be shared 



Fig. 1.8: Wye connected 3-phase 5-level cascade converter. 

equally, (3) the Total Hmonic  Distortion (THD) factors of voltages and current 

waveforms must meet the harmonic standards. 

The scope of the thesis is restncted by the four-year pend aîlowed by the 

University of Dar es Salaarn in granting the study leave. The aliotted t h e  has been used 

in examinhg (1) the multiconverter (Part 1, chapters II and Ei) approach and (2) the 

diode-clamped multilevel converter (Part 2, chapters N through VI) approach. 

1.4 Methodologies of the Thesis 

As the theoretical foundations of the area of research are not developed, the 

rnainstay of the research methods are digital simulations and experirnents. 

The simulation studies on the high power FACïS controllers have been done by 

writing programs in the C-language and MATLAB software [65]. Whenever possible, the 

simulation results were verified on the experimental faciiity. The successful simulation 

runs were used as  indicators to go ahead to the experimental tests. Sometimes the 

algorithms used in the simulations were ported (with ody few modifications) into 



programs which were compiled to run in the Digital Signal Processors (DSPs) of the 

controllers of the experimental facility. In the case of fundamental switching technique, 

simulation programs were used to generate the switching patterns used by DSPs to control 

the exp.riment al converter. 

In order to perform experimental based studies, it was necessary to design, 

constnict and commission a laboratory size research facility. At the outset, it was decided 

the facility should have the flexibility and versatility for programs of experirnental 

research on multiconverters and multilevel converters. Presently, the experimental facility 

consists of six modules of 2-level3-phase voltage source converters (Fig. 1.2), each rated 

5kVA. Each module is made of standard commercially available half-bridge IGBT power 

modules rated at 6ûûV, 50A per device. IGBTs are voltage controlled devices and as such 

they need very low gate drive power and simple gate drive circuitry. 

Some of the power electronic circuits which have been confrgured for the tests 

reported in the thesis using the available faciLity are: the Zlevel multiconverters 

(Fig. 1.2), the 6-level converter mg. 1.4) and the 4-level converter (Fig. 1.5). For the 

purpose of enhancing fiexibility, a digital control facility has been developed by Prof. 2. 

Wolançki which incorporate Field Programmable Gate h y  (FPGA) devices. Pnor to 

FPGA, the auxiliary circuits had been analog circuits which had to be corrected for drifts. 

The FPGA devices also enable the user of the facility to reconfigure the layout and the 

circuit topology very quickly within a few hours. In order to reduce the bulk of the thesis, 

the details of the experirnental facility are not included. The outlines of building blocks 

of the experimental facility are summised in the appendices. More details have been 

compiled in a separate laboratory rnanual [66]. 



1.5 Contributions 

In the candidate's best knowledge (and this belief is supported by the referees who 

accepted the transactions or conference publications), the following are original 

contributions in the two approaches: 

PART 1: MULTICONVERTER APPROACH 

(1) The relative merits of series and parailel connections of the multi-modules using 

magnetic û-ansformers (chapters II and III). 

(2) Methods of current equalization in multi-module connections of 2-level voltage 

source converters o p t e d  by the lowest rate of f, /f,=3 of the phase-shifteû 

triangle canier technique of the Sinusoidal Pulse Width Modulation (SPWM) 

strategy (Chapter II). The major conclusions are (section 2.5): (i) For 3 pulses, 

2-level converters, 2 modules in series connection will equalue the currents for 

Modulation Index (M.I.) of less than 0.8, and slight current unbalance for M.I. 

greater than 0.8. (ii) For 3 pulses, 2-level converters, 4 modules in series 

connection will equalize the currents for the full range of M.I. 

(3) The 7-Timer Method described in chapter III (section 3.6) which enables 2-levei 

multiconverters to be operated digitally using the phase-shifted triangle d e r  

technique of the Sinusciidal Pulse Width Modulation ( S P W )  strategy. The 

7-Timer Method in its final form is an algorithm executed by the Digital Signal 

Processors (DSPs), which through the FPGA interface, channels the ON-OFF logic 

mmmands to gate the drives of the IGBT switches of the multiconverters. The 

technique has been tested successfully in simulations and experimentally using 



four and six 3-phase converter modules. The technique is an extension of the 

existing 4-Timer Method which is limited to a single 3-phase converter [67,68]. 

PART 2: MULTILEVEL CONVERTER APPROACH 

(4) A significant discovery that it is possible to operate the SPWM strategy at the 

lowest switching rate of 1 pulse per modulation cycle using multimodules of the 

multilevel converter (chapter IV and 1691). This is an important step because the 

1 pulse per modulation cycle represents minimum switching loss. The 

phase-shifted triangle c d e r  SPWM strategy enables signals of a broad frequency 

bandwidth to be transmitted. The multiple modules of rnultilevel converters 

represent very large power amplification. 

(5) Concept and realization by labontory experimental demonstration of a 

series-STATCOM based on the multilevel topology. The tests the 

series-STATCOM had been subjected to were: (a) steady-state baianced operation, 

(b) unbalance faulted conditions. 

(6) hprovement of the performance of the rnultilevel converter station by fmt 

transforming the 3-phase ac power supply to a 6-phase or a 12-phase ac sources 

which then feed 2 or 4 modules of multilevel converters. The modules are 

connected in parallel to the dc iink capacitors of the different levels. The 

improvements corne in: (1) the reduction of the ripples in the dc voltage waveform 

at ail levels and (2) the lowering of the cost as the size of the dc capacitors can 

also be reduced. 



1.6 Organization of the Thesis 

This section provides an overview which shows that they f o m  a coherent research 

effort. The goal of the research is to develop the methodologies to increase the voltage 

and MVA ratings of the controllers of the Flexible AC Transmission Systems (FACTS). 

The research seeks to reach the hundreds of kVs and MVAs requirements of FACTS 

controllers by solid-state switches which are individually rated at 6kV and 6kA, as in the 

case of GTOs, by two approaches based on circuit topologies: 

Part 1 - the multiconverter approach (chapters II and IIi) 

Part 2 - the multiIeve1 converter approach (chapters N, V, VI). 

Part 1: Multiconverter Approach 

Prior to the research of this thesis, McGill University has already made advances 

in the multiconverter approach, notably in the phase shifted triangle &ers technique of 

the Sinusoidal Pulse Width Modulation [SP WM) strategy [35,36]. However, the research 

of [35,36] has been entirely based on digital simu1ations. The logical next step which is 

carried out in this thesis, consists of proving the practicabiüty of the strategy in laboratory 

experirnental models. Accordingly, the candidate designed and built a laboratory facility 

for multiconverter research, which consists of 6 modules of the 3-phase , voltage source 

bridge converter. The laboratory facility is digitally controlied by a DSP platform (Hydra 

II[ DSP mother board fiom Ariel company which contains four Texas Instruments 

TMS320-C40 DSPs), in conjunction with two Field Programmable Gate Amy (FPGA) 

devices. The digital controls were designed and built by Prof. 2. Wolanski. 



Chapt er II: The multiconverter laboratory facility in conjunction with analysis and 

simulations have been used as a research tml to investigate the practical means of 

integrating the 2-level, 3-phase voltage source bridge converter modules. Emphasis is 

placed on the lowest pulse rates which has the lowest switching losses. Unfortunately, the 

voltages of the individual converter modules are unbalanced so that they cannot be 

connected in parallel. The balancing methods investigated are: parallel connections, series 

(with transfonners) connections and paralle1 connections of series (with transformes) 

groups. 

Chapter III: The phase shifted triangle carrier technique of the Sinusoidal PWM strategy 

kas been implemented in off-line digital simulation by comparing the sinusoida1 

modulating signal and the tnangle &ers and using their intersection instants in the 

integration step to "trigger" the solid-state switches ON or OFF in the simulation program. 

In the real-time implementation of the experiniental facility, it is too costly to commit 

DSPs to monitor the signals for the intersecting instants. Instead, in Bowes's 4-Timer 

Method [67,68], the 3 modulating signals of the 3-phase ac are sampled periodically at 

the period of one timer and based on the samples, the switching t h e s  for each of the 

3-phases are computed and Ioaded on the remaining 3 timers. The switches of the 

3-phases of the bridge converter are triggered upon the countdown of the 3-hem.  

Chapter KiI extends the 4-Timer Method of one converter module to the 7-Timer 

Method which is suitabIe for N converter modules, N being an hteger number as long 

as it is even and within the computation speed of the DSP. The 7-Timer Method is 

important not only because it requires a small number of timers but also because it 



Method which is suitable for N converter modules, N being an integer number as long 

as it is even and within the cornputation speed of the DSP. The 7-Timer Methcd is 

important not only because it requires a small numkr of timers but also because it 

reduces inaccuracies so that the equivalent sarnpling frequency approaches the theoretical 

lirnit of Nf, set by the shifted triangle carrier technique of the SPWM stmtegy. 

Part 2: Multilevel Converter Approach 

As the diode-clarnped, rnultilevel approach pubiished for the fmt tirne by A. Nabae [38] 

holds prornising advantages, the second part of the thesis has devoted research to it. The 

work is described in chapters IV, V and W. 

Chapter IV: Hitherto, only single unit multilevel converters has been studied. This 

chapter documents the research on multiple modules of the diode~lanipeû multilevel 

converters. Multiple modules of multilevel converters are operated under the phase shifted 

triangle carrier Sinusoidal Pulse Width Modulation (SPWM) strategy in digital 

simulations. 

In the w m e  of the experiments in the digital simulations, an important discovery 

of practical consequence has been made. The simulation results have show that using 8 

modules of multilevel converters operated with phase shifted carriers, the switching rate 

for individual valves can be reduced to as low as a single pulse per modulating cycle 

without serious deterioration in the total harmonie distortion (THDs) in the wavefom and 

in the capability to operate as 3 high-power linear amplifiers with constant gain. 



Furthemore, this chapter has initiated research on faults to the steady-state studies. 

Experimental results obtaine. from a laboratory series-STATCOM based on 

rnultilevel converter are presented. The test resuIts have shown that multilevel converter 

operated as series-STATCOM w ith delta-w ye connected coupling transformer is capable 

of operating as a capacitance even under fault conditions while niaintaining the total dc 

voltage regulation and individual dc capacitor voltage equalization. The test results also 

have shown that the rnuItileve1 series-STATCOM is capable of turning OFF safely which 

corresponds to virtually inserting the large magnetizing inductance of the coupling 

transformer into the transmission line. It is also capable of re-inserting itself into the 

transmission line after the turn OFF. 

Chapter VI: One weakness of the diodeîlarnped, rnultilevel converter topology is that 

the dc voltages across the dc capacitors of each of the multilevels contain inherent third 

and triplen harmonics. The third and triplen harmonics affect adversely the total harmonic 

distortions (THDs) in the ac voltage and cuilent waveforms, derate the ratings of the 

solid-state switches and complicate the design of the feedback loops. 

In chapter VI, a rnethod of reducing triplen harmonics on the dc capacitor voltages 

of multilevel converters is described. When a single module of multilevel converter is 

used as STATCOM for example, the dc capacitor voltages contain large third harmonics. 

When two multilevel converters are configured as supplied from a 6-phase ac source, the 

thkd hamionics on the dc capacitor voltages are eliminated leaving residud sixth 

harmonics. Simulation results wnfirmed by experimental test results on a 6-phase, two 

multilevel converters operated as a shunt-STATCOM are presented. Simulation studies 



have shown that the residual sixth harmonies can also be eliminated by using four 

rnultilevel converters configureci as a 12-phase STATCOM. 

Chapter VII gives a sumrnary of the thesis and conclusions. Furthemore, some 

suggestions are given for future work as a follow up of the research work presented in 

this thesis. 



PART 1: 

2-LEVEL 3-PHASE CONVERTERS 



CHAPTER II 

MULT-MODULES OF 2-LEVEL 3-PHASE CONVERTERS 

2.1 Introduction 

The GTOs in the 100 MVA and 80 MVA STATCOM installations in U.S.A. and 

Japan respectively, [S5,26] switch at the rate of 1 pulse per 60Hz period, which incurs 

minimum switching loss. The research of this chagter is aimed at the near future when 

GTOs can switch at higher fiequencies and IGBTs at higher frequencies still, and the 

Sinusoidal Pulse Width Modulation (SPWM) technique can be applied to FACTS 

(Flexible AC Transmission System) controllers so that they have the benefits of direct 

magnitude control and output-to-input linearity for the irnplementation of sophisticated 

modem control theory and active filtering. The availability of faster high power sofid-state 

switches will allow the pulse rates to increase fmtly to 3 and then to 9 pulses per 60Hz 

period 1371 and higher. The Total Hmonic Distortion (THD) standards cm be met at 

such low switching rates by apglying the Phase Shifted Triangle Carrier S P W  technique 

[35,36,67,70] to control multiple modules of the GTO converters. 

This chapter addresses the issue of equalizing the currents in the FACTS stations 

based on multiple SPWM converter modules. Firstly, it is instructive to review how this 

is accomplished in the Japanese STATCOM [26] ,  which has a fuller disclosure of the 

design which is based on 8 parallel, 3-phase voltage source converter bridge modules. The 

individual modules produce 8 sets of identical 3-phase square voltage wavefoms which 

are phase shifted. A staircase waveforrn approximating the sinusoid is obtained for each 

phase, upon surmation of the 8 square wavefoms. However, because of the phase-shifts 

- .  
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in the voltages, the outputs from the parallel modules cannot be connected directly to a 

coxmnon set of nodes without causing large circulating currents. This is solved by using 

phase shifting transformers, one set for each module, between the converter modules and 

the station buses. A second set of transformers then raises the voltages from the low 

voltage levels of GTOs to the high transmission line voltages. 

The Phase Shifted Triangle Carrier SPWM technique has the property that the 

output contains the modulating signals which are amplified by the same constant gain 

without phase shifts. Thus in general, the outputs of the multiple modules can be 

connected directly in parallel so that the phase-shifting transformer stage will not be 

necessary for pulse rates of 9 and higher. Thus only the step-up voltage transformers are 

required, saving the cost of the intermagnetic stage. However, in the interim period of 

waiting for the faster GTOs [46] or the more powerful IGBTs to be available and the 3 

pulses per 60Hz p e n d  will have to be used, the cost of the fnst stage is unavoidable. For 

the case of 3 pulses per 6OHz period, the lower sideband switching noise of the Phase 

Shifted Triangle Carrier SPWM Technique will have the sarne frequency as the 6OHz 

signal. Consequently, the 6OHz voltages of the modules are unbalanced so that they 

cannot be connected directly to the step-up voltage transformers. Thus an intermagnetic 

stage based on transformers is also necessary for equalizing the currents from the multiple 

modules. 

2.2 Voltage Source Converter and Sinusoidal Pulse Width Modulation 

Fig. 2.l(a) shows the schematic of the 3-phase voltage source converter. Its single 

line equivalent circuit is show in Fig. 2. l(b), with the ac terrninals 'a' and ln' denoting 
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the a-phase and the neutral respectively. Fig. 2.2(a) and (b) illustrate the well known 

technique of generating ac output fiom a modulating signal at frequency fm, and a triangle 

carrier at frequency fc. Fig. 2.3 illustrates the typical frequency specmim of the SPWM 

waveform (fc=21fm) [67,12]. The arnplified modulating signal is located at frequency f,. 

The switching noise power is contained in the camers which are located at frequencies 

fc, 3fc ... and the sidebands, at f,-2fm, fc+2fm, 2fc-f,, 2fc+fm, 2fc-3fm, 2fc+3fm, 2fc-5fm ... 

Fig. 2.1: Voltage Source Converter. (a) Schernatic diagram. (b) Single line equivalent 
circuit diagram. 

For high power applications, switching loss consideration rules out using GTOs 

at f, which is higher than 540 Hz [46]. However by using Lm multimodules as described 

in the next section, the effective carrier becomes L,fc. The spectnim of the total output 

takes the sarne form as Fig. 2.3 with the modification that the carrier frequency f, is 

replaced by Lmfc. Thus the noise components are shified to the high frequency end where 

the filtering components are cheaper to realize. 



Fig. 2.2: Sinusoidal Pulse Width Modulation. (a) Modulating signal and Triangle 
carrier. (b) PWM output voltage. 

60 80 100  

Harmonic Number, k 

Fig. 2.3: Spectrum of SPWM output voltage, V,(t). 

23 Multiconverters with Phase Shifted Triangle Camers [35,36] 

By sending phase shifted triangle cariers as illustrated in Fig. 2.4 to each of the 

Lm converter modules, the switching instants of the GTOs are staggered as the intersection 

points of the carriers with the cornmon modulating signal are different for each converter. 

The sumation of the ac outputs from Lm converters yields a high quality output with the 



spectnun similar to that of Fig. 2.3, with the important advantage that the effective carrier 

frequency is increased to L,fC without incurring higher switching losses. 

Fig. 2.4: Phase shifted triangle carriers for 8 converter modules (only Lm = 1,2 and 8 
are shown). 

2.3.1 Choosing Carrier Frequency as Triplen of Modulating Signal 

When the 3 ac-phases of each converter module are connected to a balanced delta 

circuit or to a balanced open wye circuit, the zero sequence currents (which include the 

triplen harmonics) cannot flow. When the circuit has this inherent triplen discrimination, 

it is advantageous to choose the triangle carrier frequency to be an integral multiple of 

3 times the modulating signal frequency, since the currents of al1 the integral multiples 

of the triplen carrier frequency cannot exist. 

2.4 Synthesis of PWM STATION using Multicûnverters with Phase Shifted 

Triangle Carriers 

It is necessary to ensure that the voltage stresses and the current loadings are 

evenly s h e d  by the individual modules. Although the low order harmonics are cancelled 

for the composite station, the low order hannonic currents still flow in the individual 

converters. The study in this chapter examines the cases of Lm converters which are 



combined in parallel, in series and in parallel strings of series connected modules. 

2.4.1 Direct Parailel Connection 

A very important property of the Phase-Shifted Triangle Carrier SPWM technique 

is that the amplified modulating signals in al1 the converter modules have the same 

constant gain and there is no phase shift. Thus when fc=9 and higher so that the sideband 

harrnonics do not interfere with the modulating signals, al1 the fundamental harrnonic 

components are equal in magnitude and in phase, so that the converter modules cm be 

connected directly in parallel. The current s through individual modules will still contain 

the harmonics associated with the triangle carrier fiequency f, and the sideband harrnonics 

which must be reduced by filter inductances. As off-the-shelf transfomers are relatively 

cheap, their leakage inductances may be used for filtering. 

Fig. 2.6 shows the oscillograrns of an experiment based on 4 converter modules, 

comected as shown in Fig. 2.5, operating at fc=15fm, which is a triplen harmonie, under 

the Phase Shifted Triangle Canier Technique. The high quality current waveform of the 

5" trace in Fig. 2.6(b) is the surn of currents from the converter modules displayed in the 

upper 4 traces of Fig. 2.6(a). Although hidden by the harmonics, it is possible to 

appreciate the equal magnitudes and phase angles of the amplified modulating signal in 

the 4 traces. The period of the saw-teeth is the penod of the carrier and a closer 

examination shows that there is a phase displacement by 114 of this period in the 

individual traces so that on sunimation, the hannonics are self-cancelling, leaving the 

amplified signal as the 5" trace of Fig. 2.6(b). 



Fig. 2.5: Schematic of direct parallel connection. 

Fig. 2.6: Direct parallel connection. (a) Individual currents in the four converter 
modules. fi) Total cwent. 

2.4.2 Parallel Connec tion using Transforniers 

In this connection, the ac outputs of Lm converters are connected to the secondaries 

of transfomers and the primaries are connected in parallel to the power system. The total 

voltage, V,, on the output is the average of the sum of al1 the Lm converters scaied by 

tums ratio. The total current is of the same waveform quality as for direct paralle1 

connection scaled by the tums ratio. 



Fig. 2.7: Schernatic of parallel connection using transfomers with closed neutral return 
on the converter side. 

The currents through the individual converter modules will depend on the 

connections of the transformer windings on the converter side. The fxst case is when the 

windings on the converter side are connected in wye and the neuual retums are 

connected to the rnid-point of the dc link voltage as illustrated in Fig. 2.7. In this case the 

currents flowing through the modules are identical to the case of direct parallel connection 

shown in Fig. 2.6. 

Another case is the open wye or delta connection of the windings on the converter 

side as shown in Fig. 2.8. in this case, al1 the triplen hamonic currents will cancel. As 

a result, the currents ttirough individual converters will be of high quality as shown in 

Fig. 2.9(a). The open neutral connection does not allow the triplen hannonic currents to 

flow. The reduction of the saw-teeth of Fig. 2.6 to Fig. 2.9 means that the filter 

inductance size can be reduced. 



Fig. 2.8: Schernatic of parallel connection using tmmfonners with open neutral r e t m  
on converter side. 

Fig. 2.9: Parallel comection using transfomers with open neutral return. (a) Individual 
currents in the four converter modules. (b) Total current. 

2.4.3 Series Connection using Transformers 

Zn the connection of Fig. 2.10, the ac outputs of Lm converters are connected to 

the secondaries of transfomers and the primaries are connected in series. The total output 

voltage is the summation of al1 the Lm converters (scaled by turns ratio). The current on 

the secondaries will be identical to the pRmary current (scaled by the tums ratio). From 

the fdtering viewpoint, the series connection is better than the parallel connection as the 



harmonic cancellations take place as voltages in series rather than as currents in paralleI. 

As a result, smaller filtering inductances can be usëd as compared to parallel connection. 

Fig. 2.10: Schernatic of series connection using transformers. 

Fig. 2.1 1 is the result of a test similar to that of Fig. 2.6 and 9, except that the 

transformer primaries are comected in senes. The currents in al1 the 4 upper traces 

(Fig. Il(a)) are identical to the 5' trace (Fig. 1 l(b)) except for the turns ratio scaling 

factor. The senes connection offers a very attractive method of integrating the multiple 

modules as the currents flowing through the transformers are free of harmonies. 

Fig. 2.1 1 : Series connection using transformers. (a) Individual currents in the four 
converter modules. (b) Total current. 



2.4.4 Paraiiel Comection of series Tramformers 

In the series connection, the emphasis is placed on keeping the s u .  of transformer 

primary voltages low so as to reduce insulation cost. Another objective is to use 

off-the-shelf transformers whenever possible, and this requires a flexibilit y which can be 

handled by parallel connections of series connected transforrners as shown in 

Fig. 2.12(b), which illustrates the connection of 4 modules as 2 parallel strings of 2 series 

connected converters. 

Four modules of 5kVA size 3-phase IGBT voltage source converters have been 

used to test the configuration s h o w  in Fig. 2.12(b) for the test condition f,= 6OHz and 

fc=540Hz. Fig. 2.13 displays the oscillograrns for the test circuit of Fig. 2.12(b). From the 

branch currents, 1, and 1,, shown in Fig. 2.13(d) and (e), it can be seen that the carrier and 

its sidebands have been eliminated in the total curent s h o w  in Fig. 2.1 3(0. 

(a> (b> (d (d) 

(a) 
Fig. 2.12: (a) Phasors of the SPWM outputs for 4 modules. fi) Parallel connected 

series paired modules. 



Fig. 2.13: Parallel connection of series transformers. (a) Ac output of 1 module. 
(b) The sum from 2 modules forming the pairs. (c) The total output voltage from 4 
modules. (d) CwTent through 1' series connected pair. (e) Current through 2nd series 

connected pair. (f) Total current. 

2.5 Significance of Series Conxiected Converter Groups at Very Low 

Switching Frequency 

When a switching rate of 3 pulses per 60 Hz cycle is chosen [46], direct paralle1 

connection of the multiconvener outputs is not viable. This is because from Fig. 2.3 the 

lower sideband of the switching noise has the fiequency f,-2fm=60 Hz, which is the same 

frequency as the amplified rnodulating f~equency [67,12]. Using 4 converters at a 

switching rate fc=3fm, the 60 Hz voltage compnents are illustrated in the 4 phasor 

diagrams in Fig. 2.12(a). The arnplified fundarnentd rnodulating signals are represented 

by vertical broken line phasors. They are al1 of equal magnitude and direction. The lower 



sideband voltage phasors are each displaced by 360/4=90° and are shown as broken line 

phasors having equal magnitudes but each phasor pointing to one of the 4 directions 

[35,36]. The solid-line resultants representing the unequal 60 Hz voltages in the 4 

modules will result in a serious current unbalance when the 4 converters are connected 

in parallel. The lower sideband f,-2fm=60 Hz of the switching noise voltage can be 

cancelled by series connection of (a) to (c) and (b) to (d) as shown in Fig. 2.12@). 

Research based on digital simulations on a STATCOM made up of 8 and 16 

converters connected in 4 parallel sets of transformer series connected converters has been 

pursued to verify this property . Fig. 2. M(a) shows the ms currents 1,, I,, I, and I, in the 

4 parallel branches of 2 series transformer connected converters plotted against the 

modulation index (M.I.). Frorn M.I.=0.6 to 0.8, the currents are equally shared showing 

that the mode of cancellation of the sidebands by pairing converters is effective. 
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Fig. 2.14: Current sharing in 4 parallel branches of series connected converter 
modules, f, = 3fm. (a) 8 modules, 2 modules per branch. fi) 16 modules, 4 modules 

per branch. 



However, when Modulation Index (M.I.) exceeds 0.8 PA., another current 

unbalance due to the lower sideband 2f.-5fm=60 Hz emerges [12]. The phasors of the 

lower sidebands of 2fc-5fm are also of equal magnitude but equally spaced out in 720 

degrees. In order to ensure a complete elirnination of 60 Hz voltage unbalance at 3 pulses 

per 60 Hz period, 4 converters have to be connected in senes. One has to pair converters 

which eliniinate the sideband of f,-2fm and then look for the pairs which eliminate the 

sideband of 2f,-Sf, also and connect them in series. The groups of 4 series connected 

converters are then connected in parallel. Fig. 2.14(b) shows the 4 rms branch currents 

from a STATCOM made up of 16 converters operating as 4 series transformer connected 

strings. The elirnination of the sidebands of f,-2f, and 2fc-5fm is complete as the 4 sets 

of rms currents are almost coincident. 

2.6 Experirnental Verification of Multiconverters with Phase Shifted 

Carriers at f,=3fm 

Six modules of 5kVA size, 3-phase IGBT voltage source converters have k e n  

built for the purpose of venfying the digital simulation studies on rnulticonverters with 

phase shifted camiers [35,36]. Fig. 2.15 and 16 displays the results obtained from the 

series connected transfomer primaries of Fig. 2.10 for the test condition of fm=60 Hz and 

f,=f 80 Hz, using 18 single phase transfomiers. Fig. 2.15 is for open neutral 

wye-connected transformer secondaries. Fig. 2.16 is for delta connected transformer 

secondaries, a configuration which allows zero-sequence to flow in the primaries. The 3 

waveforms are: (a) the voltage across a transformer secondary, (b) the voltage of the surn 

of 6 transformer primaries, and (c) the pnrnary line current. 



Fig. 2.15: Series connection of 6 converters with open neutral wye-connected 
transformer secondaries. (a) Voltage across a transformer secondary for 1 module. 

(b) Voltage of the surn of 6 transformer primaries. (c) Primary line current. 

Fig. 2.16: Series connection of 6 converters with delta connected transformer 
secondaries. (a) Voltage across a transfomer secondary for 1 module. (b) Voltage of 

the sum of 6 transformer prirnaries. (c)  PNnary line current. 

2.7 Discussions 

This study has been devoted to providing data on the characteristics of the 

different ways of connecting the multi-modules. The frnal decisions are left to the 

manufacturers who are more loiowledgeable, especially regarding the sizes of off-the-shelf 

transfomers available. From the point of view of insulation costs, the number of 

transformers to k connected in series should be kept low. On the other hand, copper 

losses are low when the voltage ratings are kept high. 

The core losses in the transformer intemagnetic stage must also be factored in. 



From [7 11, the core iosses are proportional to (kIJ2 where k is the harmonic nurnber. The 

excellent current waveforms in Fig. 2.15 and 16 hdicate that the series connection is 

advantageous. The delta connection of the transformer secondaries in the connection of 

Fig. 2.16 allows zero sequence currents to flow in the primanes. In transmission line 

practice, it is necessary to provide a path for the zero sequence currents duMg faults. 

It is necessary to explain why two transformer stages are proposed and why the 

prirnary winding turns are not chosen so that the voltages of their series connections reach 

the transmission line voltage ratings, thus foregoing the second step-up transformer stage. 

It has b e n  explained to the authors that insulation CO-ordination especially during 

switching transients and protect ive rela y considerations require extensive studies before 

the single transformer stage based on series connected primaries can be approved. 

2.8 Sunimary 

Simulation studies based on shunt PWM-SVC have s h o w  that, at f, = 3fm 

switching rate, 4 series connected converters are adequate to fom one group for equal 

load current sharing among the converter modules. The series connected converters are 

chosen in such a way that the low order switching noise cancel. The groups can then be 

c o ~ e c t e d  in parallel to obtain high current rating and greater reliability. The phase shifted 

triangle carrier SPWM method can be used to synthesize high power FACTS controllers 

where the GTOs can operate at as low a switching rate as fc = 3fm. 

The next chapter presents the 7-Timer Method of controlling rnulticonverters 

operated with phase shifted triangle carriers using digital controller. The Method has b e n  

tested by simulations and c o n f i e d  experirnentally using 4 and 6 modules of converters. 



CHAPTER m 

DIGITAL IMPLEMENTATION OF PHASE S H I m D  TRIANGLE CARRIER 

TECHNIQUE OF SINUSOIDAL PULSE-WIDTH MODULATION (SPWM) 

STRATEGY 

3.1 Introduction 

Chapter II has shown how multiple modules of the 2-level, 3-phase voltage source 

converters have the characteristics of high power, linear amplifier when operated under 

the phase-shified, triangle carrier technique of the sinusoidal pulse width modulation 

strategy [35,35,72]. One remaining challenge consists of fmding a fast, accurate rnethod 

of digitizing the technique. 

This chapter reports on the research a h e d  at achieving digital control of the high 

power electronic converters. The digitally controlled converters have applications as ac 

power supplies (from large battery or fuel-ce11 storage) [73,74], and as FA(JTS (Flexible 

AC Transmission Systerns) controllers: such as shunt STATCOMs (STATic 

COMpensators) [25,75], series STATCOMs [27,76] and UPFCs (Unified Power Flow 

Controllers) [2 8,771. 

The high power converters, especially the FACïS controllers, have been expected 

to play important roles in dynarnic performance enhancement, stabilization, and active 

filtering, in the electric utility environment. The high linear amplifier gain and high power 

capability mean that many of the useful methods of classical and modem control and 

active filter theones can be channelled through the FACTS coritrollers to fulfil these roles 

1781. However, many of the sophisticated control strategies require real-tirne computations 



which must be performed by fast digital signal processors (DSPs), singly or in parallel. 

Hitherto, the application of cornputer control in power electronics has necessitated 

the translation of the "natural sampling" of the SPWM strategy to the "regular sampling" 

of the 4-Tirner Method [68]. This chapter modifies the essential ideas behind the 4-Timer 

Method, which was developed for a single, 3-phase inverter unit, so that the array of N 

modules of 3-phase bridge converters can be controlled by the phase-shifted triangle 

carrier technique of the SPWM strategy. This modification is realized in its final form 

under the name "7-Ther Method", which is described in this chapter. 

Both the 4-Timer and the 7-Timer Methods take regular periodic sarnplings and 

use the sarnple-and-hold data as the modulation signals in the predictions of the pulse 

widths in the SPWM strategy. The 7-Timer Method has a fast and accurate sampling 

method, which is compatible with the high effective carrier frequency Nf,, even though 

the individual converter must operate at a low pulsing rate, f,, because the high power 

solid-state switches are inherently slow. 

In the writing of the chapter, the Sinusoidal Pulse Width Modulation and the 

Phase-shifted Triangle Carrier Technique are fust reviewed bnefly in the context of 

"natural sampling". The 7-Tirner Method is then presented as a translation of "natural 

sampling" to "regular sampling". Digital simulations and laboratory experiments 

demonstrate the effectiveness of the Method. 

3.2 Multi-conver ter Array 

In this chapter, Fig. 3.l(a) is the symbol representing the 3-phase, voltage-source 



bridge converter of Fig. 3.1 (b). Fig. 3.2 shows the general method of connecting the Mc 

rows of converter modules in series, and Nc coTumns of converters in parallel. The 

ac-terminais of the N (=Mc x N,) converters are connected to transfomiers. The series 

connections increase the dc voltage across D and E. The paraIlel connections increase the 

ac current rating. 

Fig. 3.1: 3-Phase Voltage Source Converter. (a) Symbol. (b) Schematic. 



Fig. 3.2: System of Multiconverters. 

3.3 Natural SampIing 

32.1 Sinusoida1 Pulse Width Modulation (SPWM) 

Fig. 3.3(a) illustrates the Sinusoidal Pulse Width Modulation method based on 

using the intersection points of the modulation signal V,(t) and the triangle carrier signal, 

V,(t), as the t h e  instants for turning the switches in a given phase, complementady ON 

and OFF. This method of encoding the modulating signal through the pulse width, is 

accurate when the frequency of the carrier, f,, is sufficiently high. The modulation signal 

is amplified with a constant gain, without delay. 



Fig. 3.3: Sinusoidal Pulse Width Modulation. (a) Modulating Signal and Triangle 
Carrier. (b) PWM Output Voltage. 

3.2 2 Phase-Shifted Triangle Carrier Technique of SPWM Strategy 

In applying the phase-shifted triangle carrier technique to the SPWM strategy to 

control the multiconverter array of Fig. 3.2, each phase of all the N modules receives the 

sarne modulating signal V,(t) through a SPWM black-box in Fig. 3. l (b). However, in 

each module (n= 1 2  ... N), the black-box receives its individual triangle c h e r  signal, 

V,,,(t). The camer signals are identical triangles, except for the phase shifis based on 

dividing the carrier perbd Tc= l/f, by N, Mathematically, the n" carrier V,,(t) is related 

to the first carrier V,, (t) by: 

Fig. 3.4(a) illustrates the phase-shifted c h e r  waveforms and the modulation 

wavefom. The SPWM black-box of Fig. 3.1 (b) in each module compares the modulating 

signal with its phase-shifted carrier. Fig. 3.4(b) and (c) illustrate how the pulsed outputs 

of two converters are staggered because the same modulating wavefom intersects the 

phase-shifted carriers at different instants. The output of one phase of the amy consists 

of the sumrnation of N pulsed waveforms of the forms of Fig. 3.4(b) and (c). 



Fig. 3.4: Phase Shifted Triangle Camer Technique. (a) Modulating Signal and Phase 
Shifted Triangle Carriers (n= 1,2). (b) PWM Output for the First Converter (c) PWM 

Output for the Second Converter. 

For testing purpose, the modulation waveform in Fig. 3.5(a) consists of the la, 3", 

5" and 7' hmonics of the Fourier decomposition of the square wave. This waveform 

has been chosen so that cornparison with the output enables a quick recognition that the 

linear arnplifying property is indeed accomplished through the phase-shifted triangle 

carrier technique of the SPWM strategy. Fig. 3.6(a) is the Fast Fourier Transform (W) 

of Fig. 3.5(a), showing the 1', 3", 5" and 7' harrnonics. Fig. 3.5(b) shows the output 

pulsed waveform of one of the 24 converters. The carrier-to-modulation frequency ratio, 

f, /f,=5. Fig. 3.5(d) shows the summation of output wavefoms of 24 converters. It is 

evident that the output in Fig. 3.5(d) is an excellent replica of the input waveform of 

Fig. 3.5(a), which is a consequence of the high effective carrier frequency, which is 

Nf,= lSOf,Hz. 



Fig. 3.5: Simulated results. (a) Truncated square wave input signal. (b) Natural 
sampled PWM output for 1 -converter. (c)  Regular sampled PWM output for 

1-converter. (d) Natural sampled PWM output for U-converters. (e) Regular sampled 
PWM output for 24-converters. 

3.4 Regular sampling 

The naturally sampled SPWM as illustrated in Fig. 3.7(a), requires the 

commitment of at learn one DSP to monitor the modulation signal and the triangle can-ier 

signal continually, in order to detect the time instants when they are equal at t,, toll, 

whereupon commands are issued in real time to execute the switchings. By making use 

of regular sampling, the DSP can be freed to perform computational functions, including 

the computation of the switching times which are then loaded onto counters. 
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Fig. 3.6: Fowier senes of simulated results. (a) Spectrum of tnincated square wave 
input Signal. (b) S p e c t m  of Regular sarnpled PWM output for 24-converters. 

Fig. 3.7@) illustrates the method of applying regular sampling to the SPWM 

strategy. The sampling instants are taken at the extrema points of the triangle carrier. The 

sampling frequency is 2fc and the sampling period is Ts=1/(2fc). Applying 

sample-and-hold, the original modulation signal, V,(t), becomes the stepped waveform, 

V,(t). The SPWM method is applied next, using the intersection points of the triangle 

carrier signal V,(t) and the sample-and-hold signal V,(t) as the switching instants. The 

advantage is that at each sampled instant, the switching times ton and t,, can be computed 



fiom the properties of sllnilar triangles, since V,(t) is held constant in the sampling 

pend T,. 

Fig. 3.7: (a) Natural sampled SPWM (b) 4-Timer Method of Regular sampled PWM. 

Zn digital control, the computed values "t,," and ''t: are then loaded ont0 the 

registers of "electronic tirners", which are exteml to the DSP. After the c l o c h g  tirnes 

are found to be equal to the allotted times, commands are sent to the base drives of the 

converter phases to execute the ON or OFF commands. The duty-the of the DSP to 

accomplish the sampling and the cornputation of to,,/to, is minimal and the remaining t h e  

can be used for other duties. The accuracy of the regular sarnpling method is good when 

f, is high, as the pulse width T, of Fig. 3.7(b) approaches that in Fig. 3.7(a). 

3.4.1 4-Timer Method 

The 4-Tirner Method is the implementation of the SPWM strategy, based on 

translating natural sampling to regular sampling. One timer is used for each of the 3 

phases. The t h e s  "ton" and "t,,," are computed, alternately using the ascending and the 
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descending sides of the triangle carrier. The fourth timer keeps track of the sampling tirne 

TS* 

3.4.2 Poor Accuracy from Low Triangle Carrier Frequency f, 

At the off-set, the cornputer control by the phase-shifted triangle carrier technique 

of the SPWM strategy seerns to be a simple matter of using 3N+1 tirners. Unfortunately, 

accuracy would be a problem. As high power solid-state switches are generally slow so 

that a low triangle carrier fiequency fc must be used to reduce switching loss, poor 

accuracy is to be expected in applying the regular sampling method, exemplified by 

Fig. 3.7(b). 

3.5 Triangle carrier grid 

Since the 7-Timer Method is based on rnirnicking the phase-shifted triangle carrier 

technique as closely as possible, some farniliarity with the patterns of the phase-shifted 

triangle carriers helps in the understanding of the ideas involved. To meet this objective, 

Fig. 3.8 presents the grid of phase-shifted triangle carriers for: N=2 converters in (a), N=4 

converters in fi), and N=6 converters in (c). In this study, N, the nuniber of converters 

considered must be even, as the upper triangle apexes are coincident in t h e  with the 

lower triangle apexes, which offers an easier symmetry for the development of the 

algorithm. This insistence is not restrictive, since an even N is a preferred design choice, 

because the carrier switching noise at the frequencies of Nf,, 2Nfc, 3Nfc, .... do not exist 

when N is even. 



Fig. 3.8: Synthesis of Regular Sarnpled PWM for Multiconverters with Phase Shifted 
Triangle Carriers. (a) Two Converters. (b) Four Converters. (c) Six Converters. 

3.5.1 Cells of Crossed-Diagonals 

By cornparhg the grids of the triangle carrier wavefom of Fig. 3.8(a), (b) and 

(c), one recognizes that a repeated, basic element consists of a cell of crossed-diagonais, 

bounded by the sides IabeIled T, and Lm. The ceils are numbered horizontally, lefi to 

right, using the index k, and vertidy downwards, using the index i=0,1,2,..(N/2). The 

diagonals of each cell belong to two of the converters of the array n=1,2,3,..N. The 

diagonal with a negative dope belongs to the "tum-on " portion of a triangle carrier, wMe 

the diagonal with the positive slope belongs to the "tum-off " portion of another converter. 

For each ceil, indexed as (i,k), two simple formulas (eq. 3.6 and 3.8) exist to ident.üy the 

converters n=n, and n=n, to which the descending and ascending diagonals belong. 



As will be seen later, it is within the cells of crossed-diagonals that the natural sampling 

procedure descnbed by Fig. 3.7(a) is translated to regular sampling in Fig. 3.7(b). 

3.5.2 Samphg Period, T, 

The samphg paiods Ts=l/Nfc, which are labelled in Fig. 3.8(a), (b) and (c), are 

the phase-shifts between the triangle carriers expressed in tirne. The sarnpling periods are 

indexed by k=0,1,2,3 ,..., N-1,0,1,2,3 ,..., N-1,0,1,2.. indicating that the count repeats with 

k=0,1,2.. every t h e  the index k reaches N. As a reference, the time period of the triangle 

carrier Tc= l/f, is illustrated in Fig. 3.8(a). 

3.5.3 Modulation Depth, L, 

The nuxnber of cells, N,,, along the ordinate is: 

4, = N/Z (3.2) 

The cells are indexed by i=0,1,2,..,Nc1. Taking A, to be the amplitude of the triangle 

carrier, the modulation depth is: 

LsW = 4A, lN  (3.3) 

The cells divide the "modulation space" into several levels labelled as L,[i] in Fig. 3.8, 

where: 

3.6 Regular Sampling within Crossed-diagonals CeU 

Fig. 3.9 depicts a modulation signal, V,(t), which changes slowly with respect to 

the framework of the crosseddiagonals cells (indexed i,k). In natural sarnpling, the 



switching instants are the intersection points of VJt) and the triangle carriers. The turn-on 

and tum-off instants are based on the descendhg &d ascending slopes of the triangles 

respectively. The converters executing the turn-n and turn-off are identified with the 

triangle &ers assigned to them. Thus, they follow a cyclic sequence n=0,1,2, ...( N-l), 

0,1,2 ,... (N-l), 0,1,2,.. 

Fig. 3.9: Detemination of the Switching Times (ton & t,,,) and the Switching 
Converters at the k'b Sarnpling Instant within the Triangle Carrier Period, Tc. 

Taking regular sarnplings from the left-hand-side of each cell, the sample-and-hold 

signal, V,(t) is shown as the dotted line, generated at each sampled instants, .., tk+ tk.,, 

tk, fk+,, fk+2, tk+3, ... From visuai inspection, it is evident that the intersections of the 

phase-shifted triangle cariers with the sarnple-and-hold V,(t) are very close to the 

intersections with the original modulation signal V,(t), when the sarnpling p e n d ,  



T,= l/(Nf,), is sufficiently fine. 

Based on imitating natural sampling , the algorithm of regular sarnpling proceeds 

dong the following steps: 

Step 1: Identifj, index k 

After the sarnpling-tirne counter has measured out the sarnpling period T,, the index k-1 

is incremented to (k-1 )+ l =k. 

Step 2: Sample V,,,(t) 

Upon sample-and-hold, the value V,(tJ is obtained. 

Step 3: Identio index i 

Vm(tJ fîts in the index i when it lies between the levels LJi] and l [ i +  11. In principle, 

a comparative search is made iteratively through i=0,1,2,.. ,N,, . In practice, the 

computation time is reduced by beginning from the value obtained from the previous 

sample, i F-11. In the exarnple of Fig. 3.9, i p]=ip-1] throughout, as the modulation signal 

remains within the sanie two levels. Thus the search time is minimal. The indices (i,k) 

speciQ the crosseddiagonals ce11 within which the switching times are computed. 

Step 4: Cornpute t,, 

Based on the property of similar triangles, the intersection of the descending diagonal 

and Vm5(tJ in the (i,k) cell, yields the tum-on time: 

The time t,, is loaded ont0 the "turn-on" register. 



Step 5: Identib the n,& converter to send the turn-on instruction 

From the indices (i,k) of the cell, the converter in &hich the tum-on instruction is to be 

executed, is determined by the formula: 

o, = ( N +  k -  i )  ModN 
l' = Q1,Z ...., (IVcl - 1) 

M d  N, indicating that the count repeats with 0,1,2,..,(N-l), 0,1,2,.. every time the index 

(N+k-i) reaches N. n, contains the remainder after (N+k-i) is divided by N. The selected 

routing of the instruction to the converter G, is accomplished through hardware 

demul tiplexers. 

Step 6: Compute ta* 

From the ascending diagonal of the (i,k) cell, the "tum-off" time is computed: 

This t h e  is loaded ont0 the "turn-off' register. 

Step 7: Identih the no# converter tu send tuna-off instruction 

The converter in which the turn-off instruction is to be executed is determined by the 

formula: 

LI, = (k+i+ 1 )  ModN 
i = @ 1,2 ,,..., (IVc, - 1) (3.8) 

Q, contains the remainder after (i+k+l) is divided by N. The hardware demultiplexer 

routes the instruction to converter no,. 



3.6.1 Problem of Skipped Converter 

Unavoidably, there are occasions when within the same samp1ing period [t,,, t J, 

the modulation signal, V,(t), crosses over from one ce11 to another, above it as shown in 

Fig. 3.10, or below it as in Fig. 3.1 1. By comparing the intersections based on the 

modulation signal V,(t) with those of the dotted sarnple-and-hold signals V,,(t), it is 

evident that in regular sarnpling, one converter would have skipped a scheduled switching, 

marked P, while another converter would have received two repeated instructions in quick 

succession at Q and R (which is innocuous since they are identical commands separated 

by a brief tirne interval). The cross-over can only be noticed after the event, at sampling 

instant fk. 

The cross-over is detected at Step 3, by noting that the index ifkJ has decreased 

(modulation signal having a positive slope) or increased (negative dope) from i[k-1] of 

the previous sarnple. The "skipped" converter is already late in executing the scheduled 

switching at P. In order to minimize the error, the scheduled switching is executed 

immediately. No special action needs to be taken with respect to the other converter 

which receives the two repeated cornrnands. 

Two unavoidable errors are incurred at each cross-over of levels. The "skipped" 

converter, in executing the comrnand at t,, is already late. The other converter in 

executing the first of the repeated commds ,  at intersection point Q errs on the too early 

side. These errors are inherent in the sarnple-and-hold method and can only be rninimized 

by operating with a high sarnpling frequency, Nf,. 

A method, based on approximating the modulating signal by a straight line joining 

the samples of t,, and t, in the k~ 1 cell, will improve the accuracy, but the algorithm will 



be more complicated. 

(i) Positive Slope Cross-Over 

For the case of the cross-over by a positive slope in Fig. 3.10, the converter to which the 

immediate turn-on comrnand is to be sent is: 

n,=(N+ k - i -  l ) W N  

This action replaces Steps 4 and 5. 

Fig. 3.10: Determination of the skipped Converter to be Switched on. The Modulating 
Signal crossed one Voltage Level with Positive Slope within a Sampling Period, T,. 



(ii) Negative Slope Cross-Over 

For the case of negative dope cross-over depicted in Fig. 3.1 1, the immediate 

turn-off command is sent to converter n,,, where 

n ,= (k+ i )ModN,  i = Q l , 2  ,...., (N', - 2 )  
This action replaces Steps 6 and 7. 

Fig. 3.11 : Determination of the skipped Converter to be Switched off. The Modulating 
Signal crossed one Voltage Level with Negative Slope w i t h  a Sampling Period, T,. 

3.7 7-Timer Method 

Step 5 and 7 reduce the number of tirners requhed by each phase to 2, imespective 

of N, the number of converters. For each phase, two tirners are required for Y,," and Y,," . 

Thus for a 3-phase systern, a total of 7 tirners are required, the 7' tirner being used to 

time the sampling period, T,. 



3.8 Simulation Studies 

Off-line PC simulation studies of the 7-~irn& Method have been pursued with two 

objectives in rnind: (1) To evaluate the accuracy of the 7-Timer Method. The test signal 

of Fig. 3 3 a )  has yielded simulation results from the naturally sarnpled phase-shifted 

triangle carrier technique, which are shown in Fig. 3.5(b) and (d). The corresponding 

wavefom fiom the 7-Timer Method are displayed in Fig. 3.5(c) and (e). The agreement 

of Fig. 3.5(e) with (d) and (a) are excellent. Fig. 3.6(b) is the FFT of Fig. 3.5(e), showing 

that the spectnim of the original test signal in Fig. 3.6(a) is reproduced by the 7-Ther 

Methal. The simulation results of Fig. 3.5 and the FFT spectnim in Fig. 3.6 show that 

the 7-Tirner Method yields the linear amplifier property. (2) To develop the real-the DSP 

codes to operate the multi-converters in the experirnental tests. The same software, which 

has been written in C for the off-line PC simulations, after passing through the 

TMS320-C40 DSP C-compiler Optimizer, has been ported to run the TMS320-C40 DSPs 

in real-tirne. 

3.9 Implernent ation of 7-Timer Method 

3.9.1 Software 

The software based on the algorithm described in section 3.6 was written in C, 

tested in the PC and proven in Fig. 3.5(e) and 3.6@). 

3.9.2 Hardware 

The hardware comprises of a Texas Instruments TMS320-C40 DSP and a Field 

Programmable Gate Array (FPGA) device which serves as the intermediary between the 



DSP and the gating circuits of the IGBT converter modules. Each of the 7 timers is 

made up of a magnitude comparator in the FPGA. One input port of each cornparator is 

connected to the data bus of the clocking counter. The second input port of six of the 

comparators are connected to the output buses of the registers, ont0 which the computed 

times ton and t,, of the a, b, and c-phases are loaded by the DSP after the computation of 

each sampling instant. The output of each comparator of t,, (or t,,,) is routed to the nof,ol 

(or nOffb) converter by a demultiplexer, whose register has previously been loaded with 

the address n, (or Q,J by the DSP. The register of the 7Lh comparator contains the 

samphg period, T,. 

3.10 Experimental Results 

Six, 5kVA-size, 3-phase, IGBT, voltage-source converter modules have recently 

been designed and built in the power electronics laboratory for the purpose of carrying 

out an experimental research program on laboratory FACI'S controllers based on 

multi-converters. The 7-Timer Method has been very successful in the DSP control of the 

multi-converter array and [79] contains published results of the experimental research. 

Two sarnple results are presented: 

3.10.1 Test on 4 Converters, f, /f,=lS, ParaIlel Connection 

For f&= 15, the converter modules, operated under the 7-Timer Method (which 

implements the phase-shifted triangle carrier technique), cm be connected. directly in 

paraIlel as s h o w  in Fig. 3.12, without serious ac current unbalance from the individual 

modules. Fig. 3.13(a) and (b) show the ac voltages of a single module and the composite 



voltage of the 4 converters. Fig. 3. M(a) and (b) show the 4 branch ac currents with their 

carrier ripples and the total current in which the ripples have k e n  annulled by harmonic 

self-cancellations. The equivalent carrier-to-modulation frequency ratio is 4xfc /fm=60, 

and this is reflected in the high quality in the waveform of the total cment. 

Fig. 3.12: Direct Parallel Connection of Multiconvener System. 

Fig. 3.13: Output Voltage Waveforms for Direct Parallel Comection. 
(a) Single Converter Module. (b) Four Converter Modules. 



Fig. 3.14: Current Waveforms for Direct Parallel Connection. (a) Individual Currents 
in the 4 Converter Modules. (b) Total Current. 

3.10.2 Test on 6 Converters, f, /fm=3, Series Connection Using Transformers 

For f, /f,=3, the converter modules, operated under the 7-Timer Method, camot 

be connected directly in paralle1 because the ac voltages of the individual modules are not 

equal. The multi-converters mus  be connected in series through transformers as shown 

in Fig . 3.15. Fig. 3.16 shows the waveforms of an experiment in which 6 converters under 

the 7-Timer Method feed a resistive load with srnall inductance (Q-Factor = 0.25). 

Fig. 3.16(a), (b) and (c) show respectively, the output voltage of a single module, the 

composite voltage at the transformer output, and the load cunent. 



Fig. 3.15: Series C o ~ e c t i o n  of Multiconverter System using Transformers. 

Fig. 3.16: Voltages and Current Wavefonns for Series Connection of six Converter 
Modules at fc=3fm. (a) Output Voltage for Single Converter Module (b) Total Voltage 

for six Converter Modules. (c) Load Current. 

The experimental results from the two sarnple expenlments point to the 7-Tirner 

Method as having successfully and accurately implemented the phase-shifted triangle 



carrier technique of the SPWM. 

3.11 Summary 

In this chapter, the 7-Tirner Method has been described, and the simulation and 

experimental results presented are proofs of its effectiveness. The 7-Tirner Method enables 

an array of converter-modules to be operated as high power linear amplifiers of high 

constant gain (without phase shift), under computer control. 



PART 2: 

DIODE-CLAMPED MULTILEVEL CONVERTERS 



CHAPTER N 

SPWM STRATEGY IN DIODECLAMPED MULTILEVEI, TOPOLOGY: 

SINGLE MODULE AND MULTLMODULES 

4.11 Introduction 

Part 1 has been concerned w ith 2-level, 3-phase voltage-sour ce converters. The 

minllnum switching rate is 3 pulses per cycle of the 60Hz modulation signal. A switching 

rate of 12 pulses per modulating cycle or higher is preferred but this is beyond the 

capabilities of presently available gate-turn-off thyristors (GTOs). Part 2 examines the 

potential of the diode-clamped multilevel topology. Under the fundamental frequency 

method of control, the switching rate is the minimum of 1 pulse per moddating cycle. 

The fundamental frequency method does not have the linear amplifier characteristics of 

SPWM. This chapter is concerned with implementing SPWM strategy in the 

diode-clamped rnultilevel converters. 

Multilevel converters constitut e the key technology of power electronics to reach 

the high power ratings required by controllers of Flexible AC Transmission Systems 

(FACTS). The 80 and 100 MVA size GTO STATCOMS which have been installed in 

Japan [26] and USA [25] respectively, based on 2-level converters, are examples of the 

rnanufacturers' state-of-the-art in high power electronics for the electric power utility 

market. The GTOs are pulsed once per line frequency cycle to rninunize switching loss. 

Real power is controlled by advancing or retarding the ac voltage phase angle. Ac voltage 

magnitude is controlled by incre-asing or decreasing the dc capacitor voltage. Another 

alternative of output voltage magnitude control is by employing transformer tap changers. 



A high quality sinusoidal voltage waveform is synthesized by cancellations of harrnonics 

in 8 square-wave voltages from 8 modules of GTO converters. Two transformer stages 

are used. The first stage applies magnetic circuits to integrate the power from the 8 

modules. The second stage steps up the voltage to the transmission line voltage Ievels. 

As discussed in [26], the fust stage consists of phase-shifting transfomers with the turns 

of the tertiary windings providing the means of designing the requisite phase shifts. 

Incidentally, in order to satisfy the high MVA required, the GTOs have to be connected 

in series &or in parallel in order to augment the voltage/current ratings, so that the 

rnultimodules do not add to the cost. 

Anticipating the near future when GTOs can switch at a faster rate, research has 

already begun on sinusoidal pulse width modulateci (SPWM) converters as controllers in 

FIexible AC Transmission S y stems (FACTS) [77,8O]. As SPW-controiled converters 

funetion as linear amplifiers, they are suited to handle feedback and active filtering 

signals, which are added to the line frequency ac template wavefonns in the modulating 

signal. 

From research on muItimodules of Zlevel converters connected in parallel [36] 

and in series [35], it has been shown that the GTOs need to switch only at 300 Hz 

(number of triangles per modulating cycle, K, = 5) provided the "phase M i n g  aiangle 

d e r  technique" is adopted. When M modules are employed, the equivalent triangle 

canier number is Ka = m. Thus, as broad a frequency bandwidth as is requued by 

feedback and active filtering signals can be provided for, by the choice of M, the number 

of converter modules. 

The introduction of the multilevel converter concept [38,39] has added impetus to 



this line of research. The multilevel connection enables the ac voltage to be increased 

without transfomiers. The cancellation of low fiequency harmonics from the ac voltages 

at the difTerent levels means that the size of the ac inductances cm be reduced. 

Up to this point in t h e ,  however, research [40,42,63,64,8 1,821 has s h o w  that the 

Fundamental Frequency Method of switching is more promising than the SPWM method 

in controlling the rnultilevel converter. For example, to obtain 5% total harrnonic 

distortion (THD) factor in voltage, the SPWM method requires K, = 63 carrier triangles 

per modulating cycle in the 5-level converter. In contrast, each GTO is pulsed only once 

per cycle in the Fundamental Frequency Method. Surprisingly, the SPWM multilevel 

converter has to switch even faster than the 2-level converter. 

The fust part of this chapter examines the reason for higher sampling rate needs 

in the SPWM multilevel converter. Having discovered that the higher sampling rate is an 

inherent requirement, the research examines next the technique of "phase shifting of the 

triangle carrier" applied to multiple modules of multilevel converters [35,36]. In the case 

of M = 8 modules, it has been found that K, = 1 triangle carrier per modulating cycle 

suffices in synthesizing a very g d  voltage wavefom. As the GTOs are pulsed only once 

per modulating cycle, the SPWM technique has the same switching Ioss as the 

Fundarnental Frequency Method. This is the same switching rate as the 80 and 100 MVA 

size STATCOMS [26,25]. Simulation results also confïrmed the linear amplifier property 

of SPWM as applied to multiple modules of multilevel converters with phase shifted 

carriers. 



4 2  Requirement of High Frequency Triangle Carrier in Multilevel SPWM 

Fig. 4.1 shows the schematic of a 3-phase, 5-level, diode clamped converter. The 

application of the SPWM strategy of one phase is illustrated in Fig. 4.2(a), which displays 

the sinusoidal modulating waveform against 4 bands of triangle carrier signals. Fig. 4.2(b) 

presents the switched waveforms at the ac terminal of the phase in question. Essentially, 

Fig. 4.2(b) is the superposition of the 2-level SPWM waveforms generated by the 4 bands 

of triangle c h e r  signals. 

Fig. 4.1: Three phase diodeclarnped 5-level converter. 

4.21 Multilevel SPWM 

The source of consternation is that K,, the number of carrier triangles, has to be 

larger in a multilevel SPWM converter than in 2-level SPWM converter. The requirement 

for a higher triangle carrier frequency follows from the fact îhat at each level the 



modulating signal is no longer the line-fiequency sine-wave, but one of the 4 sliced 

sections vil(t),..,va(t) of the sine wave as illustrated in Fig. 4.3(a). The Fourier Series of 

the modulation waveform vi(t) in the j' section is: 

for j = 1,2,3,4; where AjK, B,, are the Fourier series coefficients of the k' hannonic, 

w = 2n/T the angular frequency for pend T, and Km is the maximum hamonic. The 

outputs of the SPWM strategy of each section are illustrated as v,,(t),..,v,(t) in 

Fig. 4.3(b). 

Fig. 4.2: SPWM technique applied to 5-level converter. (a) Modulating signal and 
triangle carriers. (b) 5-level output voltage. 



Fig. 4.3: SPWM strategy applied to each level. (a) Modulating signals and triangle 
caniers. (b) 2-level output voltages. 

The Fourier spectra of the upper two sliced sections of the sine wave vii(t), va(t) 

iilustrated in Fig. 4.3(a) are shown in Fig. 4.4(a) and 43a ) .  One sees that the modulating 

signal of sliced sections occupy a bandwidth which is K, multiples of o. The Fourier 

spectra of the 4 sliced sections must reconstitute the original modulation sine-wave, that 

is 

It follows that the harmonies K = 2,3, ..., K, must be self canceIling that is: 

for K = 2,3, ..., &. The Fourier spectra of the lower two slices are identicid to Fig. 4.4(a) 

and 4.5(a) but there is a 180" phase shift. 



Harmonic Number 

Fig. 4.4: (a) Fourier spectnini of vi,(t). (b) Fourier spectrum of v,,(t). 
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Fig. 4.5: (a) Fourier spectnim of v&. (b) Fourier spectnim of v,(t). 



The SPWM technique is a linear amplification process. It can be proved 

mathematically [83] that the switched output waveform of the j' section of Fig. 4.3(b) has 

the Fourier Series: 

j = 1,2,3,4; where G is the gain and nj(t) is the switching noise, whose Fourier series is 

j = 1,2,3,4. 

Comparing (4.1) and (4.4), one observes that the input modulating signal is amplified by 

a constant gain G ,  with no phase SM. The summation of the pulsed outputs of di the 

levels is 

Substituthg (4.4) and then (4.1) in (4.6) 

Thus the output contains the original input sinusoida1 signal of (4.2), amplified by a 

constant gain G. 

Fig. 4.4(b) and 4.33) show the Fourier spectra of the SPWM output pulses, v,,(t) 



and v,,(t), respectively. Fig. 4.6(a) and (b) show the spectra of the surn of the sliced 

inputs and outputs. Comparing Fig. 4.6(a) with 4.6(b) one sees that Fig. 4.6(b) contains 

the amplified spectnim of Fig. 4.6(a) together with the switching noise spectra of (5). The 

cancellation of the harmonies in (3) leaves the original amplified sine wave and the 

switching noise. 

The fact that the bandwidth of the sliced sections of the sinewave of Fig. 4.4 

extends to &,a requires the triangle carrier frequency K,o to be much higher than for 

the 2-level SPWM where the rnodulating frequency is only w. 

In the example of Fig. 4.4-4.6, it has been necessary to increase to K, = 63 in 

order to achieve a THD of 5% for the 5-level converter. 

Fig. 4.6: (a) Sum of FFTs of input slices of the rnodulating signal. (b) Sum of FFTs of 
2-level output voltages. 



4 3  Operation of Multimodules of Multilevel Converters with Triangle Carrier 

Phase Shifîing Technique 

Unfortunately the switching 105s of presently available GTOs is too large for such 

high switching frequency. One rnethod of keeping the swieching rate of the GTOs low is 

to use multiple converter modules whose GTOs are switched in staggered intervals to 

create the effect of a high sampling rate. In the rnethod which cornes under the name of 

"triangle carrier phase shifting technique" [35,36], the effective carrier triangles is 

where Kfi = MK, and M is the number of converter modules. 

The multirnodular concept fits well in FACTS applications because the high MVA 

ratings require GTOs to be connected in series andior in paraIlel in order to meet the high 

voltage and/or curent ratings. This chapter extends the previous conceptual studies of 

paralle1 [36] and series 1351 connected modules of 2-level SPWM converters to multilevel 

converters. 

Fig. 4.7 depicts the multimodular converter based on parallel connections of 

M-modules of Fig. 4.1. In this chapter it is assumed that the dc voltages at the different 

levels are al1 equal, that is: V,, = V,, = V,, = V,. 
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Fig. 4.7: System of mdtimoduiar 3-phase 5-level converters. (a) schematic @) symbol. 

4.3.1 SPWM Strategy 

The switchings of the GTOs in each module m = 1, 2, ..., M are detemillied by die 

multilevel SPWM strategy of Fig. 4.2. The sarne 3-phase sinusoidal modulating 

wavefom are received by the switching logic controlier of each converter. 

4.3.2 Phase Shifted Triangle Carriers 

The switching logic controller of each module, however, receives its unique 



triangle carrier which is phase-shifted with respect to its neighbours. As illustrated in 

Fig. 4.8, the modulating period 2n, is divided by K, triangles so that the period of the 

triangle cimier is 8, = 2n/K,. The triangle phase shift for M modules is 0, = 0, /M. 

Fig. 4.8 shows the phase shifted carriers of modules m = 1, 2, and 8, with M = 8. 

Fig. 4.8: Equally phase shifted triangle carriers for m = 1, 2, 8 in 8 modules of 
3-phase 5-level converter system. 

4.3.3 Minimum Switching Loss SPWM 

A very desirable fmding in the research is that operation with K, = 1 is feasible. 

The GTOs are pulsed only once per cycle so that the switching loss is minimum. 

Fig. 4.9(a) illustrates the sinusoidal modulating signal and 3 phase shifted triangle cmier 

waveforrns of the 4 bands. Fig. 4.9(b) show the voltage output waveforms V,,, V ,,,..., V, 

of the 8 modules. Fig. 4.9(c) shows the equivalent output voltage which is formed by the 

average of V,, m = 1,2,..,8. It shows a very good approximation of the modulating sine 

wave. FFI' measurement shows that its THD is 3.5% or less for modulation index 

variation between 95% and 105%. 



Fig. 4.9: (a) Sinusoidal input modulating signal with phase sliifted triangle carriers 
(b) Outputs for single converters (c) Average output for 8 modules. 

4.3.4 Input/Outpu t Linearity 

An important property of the SPWM strategy is the ease of controlling the output 

voltage by electronically controlling the modulating signal. Thus by varying the amplitude 

of modulating sinusoidal wavefom, in Fig. 4.9(a), one varies the amplitude of the output 

voltage in Fig. 4.9(c). 

against 

another 

namel y 

voltage 

index. 

Fig. 4.10 plots the fundamental 

h m o n i c  component of the output voltage ; ::/ 1 
O M 

the modulation index. One sees 2 0.8 

desirable property in SPWM, 1, 0.7 i 1 . , , , . , - , . , . , , ,  
0.6 

linearity between the output 
70 75 80 85 90 95 100 105 

magnitude and the modulation Modulation Index [%] 

Fig. 4.10: Linearity with respect to 
modulation index. 



Linearity, as implied by the description of linear amplifier is demonstrated in 

Fig. 4.1 1 and 4.12. In Fig. 4.1 l(a), the rnoduhting signal contains a 12.5% thkd 

harmonic. The output voltage in Fig. 4.1 1 (c) reproduces the input signal. Fig. 4.1 2 

contains the FFT analysis of Fig. 4.1 1 (c) showing the fundamental and 12.5 % third 

hamionic. The 12.5 % hird harmonic flattens the rnodulating signal so that the rnodulating 

index of the fundamental fiequency can be increased to 1.15 pu. The linear amplifier 

property is valuable because when inputs of arbitrary waveforms can be amplified with 

a constant gain without delay, the inputs can include feedback control signals and active 

filtering signals. 

Fig. 4.1 1 : (a) Band limited modulating signal with phase 
shifted triangle carriers (b) Output of single 

converters. (c) Average output for 8 converters. 



Fig. 4.12: Fourier spectnun of Fig. 4.11(c). 

4.4 Total Harmonic Distortion (THD) of Voltage 

Fig. 4.13 and 4.14 are results on achievable THD of voltage plotted aga% 

modulation index which have been compiled from extensive simulations. In Fig . 4.1 3, the 

nmber  of converters is 8 and the objective is to siudy the effect of increasing the number 

of the levels. In Fig. 4.14, the levels are fiecl at 5 and the objective is to study the effect 

of increasing the nurnber of converters. 
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Modulation Index [%] 

Fig. 4.13: Variation of THD of voltage with respect to modulation index for 8 
modules. (a) 4-level (b) 5-level (c) 6-level (d) 8-level. 

Modulation Index [%] 

Fig. 4.14: Variation of THD of voltage with respect to modulation index for 
multimodular 5-level converters. (a) 8 modules (b) 16 modules (d) 24 modules. 



4.5 Regulation and Equalization of dc Voltages 

Critical to the operation of the multirnodulai multilevel system of Fig. 4.7 is the 

ability to regulate V, and to equalize V, ( j=l,2, .. 4 ) by feedback controls. Fig. 4.15 

is the proposal for the multimodular system. In the outer feedback lwp, the error 

E=V, - V, after passing through the proportion-integral (PI) block is applied to shift the 

phase angle of the moduiating signal Vi(t) of Fig. 4.10(a) so as to admit or invert real ac 

power so as to nul1 the error. 

MODULATION 5-LEVEL PHASE SHFI'ED 
SIGNALS TRXANGLE CARRIERS 

COMPAKATOR 

A . B & C  
WAVEFORM 
TEMPLATES 

Fig. 4.15: Proposed scheme for regulation of dc voltage and equalization of capacitor 
voltages under shunt SVC operation. 

The inner feedback loops use the error ej of the jlb capacitor voltage to advance 



or retard the angle of the jh portion of the modulating signal correspondhg to the jm 

capacitor, with respect to the angle already set by the outer feedback Imp. This has the 

effect of adjusting the real power admitted or inverted in the jm capacitor until the enor 

is nuîled. 

Experiences from both [823 and this research have shown that the feedback loops 

are highly non-linear and finding the correct proportional and integral constants for 

stabilization is still an art. The task is made easier by large capacitors. An alternative 

fdl-back technology available i s  the use of chopper circuits for equalization [84]. 

4.6 Active Filtering 

As the SPWM strategy enables the multiple modules of mdtilevel converters to 

process the rnodulating signals as three high power linear amplifiers, active filtering of 

power system harmonies can be irnplemented through it. Fig. 4.16 and 4.17 show 

simulation results to illustrate the action of active filtering. Firdy in Fig. 4.16, a 5"' 

harmonic noise is introduced to the source voltage V, show in Fig. 4.16(d). The 

multimodule multilevel array is operated as a shunt-STATCOM. As the modulating signal 

is a sine wave as shown in Fig. 4.16(a), the total output voltage is its Linearly amplified 

fonn as shown in Fig. 4.16(c). The line current in Fig. 4.16(d) contains a large 

fundamental wmponent (which is detemiined by V,, and the fundamental component in 

VJ and a Sb hannonic component (fiom the 9 b o n i c  cmponent in VJ. 

In order to eliminate the 5' harmonic component, the STATCOM must produce 

a 5' harmonic voltage which is equal in magnitude but opposite in tirne phase from that 

in V,. The simulated current, j in Fig. 4.17(d) shows that this is achieved in the 



The active filtering algonthm rnust be able to produce this equal and opposite 5" 

harmonic in the total output voltage in the STATCOM as shown in Fig. 4.17(c) and 

tracing it to the source, the S" harmonic must ride on the modulating signal as shown in 

Fig. 17(a). 
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t [sec] 

Fig. 4.16: Operation as shunt-STATCOM when active filtering is disabled. 
(a) Modulating input signal and 1 set of triangle carriers. (b) Output voltage for single 
module. (c) Total average output voltage for 8 modules. (d) Source voltage, V,, and 

current, i,. 

The research in active filtering consists of finding feedback rnethods which add 

the appropriate modulating signal which will nul1 the noise voltage from V,. The 

high-power, high-gain linear amplifier capability is essential to bridge the rnicrowatt 

signal level in Fig. 4.17(a) to the hundreds of kV output in Fig. 17(c). 

The active filtering algonthrn is based on using negative feedback with the very 

large gain to attenuate the 5"' hamonic. The notch filter tuned to the fùndarnental 



fiequency is placed in the feedback loop so that the line current at fundamental frequency 

is attenuated. 

t [sec] 

Fig. 4.17: Operation as shunt-STATCOM when active filtering is enabled. 
(a) Modulating input signal and 1 set of triangle carriers. (b) Output voltage for single 
module. (c) Total average output voltage for 8 modules. (d) Source voltage, V,, and 

current, i,. 

4.7 Sumrnary 

In this chapter, it has been shown that the SPWM strategy, as applied to multilevel 

converters, inherently requires a higher triangle carrier frequency than in application to 

the 2-level converter. In order to keep the switching loss low, the "phase shifting triangle 

carrier technique" of [35,36] is applied to multimodules of rnultilevel converters because 

the effective carrier uiangular number is increased by the multiple of the number of 

modules. A surprising and attractive fmding of this research is that it is possible to obtain 

THD = 3.5% when modules are operated with the GTOs switching at 1 pulse per 



modulating frequency cycle, which is the sarne rate employed in the existing installations 

of STATCOMS [25,26]. 

Tests establish that the outputlinput relationship is linear and as low a voltage 

THD as desired can be obtainied by increasing the nurnber of moduies and/or the number 

of levels in the converters. Furthemore, the simulation test results have shown that the 

system of multiple modules of niultilevel converters under SPWM strategy can be 

employed to perform active filtering. 

More research is required to prove that such a rnultimodular multilevel converter 

station cm be realized economically. Of particular importance, the GTOs must share the 

cunent loadings equally. More research is also required to establish a theory for 

operat ion. 



CHAPTER V 

DIODECLAMPED M'ULTILEVEL CONVERTERS AS SERIES-STATCOM 

5.1 Introduction 

The previous chapter has successfuIly provided explanations as to why the 

sinusoidal pulse width modulation (SPWM) strategy requires a higher carrier fiequency 

in the rnultilevel converter than in the 2-level converter. Furthermore, if the SPWM 

strategy must be applied, then multimodules of multilevel converters operated by the 

phase-shifted triangle carrier technique yield excellent waveforms even for the switching 

rate of 1 pulse per modulating cycle. 

In this chapter, the research tums from the research of the modulation method of 

chapter IiI to experimental research in applications. As the modulation method is not an 

issue in application, the multilevel converter is controlled by îhe fundamental frequency 

method of switching in this chapter. In addition to the tests of the multilevel converter 

applied as a series-STATCOM, which will be described in subsequent sections, the 

laboratory research program gives experirnental validation to: 

(1) the feedback strategy of the dc voltage regulation loop [42,82,85]. 

(2) the feedback strategy of the individual capacitor voltage equalization loops 

[42,82,85]. 

(3) the real-the digital control by the TMS320-C40 DSPs and FPGA. 

There are presently several publications on the applications of the diode-clamped 

multilevel converter as shunt-STATCOMs [40,4 l,44,54,63,64,8 1,82,85], but none on the 

series-STATCOM . 



In many aspects, the series-STATCOMs and the shunt-STATCOMs are similar. 

For this reason, the results presented here emphasize the aspects in which the 

requirements of the series-STATCOM are different from those of shunt-STATCOM. 

Firstly, in order to irnplement series compensation in the radial transmission line, 

transforrners are required to provide gdvanic isolation from the lines so that the three 

legs of the multilevel converter can be connected to cornmon dc links. Secondly, it is the 

practice of transmission Iine engineering to allow the zero sequence currents to flow 

during faults, so that it is necessary to comect the secondary windings of the 3-phase 

transfomers in delta so that the zero sequence secondary currents have a path as the 

circulating current of the delta. Thirdly, as a series controller, in the event of a single-line 

or two-line outages (brought about by the opening of circuit breakers during short circuit 

faults), the converter must continue to provide compensation to the surviving line(s). 

Fourthly, the series-STATCOM must be capable of tuming-OFF safely while transmitting 

the full power. Fifthly, the series-STATCOM, following the turn-OFF, must be capable 

of recovering control. Because of the experimental facility, it is possible to establish that 

the multilevel series-STATCOM can cope with al1 these requirements affirmatively. 

5.2 Mode1 of Radial Transniissiori Line in Series-STATCOM Studies 

Fig. 5.l(a) shows a radial transmission Iine modelled as a line reactance jX, 

between the sending-end voltage V, and the receiving-end voltage V,. The 

series-STATCOM is modelIed as an ac reactance voltage source V,. Fig. 5.l(b) shows 

the phasor diagram of the voltages and current. The reactance voltages, jX,I and V,, are 

perpendicular to the current phasor, 1. As can be seen, the function of the voltage V, of 



the series-STATCOM is to cornpensate the large inductive reactance &op jXJ, so that 

large real ac power P=Vslcos(6$) can be sent through the line in spite of the large line 

inductive reactance jX,. By varying the magnitude of V,, the senes-STATCOM also acts 

as a controller of the amount of real ac power transrnitted. 

Fig. 5.1 : Single-line diagram of transmission system. 

5.3 Experimental Set-up of Laboratory Tests 

For the purpose of the tests in the experirnental research, the sending-end and the 

receiving-end voltages can be combined as V,=V,V,, with the circuit representation of 

Fig. 5.2(a). As the resistances in the laboratory components are not negligible, the 

representation of its voltage RI is included in the phasor diagram of Fig. 5.2(b). When 

the level of compensation by the series-STATCOM approaches 100%, the voltage angle, 

6, is small, and V, has only a srna11 magnitude. 

Fig. 5.3 shows the block diagram of the test components: the thee-phase, 60 Hz 

voltage source V,, the transmission line inductive reactance jX, and the 6-level 

STATCOM, connected by way of transformers, which require some explanation here. 



(4 
Fig. 5.2: Series capacitor compensation. 
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Fig. 5.3: Block diagram of the experimental setup. 

In the field, the primary windings of the transfomers are inserted in series with 

transmission lines, so that they "float" with the voltages of each phase of the transmission 

lines. During faults, the zero-sequence currents pass fiom the grounded neutraI-point of 

the star connected sendingend voltages V,, through the transmission lines and the 

transformer primary windings to the grounded neutral-point of the star-connected 



receivingend voltage V,, taking a return path through the ground. This is modeled in 

Fig. 5.3 by a fourth line joining the neutral points of the star c o ~ e c t e d  V, and 

transformer primaries. The transfonner secondaries are delta connected so that the zero 

sequence currents have the delta loop as the path to circulate. The 4 knife switches 

provide the means to study line outages. 

Fig. 5.3 also shows the control blocks of the 6-level converter. A full description 

of their functions is given in [63,82,85]. It needs only to mention that the outer feedback 

loop regulates the dc voltage and in the process ensures the condition of reactance 

voltages at the ac terminals. Five inner feedback loops equalize the dc capacitor voltages 

between the 6 levels. 

5.4 6-Level Converter 

Some words of explanation are required concerning the choice of the 6-level 

converter of Fig. 5.4 in the prograrn of tests. As mentioned previously, the available 

laboratory facilities are in the foms of 3-phase, voltage-source bridge converter modules, 

and it is a matter of necessity to adapt them for multi-level converter research. At the 

off-set, it needs to be stated that Fig. 5.4 is not suitable for FACTS application, as the dc 

capacitor voltage across each level does not "protect" the solid-state switches fiorn high 

voltages as in the case of the 6-level, "diode-clamped circuitry" of Fig. 5.5, which is the 

appropriate circuit for high voltage application. However, as the principles, regarding the 

charging of the capacitors at the many levels and the operation as a STATCOM, are 

similar, the experimental test results of the 6-level converter of Fig. 5.4 have validity for 

the diode-clamped topology of Fig. 5.5. This view is supported by the comparable digital 



simulation results of STATCOMs based on Fig. 5.4 and Fig. 5.5. 

Fig . 5.4: Schema tic of laboratory 6-level converter. 

Fig. 5.5: Schematic of diodexlamped 6-level converter for STATCOM application. 



5.5 Test results: Balanced 3-phase Operation as Series-STATCOM 

Fig. 5.6 shows in (a) the phase-to-rnidpoint voltage, and (b) the line-to-line 

voltage of the 6-level converter. Fig. 5.7 shows in (a) the current leadhg the voltage by 

90 degrees and in (b) the balanced three phase currents, thus demonstrating that the 

capacitive reactance operating condition of the series-STATCOM has been successfully 

irnplernented by the outer dc voltage regulation feedback loop. The currents owe their 

excellent wavefoms to three factors: (i) the fundamental frequency switching strategy 

which elirninates the 5& and 7' harmonies, (ii) the inner feedback loops which equalize 

the dc capacitor voltages and (iii) the large line inductive reactance. As the 6-level 

converter has only 2 degrees of freedom in the design of the switching angles and these 

have been committed to the elirnination of the 5" and 7& harmonie, ac voltage magnitude 

is controlled through the setting of the dc link voltage reference, V, in Fig. 5.3. 

Fig. 5.6: Output voltages of the 6-level converter. (a) phase-tomidpoint (V,,) 
(b) line-t O-line (Va-V,) 



Fig. 5.7: Operation under balanced 3-phase. (a) phase voltage and phase current on the 
converter side. (b) 3-phase line currents on the iine side. 

5.6 Test Results: Line Outages 

Unlike a shunt device, the series-STATCOM must continue to provide continuity 

of current flow through the remaining intact line(s) in the event of single-line or two-line 

outages. These outages occur following short circuit faults which cause the line circuit 

breakers to open so as to isolate the faults. The survivability of the multi-level convener 

is easily demonstrated in the experimental set-up by opening the knife switches of the 

C-line or both the B- and C-lines while operating under load. 

5.6.1 Two-lines Outage with Neu t ral Return Closed 

M e n  both the B- and C-knife switches are open, the oscillogram in Fig. 5.8 

shows the surviving line current, g, and its return as the neutral current, 4, on the 

primary-side. In order to understand the situation, the circuit of Fig. 5.3 is redrawn as 

Fig. 5.9. The multi-level converter is represented by ideal voltage sources V,,, V, and 



V, the line-to-line voltages of the converter inputs. Fig. 5.9 displays the pattern of current 

flow i.,,=-i,, ib=-i,. The secondary current i, takes a path through the converter voltage Va,. 

The oscillogram in Fig. 5.10 shows the transformer secondary-side current i,, leading V,, 

the converter voltage by 90 degrees. It is clear that the 6-level converter continues to 

operate as a series STATCOM in spite of the outages in the other 2 lines. The dc voltage 

regulation feedback loop and the equalization feedback loops maintain the dc voltage 

levels from the surviving line current so that the voltage wavefom does not differ from 

that of the balanced operation in Fig. 5.6 and Fig. 5.7. 

Fig. 5.8: Fault conditions on the line side. E3 and C phases open with neutral closed. 
Curent waveforrns or, the line side. 

Fig. 5.9: Fault conditions on the Iine side. B and C phases open with neunal closed. 



Fig. 5.10: Fault conditions on the line side. B and C phases open with neutrai closed. 
Voltage and current wavefom on the converter side. 

5.6.2 Single-Line Outage with Neutra1 Retum Closed 

When only the C-knife switch is open, the oscillogram in Fig. 5.1 1 shows the 

surviving Line currents i, and i, and their return as the neutral current (-&=iy+b). The 

iine cuments i, and i, are 120 degrees apart and both share the same return path through 

the ground (fourth) line. 

This situation can be viewed as the superposition of two cases: firstly with B- and 

C-lines open as in the previous section and secondly, with A- and C-lines open. For the 

second case when the A- and C-lines are open, Fig. 5.12 shows the pattern of flow of the 

surviving current, L=-i, and iy, in the primary and secondary sides of the b-transformer. 

The current i,, has a r e m  path as i, and -i, through V,. 

The case of the outage of the C-line alone consists of the superposition of Fig. 5.9 

and 12. Thus the line current -i,=i,+i,. In fact, the oscillogram of the transformer 

secondary-side current i, and the converter voltage Va, and that of the current i, and the 

converter line-to-line voltage V, are both similar to Fig. 5.10 and for this reason are not 

reproduced here. 



. Fig. 5.1 1: Fault conditions on the line side. C phase open with neutral closed. Current 
waveforms on the line side. 

Fig. 5.12: Fault conditions on the h e  side. A and C phases open with neutral closed. 

5.6.3 Single Line Outage with Neutra1 Return Open 

The oscillogmm of Fig. 5.13 is for the same outage in the C-line but with the 

M e  switch in the ground retum line open. As b rnust be the retum of L, the phase 

angle between them is 180 degrees and not 1S0 degrees as in Fig. 5.11. The simultaneous 

occurrence of the single-line outage with an accidental severance of the neutral h e  is 

rare, but this possibility cannot be ruled out. The STATCOM is robust enough to 

withstand this severe fault. 



Fig. 5.13: Fault conditions on the line side. C phase open, with neutral open. Current 
waveforms on the line side. 

As part of the fundamental research, investigation has been carried out as to how 

the converter accommodates this situation. Fig. 5.14 shows the pattern of the flow of the 

primary and secondary currents. Since i,=-iQ, it is sufficient to describe al1 secondary 

currents in terms of the phasor &=I, of the a-transformer secondary current. Therefore, 

1 ,  , &=O, and &,=-2&, I,=I,. The current flowing through V,, V, and V,, are 

Ix=&, I,.=-1. and 4-0 respectively. 

Fig. 5.14: Fault conditions on the line side. C phase open with neutral open. 

nie dc voltage regulation feedback loop musi rotate the voltage phasors Va,, V, 

and V,, with respect to I, until it frnds an equilibrium position in which the ac power is 



converted to zero dc power. Fig. 5.15 shows such an alignment of the converter voltages 

V,, V, and V, with respect to the 

cment &. The requirement 

Raal(v,c + v,I;) = Rea/(Y,C - Vk4')  = O (5.1) 

is satisfied in Fig. 5.15 where &=Ia leads V,, by 120 degrees and confirmed by the 

oscillogram of Fig. 5.16(a), and &=-1 leads V, by 60 degrees as shown in the 

oscillograrn of Fig. 5.16(b). The voltage Va, rectifies as much ac power as is inverted by 

the voltage V,. 

Further experirnental confirmation is found in the oscillograrns of Fig. 5.17(a), (b) 

and (c) which show the current and voltage pairs (k, Va,), (I,, V,) and (I,, V,) 

respectively. The magnitudes of the currents in Fig. 5.17(a), (b) and (c) are proportional 

to lg=&, I,=-21, and I,=&. The currents in (a), (b) and (c) are 120 degrees leading, 60 

degrees leading, and in phase with respect to the voltages. 

On the primary side, the STATCOM 

voltage across the a-b phases is proportional to 

Va,-V,, which as shown in the broken line 

phasor of Fig. 5.15, lags I, by 90 degrees. 

Fi p. 5.15: Line-to-line voltage phasors 
of STATCOM with respect to &. 



Fig. 5.1 6: Single-line Outage with neutral open. Transformer secondary voltages and 
currents. (a) V, and 1, (b) V, and L, 

Fig. 5.17: Single-line Outage with neutral open. Converter-side-line voltages and 
currents. (a) V, and L, (b) V, and 1, (c) V,, and 1, 



5.6.4 DC Voltage Regdation F'eedback 

The STATCOM owes its robustness to the dc voltage regulation feedback loop, 

which advances or retards the phase angle of STATCOM voltages with respect to V, so 

as to invert or rectify sufficient real ac power to maintain the dc voltage at the regulated 

value while replacing ohmic losses. The delta connection of the transformer secondaries 

provides paths for the currents of the surviving lines to flow through the STATCOM 

which operates as single-phase or two-phase converters continue to charge the dc 

capacitors thus providing the "boost-strapped" power to maintain the dc link voltages and 

in return the ac voltages of the STATCOM. The equalization feedback plays its role so 

that the switches are equally stressed and the voltage waveforms are maintained. 

5.7 Fail-safe Turn-off 

The oscillogram of Fig. 5.18 shows the line curents when al1 the IGBTs in the 

6-level converter are turned OFF simultaneously. There is no voltage spike because the 

secondary side cwrents continue to flow through the antiparallel diodes until they cross 

zero to reverse polarity. Fig. 5.18 shows the prirnary side currents which are the 

transformer magnetization currents after the turn-OFF. Turning-OFF is equivalent to 

inserting the large rnagnetization reactance of the transfomers in series in the 

transmission line. 



Fig. 5.18: Converter-side-line currents when the converter is turned off by disabhg 
the switching signals. 

5.8 Restoration of Series-STATCOM Operation 

The oscillograrn of Fig. 5.19 shows the line currents when the IGBTs in the 

6-level converter are turned ON again after a tum-OFF of Fig. 5.18. It has been found 

that the lapse tirne for the successful restoration after a turn-OFF c m  be as long as 30 

cycles. Failure to restore is related to the discharge of the dc link capacitor voltages by 

leaks and ohmic losses which are not replenished by "kt-strapping" operation of the dc 

voltage regulation loop. 

Fig. 5.19: Converter-side-line currents when the converter is restored into operation 
afier been turned off. 



5.9 Sunirnary 

The experirnental research presented in this chapter has s h o w  h t  multilevel 

STATCOM is feasible as  a series STATCOM as it not only has the excellent feature for 

steady-state, normal operation but it has the robustness to cope with single-line and 

two-line outages. It has self-preservation features as fail-safe tum-OFF against faults and 

restoration. The chapter highlights the importance of the transformer delta-secondary 

connection. 

In the next chapter, the method of elirninating the third harmonic on the dc 

capacitor voltages in multilevel converters wiU be presented. 



CHAPTER VI 

REDUCTION OF DC CAPAClTOR SIZE BY USING 6-PHASE OR 12-PHASE AC 

6.1 Introduction 

In the previous chapter, the research has been oriented to the expimental 

evaluation of the multilevel STATCOM operating as a series-STATCOM. The success 

in the laboratory tests has increased the field of application from shunt-STATCOM to 

series-STATCOM. In this chapter, the objective is to address an inherent problem in the 

multilevel topology which, up to the present, has been glossed over. 

The problem is presently hidden by using large size dc capacitors to rnake the 

inherent 3" harmonic voltages in the dc luik minuscule so as not affect the Total 

Harmonic Distortion Factors. Econornically, it means that there is room to reduce cost by 

lowering the size of the capacitors provided the 3rd harmonic can be elllninated. In 

removing the 3rd haxmonic, the peak dc link voltage of each level is brought closer to the 

average so that the voltage rating of the GTOs is employed more effectively. The 3rd 

harmonic also presents problerns in designing the feedback loops for the dc voltage 

regdation and for the equalization of the dc capacitor voltages of the different levels of 

the converter. Presently, the choosing of the right proportional and integral gain constants 

in the negative feedback loops is a matter of t h 1  and error. 



Fig. 6.1 : Schemztic of laboratory 4-level converter. 

In this chapter, a rnethod of elirninating the 3rd harmonic on the dc link capacitor 

voltages is presented. The rnethod was verified experimentaIly using two laboratory 

4-level converters operated as a 6-phase STATCOM. Fig. 1 shows the schematic of 

laboratory 4-level converter, used in the experimental tests. The simulation studies have 

been performed using diode-clamped 5-level converter s h o w  in Fig. 6.2, which is the 

appropriate circuit for high voltage application as already explained in chapter V. The 

6 phases are obtained from the standard 3-phase power supply by using two sets of 

3-phase transformers, the polarities of the secondaries of the second set k ing  reversed 

with respect to the fust set. Thus when the phase angles of the first set are 0, -120 and 

-240 degrees, the angles of second set are: -180, -300, and -60 degrees. The angle 

between the phases is 60 degrees. 



Fig. 6.2: Schernatic of diode-clarnped 5-level converter. (a) Schernatic (b) Symbol. 

Digital simulation also shows that the approach can be extended to e l M a t e  the 

residual 6' harmonic when 4 multilevel converters are operated as a 12-phase 

STATCOM. The 12 phases are obtained by the wye/wye and deltalwye 3phase 

transformer arrangement to obtain the 30 degree shift between phases [32]. 

The inclusion of tramformers needs some explanation as one advantage of the 



multilevel STATCOM being vaunted is that it does not require transformers. Actually, 

this claim is made only for the 15 kV-size distribution shunt-STATCOMS. For the 

transmission line voltage ratings, step-up voltage transfomers are inevitable. The 

requirement of 2 or 4 sets of three-phase transfomers for the 6-phase or 12-phase systems 

respectively are justifiable for large MVA installations, because the cost of the 

transformers whether it is 1 set, rated at 1.0 pu MVA, or 2 sets, with each set rated at 0.5 

pu MVA, or 4 sets, at 0.25 pu MVA, does not Vary significantly. Thus, the savings in 

reducing the size of the dc capacitors are obtained with little cost. 

6.2 Origins of Third Harmonics in dc Buses 

In an ideal 2-level, bridge converter, the three ac temiinals admit balanced 

3-phase near sinusoidal currents into balanced 3-phase equivalent voltage sources so that 

the dc side outputs time invariant power. Why then, should one fmd in the multilevel 

converter such large 3rd harmonic pulsating voltages in each of the rnultilevels? The 

answer lies in the fact that the solid-state switches of the upper half of Fig. 6.2(a) admit 

currents to the upper half of the capacitors only during the positive half of the ac cycle. 

Likewise the lower half of Fig. 6.2(a) is active only during the negative half of the ac 

cycle. This mode of operation means that the capacitor at any one level receives a 

rectified pulse current ftom one ac phase during one half cycle only. Fig. 6.3(a) illustrates 

the line current of the STATCOM and the conduction window, W, of one level of one 

phase. The current in Fig. 6.3(b) shows that under steady-state operation in the capacitive 

reactance condition, as much current is admitted into the dc link as is ejected in each 

cycle. The capacitor voltage, which is the time integral of the current of Fig. 6.3@), is 



displayed in Fig. 6.3 (c). The penodic voltage wavefonn of 

where T is the period, c m  be wTitten in the Fourier Series as: 

Fig. 6.3(c), v(t)=v(t-T), 

(6.1) 

where C, is a complex Fourier coefficient and k king the Fourier harmonic number. 

The b- and c-phases produce identical waveforms except that they are delayed by T/3 and 

2T/3 respectively. The total voltage is: 

lac 

O 
i c  

O 

Fig. 6.3: Origin of third hamonic on the dc link when only one 3-phase STATCOM is 
used. (a) Line curent and conduction window of one voltage b e l .  (b) Dc Capacitor 

cment due to one phase. (c) Dc capacitor voltage. 

W W g  8=2n (O), F&) contains the summation 

exp(jkO] + exp[ jk(0-2?r/3)] + exp[j2(0-4?r/3)] = O 

for k it 3m. 



for k = 3m. 

Fig. 6.4(a) and (b) illustrate the çummations of phasors of expü ke], expu k(O -2n/3)] and 

expuk(84n/3)] of (6.3a) and (6.3b) respectively. 

The Fourier Series of F,(t) is: 

In general, one concludes that the dc capacitor 

voltage contains triplen harmonies, beginning 

with a large 3" harmonic. Fig. 6.4: Summation of explj2nk(t- 
nT/3)]. n = 1,2,3. (a) k + 3m. 

(b)k=3m. DI= 12, ... 
6 3  Third Harmonies in Experimental 

Multilevel STATCOM 

Fig. 6.5 is an oscillograrn of the dc link capacitor voltage of one level of an 

experimental STATCOM, showing large 3" and triplen harmonic npples riding on the dc 

voltage. Fig. 6.6 displays the simulation results fiom a 3-phase, ilevel STATCOM, 

during a step change in the fundamental hannonic voltage magnitude control so that the 

STATCOM which has been delivering inductive VARs ends up delivering capacitive 

VARs. This change is apparent in the phase angIe between the current with respect to the 

voltage in Fig. 6.6(a). Initially the current lags the voltage and then it changes over to 

becorne a leading angle. The 3" harmonic is pronounced in the dc voltage in Fig. 6.6@). 

The dc capacitors of 1821 have been reduced in sLze so that the ripples are large and they 

affect the waveform of the ac output, V,,, in Fig. 6.6(a). 



Fig. 6.5: Large 3" hannonic on the dc link of one level when only one 3-phase 
STATCOM is used. Horizontal: 2ms/div. Vertical: 200mV/div. 

I I I I ¶ I I 1 I I 

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18- 
seconds 

Fig. 6.6: Simulation results fiom a 3-phase 5-level STATCOM. (a) Ac voltage and 
cment. (b) Dc voltage ripple across C,. 

Note that the 3" and ûiplen harmonies in Fig. 6.6(b) have a wavefom reversal in 

the transition fiom inductive to capacitive reactance operation. The changeover is apparent 

also in the ac voltage waveform of Fig. 6.6(a). 

6.4 Elimination of TMrd Harmonies 

From the trigonometnc identities in (6.3), it follows that for a function penodic 

in T, g(t)=g(t-Tl, 



contains hmonics  which are integral multip1es of 6 only, so that the 3" hannonics are 

elimlliated. The surnmation of the six explj2nk(t-nT/6)] (n = 1,2,..6), t e m  of the Fourier 

series yields the situation of Fig. 6.7(a) when k # 6m which yields zero and of Fig. 6.7@) 

when k = 6m which yields a sextet term. This principle can be applied to the STATCOM 

by using two identical multilevel converters which are both connectecl to the m e  dc 

buses as illustratecl in Fig. 6.8. The ac power is denved from 2 identical sets of 3-phase 

transfomiers. The secondaries of the fust set have 180" phase shift with respect to the 

second set. 

Fig. 6.7: Surnmation of expU2n k(t-nT/6)J. n = 12,. -6. (a) k # 6m. (b) k = 6m. 
m = l,Z,3, .... 

For the wyelwye connected six-phase arrangement show in Fig. 6.8, one 

converter, the positive set identified by the subscript "1" receives 3-phase voltages at O", 

-120°, -240'. The second converter, the negative set identified by the subscript "Zn, 

receives 3-phase voltages at -60°, -180°, -300". Note that the 60" phase shift of the 

furidmental frequency corresponds to 3 x 60' = 180' phase shift for the 3* hmonic. 

Thus the 3d harmonic pulses of the second converter will cancel those of the 

first converter in the dc links. This cancellation corresponds to the mathematical equation 

of (6.5) and the phasor diagram of Fig. 6.7(a) 



Fig. 6.8: Wye/Wye connected 6-phase 5-level converter. (a) Schematic. (b) Symbol. 

6.5 Digital Simulation of &phase Multilevel STATCOM 

The 6-phase, 5-level converters of Fig. 6.8 are designed to operate as a 

STATCOM using the controls which are shown in Fig. 6.9. The methods of control have 

already been described in [42,82,85] and only a brief sumary  is given here for 

completeness. The voltage magnitude control is through the "switching pattern" block 

which is a look-up table containing the switching angles of the fundamental frequency 

switching strategy which have been solved fiom a set of transcendental equations which 

specify the magnitude of the fundamental frequency voltage together with the elirnination 

of low order hannonics. The voltage angles controlled through the "address register" 



implement dc voltage regulation and equalization of the capacitor voltages. 

' DSP 

I I 

S WITCHING 
PATTERN RAM 

114 * 
d 

ADDRESS PI = v, 
REGISTER - 

O 0 = q  PLL 1 

Fig. 6.9: 6-phase 5-level STATCOM. 

Fig. 6.10 shows the digital simulation results of the 6-phase STATCOM under 

conditions which are identical to those in Fig. 6.6. Specifically, the same dc capacitor 

sizes are used. Fig. 6.10(a) and (b) show the voltages and currents of the positive and the 

negative converters respectively. Fig. 6.10(c) shows the dc link voltage of one level. 

Comparing Fig. 6.10(c) with Fig. 6.6(b), it is evident that the large 3" harrnonics are 

elirninated leaving residuals of the 6L harmonic. The 3" harmonic distortions to the ac 

voltage outputs in Fig. 6.6(a) are not present in Fig. 6.10(a) and (b). 



(b> 
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Fig. 6.10: Simulation results from a 6-phase 5-level STATCOM. (a) Ac voltage and 
current of the positive converter. (b) Ac voltage and current of the negative converter. 

(c) Dc voltage ripple across C,. 

6.6 Exper imental Six-phase Multilevel STATCOM 

From 6 modules of 3-phase IGBT bridges available in the laboratory, a 6-phase, 

4-level STATCOM was realized. This consisted of 2 units of 3-phase, 4-level converters 

of Fig. 1, comected as shown in Fig. 6.8 and operated with controls similar to those 

shown in Fig. 6.9. The controls implemented dc bus voltage regulation and equalization 

of individual capacitor voltages. The 6-phases were obtained from 6 transfomers arranged 

as shown in Fig. 6.8. 



Fig. 6.1 1 : Ac output waveforms of 4-level converters for 6-phase operation. 
(a) Positive converter. (b) Negative converter. 

Fig. 6.12: Ac voltage and current waveforms of the 4-level converter at leading VAR 
operation. (a) Voltage. (b) Current. 

The ac output voltages of the positive and negative converters are shown in 

Fig. 6.1 1. Fig. 6.12 displays the ac output voltage and cunent for one 4-level converter 

at leading VAR operation. Fig. 6.13 shows the total voltage and current on the 

transformer primary side. Fig. 6.14 and Fig. 6.15 show the residual 6" hamonics for 

capacitive and inductive VAR operation as the 3" han-nonic of Fig. 6.5 is eliminated. The 

same scale in the t h e  axes is used in Fig. 6.5, Fig. 6.14 and Fig. 15. 



Fig. 6.13: Typicai voltage and cuirent waveforms of the 6-phase STATCOM meawed 
on the power systern side. (a) Voltage. (b) Current. 

Fig. 6.14: Residual 6' harrnonic on the dc link when &phase STATCOM is operated 
as capacitive reactance. Horizontal: Zrnsjdiv. Vertical: 200mV/div. 

Fig. 6.15: Residual 6' harrnonic on the dc link when 6-phase STATCOM is operated 
as inductive reactance. Horizontal: 2mddiv. Vertical: 2OOmV/div. 

6.7 Twelve-phase Multilevel STATCOM 

Continuhg the method of hamionic elimination embodied in (6.2) and (6.5), the 

6' hamionic can be cancelled by 12 identical voltages each time delayed by T/12, or 

phase shifted by 30 degrees. This practice has already ken  applied in DC Tmniission 

Systems [32]. The 30 degree phase shift is obtained by the 2 sets of 3 phase transfomen 

connected in the deltalwye arrangement show. in Fig. 6.16. The primary windings are 

connected in delta. Thus each primary winding has the line-to-iine voltage applied across 

it. In cornparison, the primaries of the tmnsfome~s of Fig. 6.8 have the line-to-neutral 



Fig. 6.16: Delta/Wye connected 6-phase 5-level converter. (a) Schernatic (b) Syrnbol. 

voltage across them. Fig. 6.17 shows the relation between the line-to-Iine voltages and 

line-to-neutral voltages. The line-to-line voltage Va,, for example, is larger in magnitude 

by fi and leads the line-to-neuuril voltage V, by 30". By increasing the prirnary turns 

of the transfomers by 6 in Fig. 6.16, the secondaxy voltages have the same magnitudes 

as those in Fig. 6.8. A six-phase deltalwye system is formed in Fig. 6.16 by connecting 

the "undotteci" terminak of the secondaries to form the "positive set" and the "dotted" 

terrninals to form the "negative set" in the open wye configuration. The schematic for the 

wyelwye 6-phase is the sarne as illustrated in Fig. 6.8. Fig. 6.18(a) shows the voltage 

phasors of the 6-phase deltdwye systern of Fig. 6.16. 



Fig. 6. f 7: Relationship 
between line-to-neutml and 

line-to-line voltage. 

Fig. 6.18: Voltage phasors. (a) 6-phase 
deltdwye system. (b) 12-phase system. 

The 12-phase system is foxmed frorn connecting the wye/wye systern of Fig. 6.8 

in parallel with the deltalwye system of Fig. 6.16 in the manner shown in Fig. 6.19. Fig. 

6.18(b) shows the 6 voltage phasors (broken lines) of the deltalwye set bisecting the 6 

voltage phasors (solid lines) of the wyefwye set. Altogether the system requires 4 

multilevel converters each having its set of 3-phase transfomers so that there are 

altogether 12 balanced phases. 

- a 

w y e m y e  

Connected 
4 1 

6-Phase 5-Level 
Converter 

(Ci 

Delta/Wye 

Comected 

U 6-Phase 5-Level 

Converter 

Fig. 6.1 9: 12-phase 5-level converter. 
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6.8 Digital Simulation of TweIve-phase Multilevel STATCOM 

Fig. 6.20 shows the digital simulation results of the 12-phase multilevel 

STATCOM. The dc link capacitor voltage in Fig. 6.20(e) shows that the 6' hamionics 

in Fig. 6.10 are elimlliated, leaving residual 12" harmonics. Fig. 6.6, Fig. 6.10 and 

fig. 6.20 are simulations of the same reactive power reversal. 

J 1 1 t 1 1 t i 1 1 

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 

seconds 

Fig. 6.20: Simulation results from a 12-phase 5-level STATCOM. (a) Voltage and 
current, wyelwye positive converter. (b) Voltage and current, wye/wye negative 
converter. (c) Voltage and current, delta/wye positive converter. (d) Voltage and 

current, deltalwye negative converter. (e) Dc voltage ripple across C,. 

6.9 Discussions 

By comparing the capacitor voltage waveform, V,, in Fig. 6.6, Fig. 6.10 and 

Fig. 6.20, one sees the improvement as the third and the sixth harmonics are eliminated. 



The judgment of utility users and manufacturers will have to be sought in deterrnining if 

the sixth harmonic cm be tolerated. The 12-phase system is at hand in reserve to reach 

a higher level of perfection. 

Using the wavefoms of the 6-phase system of Fig. 6.10 as the basis for 

cornparison, digital simulation shows that in order to reach the sarne quality using the 

3-phase system of Fig. 6.2 alone, the dc capacitor sizes have to be increased by a factor 

of 4. Thus the swing in capacitors is not insignificant. However, this must be balanced 

against the transformer cost and the increased circuit complexity. 

For high MVA applications, multiple modules of multilevel converters and 

multiple transformer sets are not added costs. When the current ratings require GTOs to 

be paralleled, this can be done either as devices in parallel or as modules in parallel. 

Likewise, transformer cost is based on MVA rating. Thus the transformer cost does not 

change significantly as to whether a 3-phase, 6-phase or 12-phase system is considered 

when their total MVA is not changed. 

In this chapter, it has been revealed that the 6-phase and the 12-phase rnultilevel 

STATCOM eliminate the third and the sixth hmonics  thereby enabling the dc capacitor 

sizes to be reduced, while meeting THD standards. In addition, the voltage peaks at each 

level of the dc link is lowered so that they approach the average dc voltage. 

Consequently, the voltage rating of the GTOs can be more gainfully employed to produce 

a higher ac voltage. Thus there is a cost advantage. 



CHAPTER VII 

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

7.1 Summary 

The goal of the research of the thesis is to develop the rnethodologies necessmy 

for the integration of the solid-state switches (the highest power solid-state switch, the 

GTO, is presently rated at 6kV, 6kA) so that the FACTS controllers have the voltage 

withstand (in the order of 500kV) and the current carrying capacity (ratings at hundreds 

of MVA). The FACTS controllers are based on converter modules or multilevel modules 

as the building blocks from which the series-STATCOMs, the shunt-STATCOMs and the 

Unified Power Flow Controllers (UPFC) can be realized. The FACTS controllers function 

as müdulators of real and reactive power to increase the transmission capacity of the 

electric power utilities without the necessity to build new transmission lines. 

The underlying threads which weave the chapters together consist of the several 

promising technologies and methodoIogies, which have to be mastered, in order to 

synthesize the FACTS controllers. The technologies and methodologies have been taken 

from many sources. They fa11 under the following headings: 

(1) Converter Topologies 

The converter topologies are limited to the two most prornising: 

(a) 2-level, voltage-source converter-Chapter II and III. 

(b) diode-clamped, multi-level converter-Chapter IV, V and VI. 

(2) Switching Strategies 

Two control strategies have been the rnainstay of the research. They are: 



(a) the Phase-Shifted Triangle Carrier Technique of the SinusoidaI Pulse Width 

Modulation Strategy-Chapter II, III, and N. 

(b) the Fundamental Frequency Method-Chapter V and VI. 

(3) Integration Technology 

The converter modules are al1 connected in parallel at their dc links. The three general 

methods of integrating the multi-modules at their ac terminais are: 

(a) parallel connection-Chapter II, N. 

(b) series connection-Chapter II, III. 

(c) parallel connection of series-connected modules-Chapter II. 

(4) Transforrn er Tec hnology 

Transfomers give the galvanic isolation necessary for the series comection of modules. 

By wye-wye and wye-delta transfomer arrangements, 6-phase and 12-phase ac system 

can be produced from the standard 3-phase ac power supply. In the thesis, the 

transformers have k e n  used for: 

(a) galvanic isolation-Chapter II, V and VI. 

(b) production of 6-phase and 12-phase ac systems-Chapter VI. 

(5) Digital Methodology 

The digital (DSP) control of the anay of modules requires an interface, which in the 

perfected form takes the name "7-Tirner Method". The 7-Timer Method, which has been 

described in Chapter III, has made it possible to obtain the experimental results in 

Chapters II and m. 

Part 1, consisting of chapters II and III, and Part 2, consisting of chapters N, V 



md VI, are devoted to the two converter-topologies covered by the thesis. As the 2-level, 

voltage-source converter topology of Part 1 is a relatively, mature technology, what 

rernains to be done consist of giving experirnental proof to previous publications of digital 

simulation results [35,36]. The more recent, diode-clamped, multilevel converter topology 

of Part 2 requires extensive research before it can be cornrnercially marketable. 

The conclusions of the thesis have been verified by digital simulations in the fust 

instance. More solid verifications come from experimental tests in laboratory models. A 

good portion of the research effort has been devoted to the planning, designing, and 

building of 6 modules of 3-phase, 5kVA-size, IGBT, voltage-source converters, which 

now form a major part of the Multi-Converter Test Facility in the Power Electronic 

Laboratory. The Appendixes contain descriptions of the Test FaciIity. The design and the 

building of the data-acquisition system and the real-time multi-DSP controller platform 

have been the work of Dr. Zbiegnew Wolanski, who is the CO-author of the many 

publications. As the first user, the candidate has to trouble-shoot, debug and commission 

the Multi-Converter Test Facility. 

7.2 Conclusions 

PART 1 2-LEVEL CONVERTER TOPOLOGY 

Chapter Il is concerned with using multi-modules of 2-level converters to realize 

the MVA FACTS controllers. The method of control is by the phase-shifted triangle 

carrier technique of the Sinusoidal Pulse Width Modulation (SPWM) strategy, which has 

the advantage that the effective carrier frequency is increased by a multiple of N, the 

nurnber of converter modules forming the amy. It has the important implication that slow 



power switches (GTOs) can benefit fiom the advantages of the SPWM strategy, because 

the low switching rates can be compensated by using large numbers of modules. 

Unfortunately, for the very low rate of 3 pulses per modulating cycle suitable for the 

GTOs, the output ac voltages from the modules are not equal so that they cannot be 

connected directly in parallel without senous current unbalance. The main research effort 

is devoted to fmding ways of equalizing the converter currents. 

Three important conclusions are reached from both digital simulations and 

laboratory experirnents. 

It is possible to form groups of 4 GTO-converters in series which can be 

connected in parallel at their ac tenninals without current unbalance. 

.. For IGBT-converters, which can switch at 12 pulses per modulating cycle or 

higher, the modules can be connected directly in parallel. 

9 SeRes connections of converter modules require magnetic transfomers for 

galvanic isolation. Series cancellation of harmonic noise voltages is preferred to 

parallel cancelIations of h m o n i c  noise currents, as the inductive filter does not 

have to be large. 

The conclusions are significant as they say that the SPWM-FACTS controllers are 

realizable by high power solid-state switches ranging fiom the slow GTOs to the fast 

IGBTs. 

Although the transformer adds to cost, its cost must be balanced against that of 

the inductive filter, which is customdesigned and tends to be expensive as it has no other 

market demand. Lf an off-the-shelf, mass-market transformer cm be found which fits the 



design constrainîs, cancellation as harmonic voltages rnay be cheaper than direct parallel 

connection, requiring inductive filters. 

Chapter III brings digital technology to the control of the array of multi-modules. 

The Sinusoidd Pulse Width Modulation (SPWM) strategy has been conceived for analog 

circuits. The application of phase-shifted triangle carrier technique has introduced a 

further complication of using low triangle carrier frequency (so as to be compatible with 

slow switches such as the GTOs) while encoding information at a faster sampling rate (to 

increase bandwidth). A solution has been found under the narne, the "7-Tier Method", 

which uses the "crossed diagonals cells" (fomed fiom the grid of the triangle carriers) to 

translate the "natura1 sampling" in the SPWM strategy to "regular sampling" of digital 

technology. The "7-Timer Method" has been irnplemented using a Texas Insîruments 

TMS320C40 DSP in conjunction with a FPGA device. Al1 the experimental results in 

Chapter II have been obtained using the "7-Timer Method" to control the converter 

modules. Thus, the following cenclusion can be made, with confidence: 

The "7-Tirner Method" enables the FACTS controllers to be controlled digitally. 

This is an important capability because many modem control and active filtering methods 

involve computational algorithms. The may of 2-level converter modules responds under 

the control of the "7-Timer Method" as 3 high power linear amplifiers, with a high 

constant gain, without phase-shift. 



PART 2 DIODECLAMPED MULTUEVEL TOPOLOGY 

Chapter IV: This thesis has regarded the diode-clamped, multilevel converter as 

having important potential for applications in STATCOMs, using the slow GTOs as 

switches. Presently, the successful and favored control strategy is the "Fundamental 

Frequency Method". A nagging question is why the SPWM strategy, used so successfully 

in the 2-Level Converters, such as in Chapter II, is not used in the diode-clarnped, 

multi-level converter. As the diode-clamped, multi-level converter is a recent topology, 

some tirne is taken to answer the question as part of fundamental research. The conclusion 

is that: 

In applying the SPWM strategy, the fiequency of the triangle carriers needs to be 

very much higher in the rnulti-level converter than in the 2-level converter. 

To overcome this impasse, multi-modules of diodeclamped, multi-level converters have 

been explored. From the results of simulation studies using 8 modules of 5-level 

converter, the following conclusions are made: - The SPU'M strategy can be implemented using one triangle carrier per modulation 

cycle, when multi-modules of the diode-clamped, rnulti-level converters operate 

under the phase-shifted triangle carrier technique. The voltage THD is low and the 

input/output Iinearity is good. 

0 The switching loss is the lowest at  one pulse per modulating cycle. The SPWM 

strategy enables the array to function as 3 high power high gain linear amplifiers. 

Chapter V: This chapter considers the application the diodeclarnped, multi-level 

converter as a senes-STATCOM to compensate the large inductive reactance in the radial 



transmission-line joining the sending-end bus to the receiving-end bus. It should be 

mentioned that there has already been several studies on the shunt-STATCOM 

[40,54,44,55,63,82,85], where the vaunted advantage is that in distribution voltage levels 

in the region of 15kV, there is no longer the need of the transformer stage because the 

voltage level can be reached by 5 to 7 levels of GTOs. 

In the series-STATCOM, magnetic transfomers are needed for the galvanic 

isolation to insert the compensating voltages in series with the transmission lines. 

Although transformer technology is well established, nevertheless experimental 

spotchecks are necessary to verify that there is no unexpected difficulty associated with 

transformer connections. 

Another reason for the spot-checks follows from the topological difference in the 

3-phase net work assumed in the simulation and laboratory tests on the shunt-STATCOM. 

Because the researchers of the shunt-STATCOM [44] corne from a background of power 

electronic drives, the wye connection has been assurned in their studies as a matter of 

course. In the series-STATCOM application, however, the converter has to be connected 

to transformer secondaries connected in delta. This configuration is required to allow the 

zero-sequence of the transmission lines (during faults) to find a path as the circulating 

currents through the delta connected secondaries. 

The Iaboratory facilities for carrying out the spot-checks are conveniently suitable 

for fmding out as to how well the series-STATCOM withstand unbalanced conditions. For 

this reason, an experimental program was carried out to understand how the 

senes-STATCOM survives loss of line(s). From the expehental test results, the 

following conclusions are made: 



The filtering effects of the large series Iine inductance enables the 

series-STATCOM to have better current wavefoms than the shunt-STATCOMs. 

The delta connection of the transformer windings on the converter side, provides 

a path for the zero sequence currents during transmission line faults. 

The same delta connection enables the STATCOM to continue compensating in 

the remaining intact line(s), in the event of a loss of a single line or loss of double 

lines. In the duration of the fault(s), the dc voltage regulation feedback and the 

equalization feedback continue to function through the intact line(s). 

Chapter VI: returns from research in application as a STATCOM in Chapter V 

to research in improving the performance of the diode-clamped, multilevel converter by 

strengthening the design. The diode-clarnped, rnulti-level converter has an inherent 3'* 

harrnonic voltage component on the dc link side in each of the multi-levels. The effects 

of the 3" harmonic are presently minimized by connecting large dc capacitors. 

The 3d harmonic elimination is achieved by summing the dc outputs of two 

modules which are phase shifted by 60 degrees. This leaves the 6" harmonic, which again 

can be eliminated by adding paired outputs wfiich are shifted by 30 degrees. The 60 or 

30 degree phase-shifts are obtained from wye-wye and wyedelta connections of 3-phase 

transfomers to f o m  a 6-phase or 12-phase system. This research yields the following 

conclusions: 

Two modules of multi-level converters, supplied by a balanced 6-phase ac system, 

eliminate the 3rd-hmonic component, leaving the 6"-harrnonic, at the dc link 

voltages. 



Four modules of multilevel converters, supplied from a balanced 12-phase ac 

system, eliminate both the 3" and 6-harmonies, leaving behind the 12'h-harm~nic, 

in the dc link voltages. 

The successive eluninations of the 3'* and then the 6h hamonics allow the dc 

capacitor sizes to be reduced. Furthemore, the average dc voltage as a percentage of the 

maximum voltage in the dc link capacitor increases so that the insulation is used more 

effectively. This gain has to be balanced against the complexity of the 6-phase or 

12-phase ac systems. As the cost of the transfomers is tied to the MVA ratings and not 

to the count of the transformer units (which increase from 3 to 6 and then 12), there is 

a nett gain as the cost of the capacitors is effectively reduced. 

7.3 Suggestions for Future Work 

Opportunities of future work consist of consolidating the advances made in the 

chapters of the thesis: 

Chapter &The qualitative study can be followed by the development of analytical 

formulations, for designers to use in quantitative evaluations and optimization studies. 

Chapter III-The sarnple-and-hold signal processing of the 7-Timer Method can be 

improved by approximating the modulating signal by a straight line joining the samples 

at t,, and t,. The times t,, and t,, c m  be computed from triangulation. This new method 

will lead to better accuracy. 

Chapter N-The phase-shifted triangle carrier technique of the SPWM strategy, 

applied to multiple modules of multi-level converter at the rate of only one triangle carrier 

per modulation period, does not have a theoretical foundation. The excellent simulation 



results suggest that there is an analytical basis in the harmonic cancellations. 

- Further research is required to find ways to equalize the currents in the different 

modules. 

Chapter V and VI - Incorporation of the 6-phase and 12-phase ac systerns to the 

design of the series-STATCOM and the shunt-STATCOM. 
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APPENDIX A 

MODULAR CONSTRUCTION OF POWER CIRCUIT 

A.l Introduction 

The power circuit of the experirnental facility consists of six modules of 3-phase 

IGBT Converters. The modules have been constnicted for easy inter-changeability and 

configuration of different power circuit topologies. Each 3-phase bridge has been made 

using 3 IGBT half-bridge power modules. The modula construction made possible to 

conceive multiconverter system, 6-level converter and two sets of 4-level converters 

which were used for 6-phase experirnental tests. 

A 2  Half-Bridge IGBT Power Module 

The ha-bridge IGBT power module is the building block of the power circuit in 

the experimental facility. The half-bridge power module is cornposed of 2 IGBT with 

interna1 antiparallel diodes. Each IGBT is rated 6M)V maximum Collector-Emmiter 

voltage and 50A collector current. The part number of the half-bridge power module is 

CM50DY-12H from POWEREX Company. Fig. A.l shows the outline of the power 

module. More details can be found in the data sheets [66,86]. 



Equivalent circuit Symbol Half-Bridge module 

Fig. A. 1 : Insulated Gate Bipolar Transistor (IGBT), Part. No. CM50DY- 12H. 

A.3 Gate Drivers for the IGBT Switches 

Cornmercially available IGBT gate drivers have been used. The part No. of the 

gate drivers is EXB84 1, 15 pin sip package, hybnd integrated circuit fiom FUJI Company. 

The gate driver is capable of delivering a peak current of 4A. The gate drive capacity is 

adequate for up to 6ûûV, 300A IGBT device. It consists of galvanic isolation of 2500V 

provided by opto-isolator. It has built in overcurrent protection circuit which is an 

important feature for short circuit protection of the IGBT. The overcurrent signal is 

available for use in the controls through galvanic isolation. It has interna1 circuit to split 

the supply voltage of 20V into +15V for switching ON state and -5V for switching OFF 

state. Fig. A.2 shows the functional block diagram and pin out description. More details 

are available in the data sheets [66,87]. 
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Fig. A.2: Functional Block Diagram of EXB841 IGB'I' Gate Driver from FUJI. 
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A.4 Fsolated Power Supplies for the Gate Drivers 

Since the experimental facility has been designed for multipiirpose use, it was 

necessary to have each of the IGBT gate dnvers powered from isolated power supplies. 

Due to low gate drive power requirement of the IGBTs, it was possible to use compact 

power supplies, with 2W output power, which are comrnercially available. The part 

nurnber of the power supplies is PWR316 high fiequency DC/DC converter type frorn 

Power Convertibles Company. Each power supply module has 2 outputs which are isolated 

from each other and from the input at 3ûûûV. Therefore, each of the power supply 

module was used to power 2 gate &vers for the half-bridge power module. As a result, 

3 power supply modules were used to supply 6 gate divers of the 3-phase bridge. The 

Drive signal input (-1 

Drive signal input (+) 



input voltage to the power supply modules was obtained from the mains through a sml l  

transformer, rectifier and variable output voltage regulator. Using LM317, the input 

voltage to the power supply modules was tuned such that their output were at 20V which 

is the requirement of the FUJI gate drivers. Fig. A.3 shows the outline the PWR316 

power supply modules from Power Convertibles company. More details c m  be found the 

data sheets [66,88]. 
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Fig. A.3: Outline of PWR316 Power Supply Modules from Power Convertibles. 

A S  Interlock circuit 

Interlock circuit is provided so that two puwer switches, in voltage source type of 

converters, in a single leg cm not be in "ON" state simultaneously. This is done to avoid 

shoot through across the DC capacitor. In order to reduce the nurnber of control signals 

from the digital controller, the interlock and splitting of the three phase signal have been 

implemented on the gate drive board. The Programmable Logic Device (PLD) has been 

prograrnrned to receive four control signals from the digital controller, three signals are 



for the 3-phases and the fourth signal is for enabling the switching signals to the gate 

drivers. The enable signal is common for al1 modules of the 3-phase converters. Table A. 1 

displays the ORCAD source program for the PLD. Fig. 4 shows the schematic of the Gate 

Driver Board (GDB) for one module of 3-phase converter. The GDB has been 

implemented on the PMted Circuit Board (PCB) which is shown in Fig. 5. 

Table A.l: List of PLD program for 3-to-6 signal splitting and interlock. 

************************************************************************** 
* Narne: PWM1 .PLD * 
* Function: 3-to-6 signal splitting and interlock for 3-phase voltage source converter * 
************************************************************************** 
1 GAL16V8A in: ( A, B, C),  
I 
I io: Q[0..5], 
I 
I c1ock:clk 
I 
I Tit1e:"finng circuit" 
I 
I Qû = clk // (A & 41') 
I 
I Ql = clk // (A' & QO') 
I 
I 42 = clk // (B & 43') 
I 
I 4 3  = clk // (B' & 42') 
I 
I 4 4  = clk // (C & Q5') 
I 
I QS = clk // (C & 44') 
1 vectors: 
1 {Display ( clk, A, B, C, Q[0..5] )c 

test A = l(1,O); B = 2 (1,O); C = 4(1,0); clk = 5(0,1) 
1 End} 



Fig. A.4: Schematic of the Gate Drive Board for 1 module of 3-phase converter. 



Fig. AS: Gate Drive Board PCB for 1 module of 3-phase converter. 

A.6 PhysicaI Layout of one Module of 3-phase Couverter 

Each module of 3-phase converter has k e n  rnounted on an aluminium perforated 

sheet. The single module assembly consist of: 

(1) Three half-bridges of IGBT power modules mounted on the heat sink. 

(2)  Gate drive PCB board. 

(3) Rectifier transformer for power supply of the gate drive circuitry. 

(4) Two DC capacitors for DC link. 



(5) Data acquisition boards' (A/D boards) holder which can accommodate up to 5 PCBs. 

(6) Shunt Resistor holders which can accommodate up to 5 resistors for current 

measurernent . 

(7) Two terminal blocks, one in front and one at the rear. 

(8) Front panel which consists of pilot lights, switches and fuses. Fig. A.6 shows a 

physical layout of one module of the three phase converter. Details of mechanical 

drawings of the different components s h o w  in Fig. A.6, are in [66]. 

A Rear Terminal blocks 

B Holder of Sliunt Resistors 

3 IGBT half-bridges C on heat s d  

E Holder of A/D boards 

F Rectifier Transformer 

G Front Terminal Blocks 

H Front Panel 

Gate Drive PCB Board 

J Perforated Plaûorm 

Fig. A.6: Physical layout of single module of three phase converter. 

A.7 Playsical Construction 

The 6 modules of 3-phase converter mounted on the perforated platfoms have 

been mounted on a standard industrial rack, with the front panels facing one side of the 



rack. The 18 frlter were rnounted on the other side of the rack. The part nurnber for the 

inductors is 195620 from Hammond Company. The filter inductors are 5.lniH and rated 

20A. Mounted on the rack also is the 6-slot VME bus which carries Hydra II DSP mother 

board, Digital Interface Boards (with data acquisition and PWM FPGAs) and the LDG 

host cornputer. The VME bus have been positioned such that to have minimum Iengths 

(about lm) of the cables which cany signals to and from the converters. Fig. A.7 shows 

physical construction of 1 module of 3-phase converter. Fig. A.8 displays the physical 

construction of the overall experimental facility. Fig. A.9 shows the outline of 

experimental setups. 

Fig. A.7: Physical construction of 1 module of 3-phase converter. 



Fig. A.8: Physical construction of the overall experimental facility. 
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Fig. A.9: Outline of experimental setups. 



APPENDIX B 

ANALOG AND DIGITAL INTERFACES: ANALOG TO DIGITAL (Am) 

CONVERSION AND DATA ACQUISITION 

B.l Introduction 

Analog interface consists of analog signal detection, signal conditioning and analog 

to digital conversion. There is galvanic isolation between the power circuit and digital 

circuit in the data acquisition board which is provided by high speed optoisolators. 

The isolated digital data are transrnitted senally through line drivers to the digital 

interface board. On the digital interface board, there are line receivers which convert the 

data into standard logic and feed into the data acquisition FPGA. In the data acquisition 

FPGA, the serial data are converted into pamllel data format ready to be read by the 

DSP#3 which has its expansion bus connected to the digital interface board through 

buffers. 

The DSP#3 is also responsible to start the sampling process by giving a cornmand 

to the FPGA. The FPGA in turn synthesize the sampling signal and send it to al1 the 

connected data acquisition boards through line drivers on the digital interface board and 

line receivers on the data acquisition boards. 

The FPGA also irnplements Johnson counter which converts the 20MHz clock 

supplied by the DSP#3 to 2MHz clock required by A/D converters. The 2MHz clock is 

transmitted to the A/D converters through line drivers on the digital interface board and 

line receivers and galvanically isoiated on the data acquisition boards. 



B.2 Analog to Digital (AD) Conversion 

Voltage and Current signals from the power converter are scaled down within SV 

peak value using potential dividers and shunt resistors respectively. The scaled signals are 

filtered and then converted into digital foxm using 16-bit serial output A/D converters. 

The A/D converter used is AD677 fiom Analog Devices company. The serial data are 

transmitted through optoisolators and line drivers. The A/D converters receive the sample 

signal and 2MHz dock from the FPGA through line receivers and optoisolators. The busy 

signals produced by the A/D converters go high during data conversion. The busy signals 

are also transmitted to the data acquisition FPGA. The falling edge of the busy signal is 

used to initiate an internipt to the DSP for data acquisition. More details on data 

acquisition board can be found in [66]. 

B.2 Sena1 to parallel data conversion 

The serial data transmitted by A/D converters are assembled in parallel by shift 

registers which have been irnplemented in the FPGA. The part nurnber of the FPGA used 

for data acquisition is XC40064PG156C from XILINX company. There are 15 data 

acquisition channels. Therefore the FPGA has 15 16-bit sliift registers which can be read 

by the DSP. The busy signals from the connected A/D converters are processed in the 

FTGA to initiate a hardware interrupt to the DSP#3. 

Sampling is initiated by the DSP which signals the FPGA to start. The FPGA 

synthesize a 2 v S  pulse and transmit it to al1 the A/D converters which are connected. In 

this way, data conversion tirne remain the sarne regardless of the number of channels 

connected. The A/D converters c m  operate up to 100kHz sarnpling rate. Fig. B. 1 shows 

149 



the outline of the analog and digital interface processes. More details which involve Data 

Acquisition, FPGA design and interface PCB board designs are given in [66].  

[Data Acquisition Boards: Signal Scaling, Filtering and A/D conversion] 

Data Acquisition FPGA: Serial to Parallel Data Conversion, 

Synthesis of Sarnple Signal for A/D Converters, 
Synthesis of 2MHz Clock for A/D Converters 

1 and Svnthesis of Hardware Intemot for the DSP#3 

Sample Start 

1 Data Acquisition DSP (DSP#3) 1 

Fig. B. 1 : Outhe of Analog and Digital Interfaces. 



APPENDIX C 

SYNCERONIZATION OF TEIE DIGITAL SYSTEM TO TIFIE 

POWER SYSTEM 

C.l Introduction 

Synchronization of the digital system to power system has been done by using 

Phase Locked Loop (PLL). The PLL consists of Voltage Controlled OsciIlator (VCO), 

p h e  difference counter, VCO counter and phase detector. The 4046 device has been 

used as VCO only, while the counters and phase detector have been implemented in the 

XILINX FPGA device, part n w b e r  XC4010-4PG 191. The sarne FPGA has been used 

to synthesize the switching signals for the power converters (see Appendix D). 

The phase difference counter in the FPGA has 16-bit capacity and is driven by a 

scaled down DSP dock (2OMHz). Thus the phase difference counter clock is 2.5MHz. 

The VCO counter in the FPGA is driven by the VCO and has a capacity of 12 bits which 

gives a final count of 4096. Fig. C.1 depicts the functional block diagram of the PLL. 

More details are given in 1661. 

I 
REFERENCE ADDRESS 1 

I 

Count enable 

PHASE DIFFERENCE 
SYSTEM CLOCK COWNTER 

Fig. C. 1: Functional block diagram of the Phase Locked Loop (PLL). 



C.2 Operation of the PLL 

The operation of the PLL is started by the rising edge of Zero Crossing Detector 

(ZCD) output, which receives the power system signal as input. The rising edge of the 

power system signal enables the phase different counter to start counting. The rising edge 

of the Most Significant Bit (MSB) of the VCO counter disables the phase difference 

counter from counting. The output of the phase difference counter, which is connected 

to a 16data register, detennines the phase difference between the power system signal 

and the MSB of the VCO counter. 

Each t h e  when the phase different counter is disabled fiom counting by MSB of 

VCO counter, the registered value counted is written to the 16-bit DIA converter. The 

writing signal of the phase difference value to the D/A converter is synthesized in the 

FPGA. The part number of the DIA converter used is AD669 from AnaIog Devices 

Company. The output analog signal from the D/A converter is then fîltered, scaled and fed 

to the VCO. In this way, the phase difference between the power system and the MSB 

of the VCO counter is kept constant if the VCO input remains constant. As a result, the 

power systern frequency is synchronized to the Digital System clock. 

C.3 Phase Modification 

In order to get the phase modified, the registered output of the phase difference 

counter is made to be one input to a 16-bit adder. The other input to the adder is the 

output of a 16-bit data register which cari be written directly by the DSP. In this way, the 

phase can be modified by writing a predetermined value to the data register. The phase 

modification feature is important in order to be able to connect the power converter to the 
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power system at zero current, the process known as Synchronization. 

C.4 Determining the address of a sampled value of the waveform 

(sine, cosine, etc.) or switching pattern 

The maximum length of the Look Up Tables (LUT) for waveforrns or switching 

patterns, corresponds to the fuial count of the 12-bit VCO counter, that is 4096 sarnples. 

At each sampling instant, the VCO counter register is read by the DSP. The number read, 

corresponds to the reference address of the sarnpled value in the LUT. 

In the case of SPWM type of control, the LUT give the reference waveform which 

can be rnodified by modulation index or including feedback and/or active filtering signals. 

For experiments involving switching patterns, the LUT store switching cornmands which 

are written to the FPGA to synthesize the switching signals and send them to the gate 

drives of the power converter. There is no provision for modifying particular switching 

pattern in real t h e .  



APPENDIX D 

FPGA DESIGNS FOR CONTROL OF POWER CONVERTERS 

D.l Introduction 

The FPGA designs for control of power converters have been accomplished using 

Mentor Graphics version 8 [89] and XACT version 5 [9O,9 11 softwares on SUN cornputer 

platfoms. The Mentor Graphics version 8 was used as schernatic design entry and 

simulation tool while XACT version 5 was used to place and root the designs. The output 

of the XACT version 5 is of binary file format. When the binary file is Ioaded into the 

selected FPGA device, the desired digital design will be implemented. 

There are different ways of loading the bitstream (binary) to the FPGA(s) [9 11. 

Here, at McGill Power Electronics Laboratory, the DSP has been used to load the 

bitstream to the FPGA. The binary file format produced by the XACT version 5 software 

is converted into hexadecimal data array with 32-bit word length and made compatible 

with C-Language. The data array is included in the C-program which is compiled to run 

in the TMS320-C40 DSP for laoding the bitstream into the FPGAs. The DSP programs 

are listed in Appendix G.  Loading of the FPGAs is done fnst before the corresponding 

experirnent is perfomed. 

The FPGA used for PLL and controI is the XILINX device part number 

XC4010-4PG191 [91]. Several designs have been irnplemented in this FPGA, for 

different experiments. It was important to decide at the beginning of the hardware 

development, which signals to be connected to which pins. In this way, constraint files 

were used to ensure correct connections of signals to the FPGA pins for different designs. 



In order to reduce the bulkiness of the thesis, only the schematics of the top level FPGA 

designs have been included in this appendix. The details have b e n  compiled in [66]. 

D.2 FPGA Design for Control of 2-level 3-phase Multiconverters with Phase 

Shifted Triangle Carriers 

For implementation of 7-Timer method described in chapter 2, the FPGA has been 

used to realize the hardware requirements. In order to realize carrier based regular 

sampling, the sampling period is determined by the carrier frequency and the nurnber of 

converters to control. The sampling perïod is computed by the DSP and loaded into 

programmable period counter in the FPGA. This period counter has k e n  designed using 

one 16-bit up-counter, one 16-bit magnitude comparator and one 16-bit data register. The 

sampling period computed by the DSP is loaded into the 16-bit data register. The output 

of the data register is one of the input of the magnitude cornparator. The other input of 

the magnitude comparator is the output of the counter. The logic has k e n  designed so 

that the counter is reset when its count equals the data written to the data register for 

sampling period. 

The timers for switching ON and OFF have been realised by using 16-bit 

magnitude comparators, 16-bit data registers and the sarne counter which is used for 

determinhg sampling period. The data for switching ON and OFF calculated by the DSP 

are written into the data registers at the begüining of each sampling period. The 

switchgs occur when the counter reaches the values loaded into the registers for ON and 

OFF timers. 

Also realized in the FPGA are the dernultiplexers which are used to determine 



which converter will switch ON or OFF within a particular sarnpling period. The 

demultiplexers consists of data registers and decoders. The DSP determines the switching 

converters and loads the corresponding data to the data registers for the demultiplexers. 

Output of the data registers connect to the inputs of the decoder which select the 

corresponding converter to switch ON or OFF. The schematic of the top level FPGA 

design is shown in Fig. D. 1. 

Fig. D.l: Schematic of top level FPGA design for control of 6 2-level converters with 
phase shified triangle carriers. 



D3 FPGA Design for Control of 6-level 3-phase Converter under Fundamental 

Switching Method 

In fundamental switching method, the sampling rate fias to match with the 

pre-generated switching pattern. Five switching patterns have been used for control of 

6-level converter, one for each portion in between two consecutive voltage levels. The 

patterns have k e n  generated such that, each portion in between two consecutive voltage 

levels activate al1 the 3-phases (see Appendices E and G). In this way, the DSP has less 

number of instructions for writing the switching patterns to the FPGA. 

Each pattern generated, consists of 1024 sarnples. Therefore the 60Hz signal c m  

be sampled at 1024, 5 12, 256, etc. The FPGA design made gives a provision to choose 

the sampling rate from the DSP software. The sampling rates available to choose are 

1024, 512, 256 or 128 per 60Hz cycle. These choices of sampling rates can be obtained 

by using software to enabIe bit 2 or 3 or 4 or 5 respectively, of the VCO counter to 

initiate the intempt to the DSP. 

The DSP writes to the FPGA the switching patterns of the modified addresses at 

the rate of the sarnpling rate chosen. The logic design in the FPGA processes the data 

d t t e n  by the DSP such that to output the right signals to the right gate drives of the 

power converters. Fig. D.2 shows the schematic of the top level FPGA design for control 

of 6-level converter under fundamental switching method. The lower level designs have 

been compiled in [66]. 



Fig. D.2: Schematic of top level FPGA design for control of 6-level converter under 
fundamental switching method. 

D.4 FPGA Design for Control of 4-level 6-phase Converter under Fundaniental 

Switching Method 

This FPGA design has similar feature as that of Appendix D.3. The only 

difference is that, in this case only three switchùig patterns are required instead of five 

(see Appendices E.3 and G.5). The three switching patterns have been generated such that 



the switchings of the positive and negative converters for aU 3-phases are correctly 

effected. The choice of sampluig rate is done the same way as for control of 6-level 

converter described in section D.3. The FPGA top level design for control of 2 4-level 

converters operated in 6-phase mode is shown in Fig. D.3. 

Fig. D.3: Schematic of top level FPGA design for control of 2 4-level converters Ki 
6-phase mode under fundamental switching method. 



APPENDIX E 

GENERATION OF SWITCHING PATTERNS 

E.1 Introduction 

In the experiments involving multilevel converters, fimdarnental switching method 

was used. In fimdarnental switching methocl of multilevel converters, one has some 

degrees of freedom to decide on the hmon ic  content and/magnitude of the output 

voltage [42,63,64,85]. Each switching angle gives one degree of freedom. 

For 6-level converter used in this thesis, there are two switching angles and hence 

gives only two degrees of freedoms which were used to elimùiate the 5"' and the 7' 

hamonics in the output voltage. 

For 4-level converters which were employed to implement 6-phase STATCOM, 

only one degree of freedom is available. This was used to eliminate the Sm hannonic for 

both the positive converter and the negative converter. 

The switching patterns have been generated in such a way that the DSP processor 

will have least nurnber of instructions to execute, at the same tirne, be able to implement 

total dc voltage regulation and individual dc capacitor voltage equalization. The task of 

the DSP processor in each intempt, is to read the reference address, modify according 

to the control law and fmally use the modified address to read the corresponding 

switching pattern and write to the FPGA. In the FPGA, the current switching pattern 

written by the DSP is processed to give the corresponding switching signals to the 

multilevel converter(s). It is therefore very important to ensure compatibility between the 

switching pattern, DSP program and FPGA design for a particular experiment. 



E.2 Switching Pattern for 6-level 3-phase Converter under 

Switching Method with elimination of S& and 7'b Harmonies 

One cycle of the 6-level voltage I 

Fundament al 

- 

waveform is shown in Fig. E.1. The 
œ 

switchhg angles a, and a, are chosen to AA 
a 1  a2 

elirninate the S" and 7& harrnonics. 

Applying Fourier Series analysis to the Fig. E. 1: 6-level voltage wavefom. 

voltage wavefonn of Fig. E.l, it can be 

deduced that the Fourier series coefficients, b,, are given by 

For 3-phase systems with open wye or delta connection, al1 the hannonics which are 

multiples of 3 cancel out, 

coefficients b5 and b7 in 

In order to elirninate the 5& and 7"' hmonics,  then the Fourier 

(E.l) are set to zero as given in (E.2). 

Equation (E.2) is nonlinear transcendental equation which can be solved by the 

Newton-Raphson method. Using MATLAB package 1651, the angles are a ,  = 12.285" and 

a, = 33.6087". These switching angles were used in a C-Language program to generate 

one cycle of the switching patterns for the five blocks of the 6-level voltage waveform. 

The switching pattern for each bIock contains 1024, 3-bit data points (1 or O), 1 bit for 

each phase. The five switching patterns have been stored in five separate files which are 

included in the DSP program for control of 6-level converter. Details of control of 



multilevel converters with fundamental switching method are given in chapter V and 

[63,66,82,85]. The list of the C-Language program used to generate switching patterns for 

control of 6-level converter is given in Table E. 1. The program has been developed using 

Borland C++ version 2.0 programrning environment [92,93]. 

Table E.l: Program list for generation of switching patterns for control of 6-level 

converter under fundamental switching method with elimination of 5' and 7b harmonics. 

/************ .................................... 1 
hogram six-1ev.cpp. Data file: inpt 
/******t*t*u*t***rt**t**nnt*w~~*********t***r**** 1 
/* This is data file "inpt" which is read by the program to 
initialize some of the oonstants 
**************¶*********** ......................... 
1 IO24 500 12195 3 2 10 140 0.000125 150 150 31 0.001 
0.04 0.0 3 75.0 
............................................ 

*/ 
#include estdio. h> 
#inclu& <dos.h> 
#include adl ib.h> 
#include <math.h> 
#inch& <graphics.h> 
#inchde <conio.h> 
Mefine pi 4*atan(l) 
#define STOP 's' 

main (void) 
l 
setcbrk (1); 
char ch; 
static long dll, d12, d13. d14, d15; 
static long Dl1 [5], Tabx[3][5]; 
static int gmode, errorccde, gdriver - DETECï; 
static in1 n l ,  Nk. NU; 
static int xmax. ymax. xmaxl, col, tNk Wkl,  N u l ;  
static int i, j, wunt. linelength; 
static float f. 16. kt, kc, ki, kph, phl, sinel, sine2; 
static float tabv[3], tabx[3][5]. Sw[3], SI [26]. S[26]; 
static floaî Ss1[26], Ss[26]. tsl[26], ls[26]; 
static flcat Vm[3], Vpwml[3], Vpwm[J], Cnk(261; 
static flcat ris, n. nol, mx, im, iml, ic, icl, itl, il, 1. R; 
static float w, Vma. Vmal, Vdc. Ac. Va, Vpl, Vp, V k  
static fiait C, Ck, Ctk. Vmsl, Vms, Vmcl, Vmc, Vrnbl, Vmb; 
static flcat Ndk, Ndkl. Nd, k3; 
static flcat w l ,  ml, Vb, Vc, Vpkl, Vpk, Vpçl, Vps; 
static flcat ica, icb, icc, i d ,  ice; 
static flcat m, dt, E, iac, me; 
static float ak st, t, t l ,  Q, 
static float tc, tw, Tm. tm, âtl; 
FïLE *inpt; 
if ((inpt - fopen("inpt", "0) -- NULL) 

I 
fpNitf(st&rr, "Cannet open input data file,b?; 

pNitf("\n"); 
printf("Press any key to  Wm:?; 

getch0; 
r m r n  (1); 

I 
fscanf(inpt,"%g %g %g %d %d %g %g %g %g %g %g %g 
Xg %g %g Rg". 
&kf,&kt.&kc,&nl ,&col,grNd,&ki,&m,&M,&Vdc.%Ac.%no 1 ,& 
I,&S&kph,&Ndk); 
FILE *outl; 
RLE *out2; 
FILE *ait3; 
FILE *out4 
FILE "01115; 
if ((Ml - fopen("dat1.h". "W+")) -- NULL) 
I 
fprintf(stderr, "Cannot open output data filel.\ne'); 
prindi'In" 1; 
pnntf("Press any key to return:"); 
getch0; 
return 1; 
1 
if ((out2 - fopen("dat2.h", "W+3) -- NULL) 
I 
fprintf(stderr. "Cannot open output data file2.\n"); 
printf('piW ); 
printf("Press any key to retum:"); 
getch0; 
r e m  I; 
1 
if ((a113 - fopen("dat3.hW, "W+")) -- NULL) 
fprintf(stderr. " C m o t  open output data file3.\nU); 
printf("\nW 1; 
printf("Press any kcy to murn:"); 
getcho; 
retum 1; 
1 
if ((out4 - fopen("dat4.hM. "wt+")) -- NUU) 
l 
fprintf(stderr, "Cannot open output data file4.\n"); 
printfW' 1; 



printf('Tress any key to retum:"); 
getdi0; 
retum 1; 
I 
if ((out5 - fopen("dat5.hU, "wt+")) -- NULL) 
i 
fprintf(stderr, "Cannot open output data fileS.\n"); 
prinWW); 
prinlf("Press any key to mm:"); 
ptdio; 
reNm 1; 
I 
fprintf(out1 ."static unsigned int tablexl[] - 1"); 
fprintf(ouîî,"static unsigned int tablex2u - 1"'); 
fprintf(out3,'static imsigned int tablex3[] - 1"); 
fprintf(out4.'static unsigned int tablex4[] - 1 "); 
f p ~ d ( ~ , ' s t a t i c  unsigned int tablex5[] - 1"); 
wmt - 1; 
Nk - ceil(Ndk); tNk - 2*Nk; tNkl - W + l ;  
/* 
Fkquest autodetedion. initialize graphies. 
The "Borland Graphics initialization" (BGI) file are normally 
locatcd in ..\GE1 subdirectory. They can also be copied to the 
workin g subdireaory. 
*/ 
initgraph (&gdriver. &grnode," "); 
/* r d  result of initializaticm */ 
erromde - graphresult(); 
if (errorcode !- grOk) /* an error oc& */ 
{ 

printf("Grap hics error: %sb", 
graphemtmsg(etrorood e)); 

prinW'VU); 
printf("Press any key to hait:"); 
getch0; 
exit(1); 

I 
f - 60; 
w - 2*pi*f; 
wl - w; 
ph1 - kph*pi/Z 
sinel - siri(2*pi*(r2.28 5/36O)); 
sine2 - sin(2*piW(33.6087/360)); 
m l  - m; 
me - 100, 
Tm - 1.W; 
Nk3 - NkY2 - 1; Nk31 - Nk3 + 1; 
dt - l.O/(kf*Pkt); 
t - Q t l - 0 ; a - O ;  
Ck - Z*Vdc/Nk3;: j++) 
for (j-0; j < W  1 
l 
Cni<li] - Vdc - j*Ck 
1 
a - w ;  
Vk - Vdc; 
xmax - getrnaxxo; 
yma - getmaxy0; 
xmaxl - nol*xmax; 
line(0,O. xmax,O); 
line(xmax.0, xmax,ymax); 
line(xmax,ymax, 0,ymax); 
line(0,ymax. 0.0); 
setbkcolor(c0l); 

//while (t <- 30) 
while(lkbhit0) 

[ 
n - nlet2. 
ns - nlntl; 
mx - nl*t; 
for(i-0; i 4 ;  i++) 

I 
Sw[i] - sin(wlft - (i*2*pi/3)); 
Vm[i] - ml*Sw[i]; 
I 

E - me*sin(wl9 + phl); 
Vma - ml*sin(wlet + phl); 

for(i-û; i 4 ;  i++) 
I 
if(Sw[i] > sine2) 
1 
Vpwm[i] - Cnk[O]; 
tabvii] - 31.9 
labx[i][O] - 1.0; 
tabx[i][l] - 1.0; 
tabx[i][2] - 1.0; 
rabx[i][3] - 1.q 
tabx[i][4] - 1 .O; 
I 
if((Sw[i] > sinel) && (Swii] < sine2)) 
1 
Vpwm[i] - Chk[l]; 
îabv[i] - 30.0, 
tabx[i][O] - 0.0; 
tabx[i][i] - 1.0; 
tabx[i][2] - 1.0; 
tabx[i][3] - 1.Q 
tabx[i][4] - 1.6, 
1 
if((Sw[i] < sinel) && (Sw[i] > 0)) 
i 
Vpwrn[i] - Cnk[2]; 
tabv[i] - 28.9 
tabx[i][O] - 0.0; 
tabx[i][l] - 0.0; 
tabx[i][2] - 1.0; 
tabx[i][3] - 1.0; 
tabx[i][4] - 1.0; 
1 
if((Sw[i] c 0) && (Sw[i]> -sinel)) 
{ 
Vpwrn[i] - Cnk[3]; 
tabv[i] - 24.0; 
tabx[i][O] - 0.0; 
tabx[i][l] - 0.0; 
tabx[i](2] - 0.0; 
tabx[i][3] - 1.0; 
tabx[i][4] - 1.0; 
1 
if((Sw[ij < -sinel) && (Sw[i] > -sine2)) 
1 
Vpwm[i] - Cnk[4]; 
tabv[i] - 16.0; 
îabxii]IO] - 0.0; 
tabxfi]ll] - 0.Q 
tabx[i]l2] 0.0, 
îabx[i]f3] - 0.0; 
tabx[i][4] - 1.0; 



iac - iac + (E - Vpk - R*iac)*dtl; 
if (mx >- xmax) 
l 

ica - ica + (S[O] - R*ica)*dtl; 
icb - icb + (S[1] - R*icb)*dtl; 
icc - icc + (Si21 - R*icc)*dtl; 
it - it + (vp - R*it)*dtl; 

1 
Va - S[O]; 
Vb - SI]]; 
v c  - S[2]; 
ic - i w  

if (n >- xmax) 
I 
ch - getcho; 
if (ch -- STOP) 

1 
fclose(ipt); 
closegmph0; 
exit(1); 
1 
cleardeviœo; 
11 * 0; 
12-0; 
line(0.0, xmax,O); 
line(xmax.0, xmax,ymax); 
line(xmax,ymax. 0,ymax); 
line(O,ymax, 0,O); 
1 
if (rnx >- xmaxl) 
I 
if (tw >- tc) 
( 
tw - 0; 
1 
forci - 9 j < 5; j++) 

for(i - 0; i c 3; i++) 
1 
Tabx[i]lj] - (int)(tabx[i] u]); 
Tabx[i]Lj] - (Tabx[i)Lj]) << (16 + i ); 
1 
Dlllj] - Tabx[O]U] I Tabx[l]U] ) TabxtZILj]; 
1 
fprintf(out1, "Ox%lx", D11[0]); 
fprintf(out2, 'ûxllx', DI 1 [ 11); 
fprintf(out3, "Ox%Ix", Dtl[Z]); 
fprintf(out4, "Ox%1xY. DI1[3]); 
fprintf(out5, "OxRlx", Dl 1 [4]); 
if(anmt -- intw)) 

l 
fplintf(out1," 1;"); 
fclase(out1); 
fprintf(out2," );"); 
fclose(out2); 
fpruitf(Out3," );"); 
fclose(out3); 
fpnntf(out4," 1;"); 
fclose(out4); 
fprintf(out5," 1 ;"); 
fclose(out5); 
1 
munt - wunt + 1; 
linelength - linelength + 1; 
if(linelaigtb%8 -- 0) 
1 
fp~tf(OUt1," ,WJ); 
fpnntf(out2," ,pl"); 
fp~tf(OUt3," ,Mm); 
fp~tf(0üt4," .MW); 
f p ~ t f ( 0 ~ d . "  ,b"); 
1 
else 
I 
fprintf(out1." , '9; 
fp~tf(out2,", 3; 
fpMtf(out3,". "); 
fprintf(out4.". 7; 
fprintf(Out5,". "); 
1 
1 
putpixel(n, (ymax*. 1)-int(Vmq4). 4); 
for(i-0; ic3; i++) 
1 
if (Vpwm[i] !- VpwmlIi]) 
I 
line(int(n), (ymaP(0.3 + 0.2*i))-int(Vpwm l [i]/4). int(n). 
(ymax'(0.3 + 0.2*i))-i nt(VpwmIill4)); 
Vpwml[i] - Vpwm[i]; 
1 
else line(it(ns), (ymax'(0.3 + O.)l*i))-int(Vpwm1 [iy4). int(n), 
(ymax*(0.3 + 0.2*i))-i nt(Vpwm[i]/4)); 
line(0,Cymax *(O3 + 0.2*i)). xrnax,(ymax *(0.3 + 0.2*i))); 
1 
tm - tm + dl; 
11 - t2; 
t2 - t2 + dt; 
t - t + dt; 
tW - t W  + dt; 
Vmal - Vma; 
Vpl - vp; 
v p  - O; 
Vpsl - Vps; 
vps - O; 
1 
fclose(ip t); 
I l f c l ~ ( o u t ) ;  
getch0; 
cl=gmPhO; 
rem 0; 
1 



E3 Switching Pattern for 44evel &phase Conver ter under Fundament al 

Switching Method with elhination of Hamonic 

Fig. E.2 shows one cycle of the f 

4-level voltage wavefoms for 6-phase 
I - 

I  
l  1 4  
1 1 4  
I  I l  I  

8. <a> 
operation. The switching angles a is I  

I  

chosen to eliminate the 5' harmonic. 1-0 Co> 
CY 

Applying Fourier Series analysis to the 
Fig. E.2: 4-level voltage waveforms for 

voltage waveform of Fig. E.2(a), to obtain 6-phase Veration- (a) Waveform for 
positive converter. (b) Waveform for 

the Fourier series coefficients, yields negative converter. 

The Fourier coefficients for the voltage waveform of Fig. E.2(b) have the sarne magnitude 

as those for Fig. E.2(a) but 180' out of phase. 

As mentioned in section E.2, for 3-phase systems with open wye or delta 

connection, al1 the hmonics  which are multiples of 3 cancel out. In order to elhinate 

the 5' harmonic, then the Fourier coefficients b5 in (Ei.3) is set to zero as given in (E.4). 

1 + 2 Cos(5a) = O (E.4) 

The solution for (E.4) is a = 24.0". This switching angle was used in a 

C-Language program to generate one cycle of the switching patterns for the three blocks 

of the 4-level 6-phase voltage wavefoms. The switching pattern for each block contahs 

1024, 6-bit data points (1 or O), 2 bits for each phase (1-bit for positive and 1-bit for 

negative). The three switching patterns have been stored in three separate files whkh are 

included in the DSP program for control of 4-level 6-phase converter. Details of control 



of multileveI converters with fundamental switching method are given in chapter V, 

chapter VI and [42,63,82,85]. The list of the C-Language program used to generate 

switching patterns for control of 4-level 6-phase converter is given in Table E.2. The 

program has been developed using Borland C++ version 2.0 programming environment 

192,931. 

Table E.2: Program List for generation of switching patterns for control of 4-level6-phase 

converter operated under fundamental switching method with elirnination of 5" hannonics. 

Program six-ph.cpp. Daia file: inp 
/*********+******************** ********** 1 

/* This is data file "inp" which is read by the program to 
intial ize some of the mstants 
*************t******X**************w******** 

1 1024 XI0 12195 3 2 10 140 0.000125 150 150 31 0.001 0.M 
0.0 2 75.0 
................................................... 
*/ 

#include utdio.h> 
#indu& <dos.h> 
#iclude utdlib.h> 
#include <math.h> 
#inch& <graphics.k> 
tinclude <conio.h> 
#define pi 4*atan(l) 
Mefine STOP 's' 

main (void) 
1 
setcbrk(1); 
char ch; 
static l m g  dl l ,  d12, d13, d14, d15; 
static long Dl1 [SI. Tabx [3] 151; 
static int g m d e ,  errorcode, gdriver - DETE-, 
staîic int nl. Nk, Nk3; 
static int xmax, ymax, xmaxl, col, tNk  tNkl. N u l ;  
static int i, j, count. linelength; 
staiic f l m  f ,  kf, la, kc, ki, kph, phl, sinel, sine2; 
staîic float tabv[3], labx[3][5], Sw[3], Swshl31. Sl(261, SI26j; 
static f ia!  Ss1[26], Ss[26]. tsl[26], ts(261; 
static float Vm[3], Vpwml[3], Vpwm[J], Vpwmsh[3J, Cnk(261; 
static float Vpwmshl[3], Vpwmsh[3], Vpwrntal P I ,  Vpwmtot[3]; 
static float ns, n, nol, mx, im, iml, ic, icl, itl, it, 1, R 
çtatic float W. Vma, Vmal, Vdc, Ac, Va, Vpl, Vp, Vk; 
static f l m  Cl  Ck, Ctk, Vmsl, Vms, Vmcl, Vmc, Vmbl, Vmb; 
static float Ndk, Ndkl. Nd, k3, phsw; 
static float wl ,  ml ,  Vb, Vc, Vpkl. Vpk. Vpsl, Vpç; 

static float ica, icb. icc. icd, ice; 
static fioat m, di, E. iac, me; 
static floa! stk, st, t, 11, t2; 
static float tc. tw,  Tm, cm, dtl; 
FILE *inpi; 
if ((inpi - fopen("inptW, "0) -- NULL) 
1 
fprintf(stdcrr, "Canna open input data file.b?; 
printf("\nn); 
printf("Pm any key t o  retum:"); 
getcho; 
retum (1); 
1 
fscanf(inp."%g Xg %g %d %d %g %g %g %g %g Xg %g %g 
%g %g %g, %g", 
&kf,&ki,&kc,&nl,&çol,&Nd,&Kl &rn.&k3,&Vdc.&Ac.&no 1.& 
l,&R& kph,&Ndk,&phçw); 
FILE *outl; 
RLB *out2; 
FILE *out3; 
if ((out1 - fopen("dat1.h. "wi+") -- NULL) 
1 
fprintf(stderr, "Cannot open output data filel.\n"); 
prinVWn>; 
printf("Press any key t o  retum:"); 
getcho; 
retum 1; 

I 
if ((out2 - fopen("W.h", "wt+")) -- NULL) 
I 
fprintf(stderr. "Cannot open output data file2.\nW); 
printf('VV); 
printf("Press any key IO retum:"); 
getcho; 
rehim 1; 
1 
if ((out3 - fopen("dat3.h", "wt+")) -- NULL) 
I 
fprintf(stde~, "Cannot open output dam file3.\n1'); 
pnntf(w\nn 1; 
printf("Pre5s any key t o  retum:'?; 



getdio; 
retum 1; 
1 
fprind(ait1,"static unsigned int tablexl[] - (9; 
fprintf(oul2,"static unsigned in! table%î[] - ( 7; 
fprintf(out3,"static unsigned int tablex3[] - ( 7; 
wunt - 1; 
Nk œil(Ndk); tNk - 2*Nk; tNkl - tNk+l; 
/* 
Request autodeteaion. initidize graphia. 
n i e  "Borland Gtaphics Initializatim" (BGI) file are nonnally 
located in ..\GBI subdirectory. They can also be copied to the 
working subdireuory. 
*/ 
initgraph(&gdriver, &grnode," 7; 
/* read remit of initiaiizatim */ 
erromde - graphresult(); 
if (errorcode !- grOk) /* an error occureci */ 
I 
printf("Graphics emr:  %s\n", graflemmsg(errorcode)); 
p rW"l iU 1; 
printf("Press any key to haît: "); 
g e t d 0 ;  
exit(1); 
1 
f - 60; 
w - 2*pi*f; 
w l  - w; 
ph1 - kph+pi/2; 
sine1 - sin(2*pi*(24/360)); 
m l  - m; 
me - 100; 
Tm - 1 .O/f; 
Nk3 - NkYt - 1; Nk31 - Nk.3 + 1; 
dt - 1.0/(-lcf*f*kt); 
t - 0 ; t l - 0 ; a - O ;  
Ck - 2*Vdc/Nk3; 
for Cj-O; jcNk.31; j++) 
I 
Cnklj] - Vdc - j*Ck 
1 
dtl - dV; 
Vk - Vdc, 
xmax - getmaxxo; 
p a x  - getmaxy0; 
xmaxl - nol*xmrut; 
line(0,0, xmax,O); 
line(xmax.0. xmaxpnax); 
line(xmax,ymax, 0.ymax); 
line(0,ymax. 0,O); 
setbkcoior(co1); 
Ilwhile (t c- 3û) 
while(!kbh ito) 
I 
n - nl*t2; 
ns - nl'tl; 
mx - nl*t; 
for(i-0; i<3; i++) 
l 
Sw[i] - sin(wl*t - (iq*pi/3)); 
Swsh[i] - Sw[i]; 
Vm[i] - ml*Sw[i]; 
1 
E - me*sin(wl*t + phl); 

Vma - ml*sin(wl*t + phl); 
for(i-0; ic3; i++) 
l 
if(Swli] > sinel) 
1 
Vpwm[i] - Cnk[O]; 
tabx[i][O] - 1.0, 
tabx[i][l] - 1.0; 
tabx[i][2] - 1.0, 
1 
if(Swsh[i] > sinel) VpwmshIi] - Cnk[3]; 
if((Sw[i] r O) && (Sw[i] < sinel)) 
I 
Vpwm[i] - Cnk[l]; 
tabx[i][O] - 0.0; 
tabxIi][l] - 1.0; 
tabx(i][2] - 3.0; 
t 
if((Swsh[i] > 0) && (Swsh[i] < sinel)) VpwmshIi] - CnklZ]; 
if[(Sw[i] < 0) && [Sw[i] > -sinel)) 
I 
Vpwm[i] - Cnlr[2]; 
tabx[i][O] - 0.0; 
tabx[i][l] - 2.0; 
tabx [i][2] - 3.0; 
1 
if((Swsh[i] < O) && (Swsh[i] > -sinel)) Vpwmshli] - CnkIlj; 
if(Sw[i] < -sinel) 
I 
Vpwm[i] - Cnk[3]; 
tabx [i][O] - 2.0; 
tabx[i][i] - 2.0; 
tabx[i][2] - 2.0; 
1 
if(Swsh[i] c -sinel) Vpwmsh[i] - Cnk[O]; 
Vpwmtot[i] - (Vpwm[i] + Vpwmsh[ij)/Z; 
1 
im - irn + (Vma - Reim)*dtl; 
iac - iac + (E - Vpk - Rfiac)*dtl; 
if (rnx >- xmax) 
1 
ica - ica + (Si01 - R*ica)*dtl; 
icb icb + (S[l] - Rficb)*dtl; 
icc - icc + (S[2] - Rficc)*dtl; 
it - it + (vp - R*it)*dtl; 
1 
Va - S[O]; 
Vb - S[l]; 
v c  - S[2]; 
ic - ica; 
if (n r- xmax) 
I 
ch - getcho; 
if (ch -- STOP) 
1 
fclose(inpt); 
closegrapho; 
exit(1); 
1 
cleardevice0; 
t l  - O; 
u-0; 
line(0,0, xmax.0); 
line(xmax.0, xrnax,yrnax); 



line(xmnx , p a x ,  0,ymax); 
iine(o,ymax, 010); 
1 
if (mx >- xmaxl) 
1 
if (tw * cc) 
I 
hv-D, 

1 
forÿ - O; j 3; j++) 
I 
for(i - 9 i < 3; i++) 
I 
Tabx[i]lj] - (int)(tabx[i]lj]); 
TabxIilU] - (Tabx[i]u]) << (16 + (2*i)); 
1 
DllLj] - Tabx[O]Lj] I Tabx[l]Lj] I TabxIZILj]; 
1 
fp~tf(OUt1. "&%lx", D11[0]); 
fprintf(out2, "0x461~ ". Dl 1 Il)); 
fprind(out3, "&%lx ", Dl 1 [2]); 
if(oount -- intw)) 
I 
fprintf(OUt1," ];?; 
fclose(out1); 
fprintf(out2," 1 ;"); 
fclose(out2); 
fpMtf(out3," 1;"); 
fclase(out3); 
1 
oount - count + 1; 
linelength - linelength + 1; 
if(iinefength%8 -- O) 
I 
fprintf(out1," ,Li"); 
fprllitf(ouQ," *\n"); 
fprintf(out3," .\n"); 
1 
else 

fprintf(out1," , 3; 
fprWout2,". 7; 
fpnntf(out3,", 7; 

J 
1 
putpixel(n, (pax*.  1)-int(Vma/4), 4); 
Sine(O,(ymax *(O. 1)). xmax.(ymax*(O. 1))); 
for(i-0; ie3; i++) 
1 
if (vpwm[i] !- Vpwml[i]) 
I 
iine(int(n), (pax"(O.3 + 0.Zwi))-i nt(Vpwm 1 [iu8). int(n), 
(ymax'(O.3 + 0.29))-i nt(Vpwm[i]/8)); 
Vpwml [il - Vpwm[i]; 
1 
else line(int(ns). (ymaxf(0.3 + 0.Zwi))-int(Vpwml[iYS), int(n), 
(ymaxW(0.3 + O.Z*i))-int(Vpwm[i]/8)); 
line(O,(yrnax*(0.3 + 0.2*i)). xrnax,(ymax*(0.3 + 0.2*i))); 
if (Vpwmsh[i] !- Vpwmshl [il) 
1 
line(int(n), omax*(0.4 + 0.2'i))-int(Vpwmsh1 [jus), int(n), 
(ymax*(0.4 + 0.2*i))-i nt(VpwmshIi]/8)); 
Vpwmsh l [il - Vpwmsh[i]; 
t 
else line(int(ns), (ymax*(0.4 + O.Zni))-int(Vpwmshl[i]/8). int(n). 
(ymax*(0,4 + 0.2*i))-int(Vpwmsh[iJ/8)); 
line(O,(ymax *(O4 + 0.2*i)), xmax,(ymax *(0.4 + 0.2'i))); 
1 
tm - tm + dt; 
t l  -t2; 
t2 - t2 + dt; 
t - t + dt; 
tw - IW + dt; 
Vmal - Vma; 
Vpl - vp; 
VP - 0; 
Vpsl - vps; 
vps - D, 
1 
fclose(inpt); 
//fclase(out); 
getcho; 
closeg rapho; 
retum O; 



APPENDIX F 

ORGANIZATION OF SIMULATION PROGRAMS 

The programs used for simulations of power electronics systerns presented in 

this thesis have been developed in Borland C++ version 2.0 programrning 

environment. The C++ feature available in the Borland C++ programming enviromnent 

was not utilised. Instead, the standard C-Language feature have been used to develop 

the simulation programs. 

The simulation programs have been used for different purposes: 

(1) Where experimental setup is possible, the simulation results have been used as a 

quick check for a planned experimental setup. 

(2) Where experirnental setup is not possible due to inadequacy of the experirnental 

facilities, for example in chapters 3 , 4  and 5, only simulation progmms have been used 

to study the power electronic system. 

It has to be adrnitted that the simulation programs developed are not in 

standard format compared to the existing commercial simulation softwares such as 

PSpice, PSCAD, etc. The objectives of developing the simulation programs instead of 

using the existing commercial softwares are: 

(1) To develop programming skills in C-Language so that to be acquainted in real-tirne 

programming for control using Digital Signal Processors (DSP). For example, in 

chapter 2, the algorithm for 7-Timer method developed in the simulation program has 

been ported into the DSP program. 

(2) To have fiill control of the prograrn. For example, the execution of the prograrns 



c m  be intempted any t h e ,  while most of the commercial simulation softwares c m  

not be intempted. 

(3) To leam how to develop the differential equations of the power electronics system 

from fust p ~ c i p l e s .  

The programs developed for simulations of different systems have the 

follow ing cornmon features : 

The program can display the selected variables irnrnediately after computation 

in order to monitor closely the validity of the results. 

The prograrn can be intempted any tirne in order not to continue with wrong 

results caused by wrong data or wrong formulation. 

For the variables which require frequent changes, data files have k e n  used 

which can be r a d  by the simulation program. The changes can be made in the 

data files without making any changes in the source code of the simulation 

program. This feature avoids re-compilation of the source prograrn. 

On request, the selected values of the variables computed c m  be saved in a file 

for hither analysis such as Fast Fourier Transforrn (FFT). 

Fig. E l  shows the sirnplified flow chart of the simulation programs used in studying 

power electronics systems presented in this thesis. The listings of the source prograrns 

are not included in order to reduce the size of the thesis. 

In al1 the simulation programs, the Euler Method [94] of integration has been 

used. This method of integration is not very accurate and may become unstable when 

coarse integration step is used. This fact had been taken into account throughout the 

simulation studies and remedied by using as fme the integration step as required. The 



reason why the Euler Method of integration has been used is that, it was not the 

purpose of this thesis work to perform precise computation in the simdation studies. 

Rather, the simulation studies airned at testing the ideas which have been developed by 

simulation, then when possible, irnplement the ideas experimentally. On the other 

hand, in the experimental setups, the signals are sarnpled at relatively low rate 

resulting in less accuracy. Therefore it was not stringent to employ integration method 

such as Runge-Kutta 1941 which is very accurate but slow. 

START ç' 
Include files 
Definitions 

Macros 

Declarations of Variables and Constants 

1 
Declarations and opening of 

1 Initialization of graphics display 1 

Reading of input file and 
initialization of Constants 

Start Simulation s 
Write to the output files 

the selected Variables 

1 Plot the selected Variables 1 

Continue simulation ? c 
1 Close input and output files 1 

Fig. F.1: Simplifiecl Flow Chart for Simulation Programs (Developed in C-Code). 



APPENDIX G 

SOFTWARES FOR DSPs 

G.1 Introduction 

The softwares for the DSPs were developed using LDG host computer [95,96] and 

Borland C++ version 2.0 programming environment 192,931. Al1 the DSP prograrns were 

developed in C-Language [97]. The C-Language prograrns were compiled and linked to 

get executables for the DSPs, using Optimizing C compiler [97] which is included in the 

purchase of the Hydra II: DSP motherboard [98,99]. 

In Hydra I I  DSP motherboard, two DSPs have been used for real tirne control of 

power converters, DSP3 and DSP4. These two DSPs have their expansion buses 

accessible directly . The two DSPs have been made to nin in synchronism. The DSP3 has 

been used for data acquisition and DSP4 has &en used to perform control algorithrns. 

The two DSPs have been made to comunicate tu each other through their 8-bit COM 

PORTS. 

G 2  DSP Program List for loadiiig the configuration bitstream to the FPGAs 

The configuration bitstrearn is loaded to the two FPGAs in Slave Serial Mode [91] 

using DSP3. The C-Language program used is shown in Table G.I. The loading of the 

configuration bitstrearn into the FPGAs is performed just after the system is powered. 



Table G.l: Program list for DSP3 to load the configuration bitstrearn to the FPGAs. 
for (j-0, je-3 t ; j++) 

*.+n+*****r**r t**********+********+~**++*********** *(expansion)-bits[i] j; 

/* Rugram FPGAC, located in c:\hydra\..Wm for al1 1 
experimental setups */ /* now wait a bit */ 
~*~***Irt*******************+********************* for (i*, ii<djfJOOO; i++); 

#include "hydra.hN /* and START 
#indu& b i i s h "  /* File conraining configuration bitstream in *(expansion) - 0x9 
hexadecimal fonnat */ */ 
#include "H-II-map.h" /* Definitiar of physical addreçseç */ ] 
main0 1 
int i j ;  
for (i-9i~-sizw>f(bits)/sizeof(bit~~O]); i++) 

I 

G.3 DSP Program Iists for control of up to 6 2-level converters with phase shifted 

triangle carriers 

Table G.2 and G.3 are the programs for DSP3 and DSP4 respectively, for control 

of multiconverters with phase shi fted trimgle carriers. 

Table G.2: Program Est for DSP3 to read data from one channel of A/D Converter and 
pass the data to DSP4 for feedback control. 

#inclu& "compt4O.h" 
#mclu& "intpt40.h" 
#define ACQ-START *expansion - 0x0 
long *PhaseDiffDataOut; 
long *ADmnvDataOut; 
volatile long niase, Phase-new, Phase-old. VcoCount; 
void c-intOl (void) 
/* intempt from COMPORT 5 by DSP4 */ 
{ 
volatile long scratch; 
ACQ-START; 
while(cp_in-level(5) !- 0) 
1 
VcoCount - in-word(5); 
1 

Phase-new - 0; Phase-oId - Phase; 
1 
void c_intü2(void) /* intempts f rom BUSY-LOW ./ 
1 
int i; 
if (cp-outJevel(5) -- 0) 

I 
out-word(*(expansion + 6),5); 
1 

............................. *t*****t************** 1 
/* Program comdsp3.c. located in c:~ydra\mu~tccxiv\sourcc */ maino ( 
/* See comdsp4.c for descripion */ PhaseDiffDataOut - (long*)DSP3WRlTEONLY; 
t t t * t t * + t t t * t * * * * * ~ * * * * ~ * * * * * * * e * t ~ * * * * ~ * * * * * * * * * * *  ADwnvDataOut - (long*)DSP3WRITEONLY+l; 
#include "hydrah" asm( " push arO" ); /* Monitor doesn't do an lACK to the 
#include 'H-Il-map.hW /* Definition of phys id  addwses */ nght */ 

asm( " ldhi 4000h,arO ); If address, so we need to do il 
here */ 

asm( " iacli *am ); 
a m (  " pop arO" ); 

/* clear Semaphore O */ 
*Semaphore0 - 0x0; 
if(cp-in-level(5) !- 0) in-word(5); 
setivec(lIOF0, cjnt02); /* set intempt from BUSY-LOW */ 
asm( " or 9h.iif" ); /* Setup and enable IIOFû */ 
a m (  " andn 6h.iifV ); 
a m (  ' and Oh,iie" ); /* disable al1 internai intempts */ 
setivec(Ox22, c-int0l); /* set intempt vector */ 
set-iie(ICRDY5); /* set to receive interrupis from COMPORTS 
*/ 
GfE-ONO; /* software enable in temps  
*/ 
while(1) 
{ 
/* Main Loop to wait for software intempt from DSP4 
and then hardware internipt from ADC boards */ 
1 
l 



Table G.3: Program list for DSP4 for implementation of SPWM of 2-level multiconverters 
with phase shifted carriers. 

niis program implements PWM control of the six 3-phase 
2-level voltage source amverters. The hardware periodic intempt 
to dsp4 is generated by the FPGA. The period of oocurence of 
the the hardware intenupt is programmed by loading PWM 
Period register with a number. This number is calculated based 
on the system clock. fundamentai frequency. the number of 
triangles, and thc number of converters. 
nie Regualr sampling algorithm for multiconvener systern 
with phase shifted amiers kas been irnplemented . 
As from today, on May 22, 1996 the algorithm is working fine. 
The algorithm can handle any even number of conveners as per 
FPGA design. It can handle m e  amverter by setting the number 
of converters equd 10 2. For SVC operaticm, the m t r o l  
algorithm is the same as for single module which is explained 
below. 

The Dc voltage is regulated by a PI amtroller whch is in 
theintempt routine. When dsp4 is intermpted, it writes the PWM 
registers immediately. then it generates a software intrmpt to 
dsp3 by passing data thrwgh a comport. When dsp3 receives a 
software intempt from ds*. it send a sampie signal to the 
ADCs, then reads the çomprt. m e n  the ADCs generate 
hardware intempt to dsp3, to signal that data conversion is 
finished. Dsp3 then reads the data and pass them to dsp4. Dsp4 
uses the data pasai by dsp3 for feedback purposes. In order to  
reduœ delay, the wnting of the P M  registers is done first for 
every sarnpling instant. 
*/ 

#mclude <mathh> 
Mefine PI 3.1415926 
#inclu& "hydrah" 
#inchde "H-Il-map.hM /* Definition of physical addresses */ 
#iclu& "compt40.h 
#Uiclu& "intpi40.h" 
Mefine TableLeri 4096 /* Length of sine table */ 
#define System-Clock 20000000 
Mefine Mod-Freq 60 /* 60 Hz power system frequency */ 
#define TriNumber 3 /* Number of triangles per 60 cycle */ 
Mefine Nd 6.0 /* Number of umvener modules */ 

float ni-index - 0.75; /* Modulation index */ 
float Moâindexf; 
float Kp, Ki; 
float Add-Mod-Kp. Add-Md-Ki. Add-Md-Ki-old; 
int sinxi[40%], Tabx-out[lS], Taby-oot[l2]; 
int Emr-dc-voltage, Addrm-Comaor. pt-refO. pt-rcfl, 
p-ref2; 
int f-triangle, f-sample, Modlndex. Add-Modifier, 
int i ,  j, k, Nc, Ncl, Nc2, XI, x2. x3, x4; 
int PWMCOUNT, SHIFI', counier, 
int Vdc-ref. Vdc-limiî, Vdc, 
int C, Cn[3]. Vm(31, Vmold[3], kk[3]; 
volatile int *LevelAddress - (int *) 0x300010; 
volatile long Phase, Temp, V d o u n t ,  VcoCount-new; 
unsigned int shiftl; /* Start of Phase B */ 
unsigneû int shift2; /* Start of Phase k */ 

unsigned int shift3; /* Stan of Ptiase C */ 
void c-int0l (void) /* intenupt Routine */ 
1 
for(i - O, i c Oxc; i++) 
l 
*(tevelAddress + i) - Taby-out[i]; 
t 
for(i - 0; i < Oxd; i++) 
1 
*(LevelAddress + i) - Tabxout[i]; 

/* *(LevelAddms + Oxc) - 0x0; Start PWM Counter */ 
/* 
if(cp_out_leve l(1) -- 0) 
{ 
out-word(VcoCount,l); Generatc software intempt to  dsp3 by 
passing data through cornport 
1 
*/ 
VcoCount - ((*VcoRefCounter) >> 16) - Address-Corrector; 
/* PI mtroller 
if(Ternp > 13500) 
*/ 
if(Temp > Vdc-limit) 
Error-dc-voltage - Vdc-ref - Temp; 
1 * 
Apply the controlier only when adequate 
dc voltage has been applied 
*/ 
else Emr-dc-voltage - Vdc-ref - Vdc; 
/* 
Bypass the mtrol ler  when inadquate 
dc voltage has been applied 
4 
Add-Mod-Kp - (Kp*Error-dc-voltage); 
Add-Mod-Ki = Add-Md-Kiold + (Ki *Erroi--dc-voltage); 
if(&(Add-Mod-Ki) < 800) 
1 
AddMod-Kiold - AddMcd-Ki; 
VcoCountnew - VcoCount - (int)(Add-Mod-Kp + 

Add-Mod-Ki); 
1 
else VcoCount-new - VcoCount - (int)(Add-Mod-Kp + 

Add-Mod-Kiold); 
p-ref0 - (VcoCount-new + shift3)%Tablelen; 
pt-ref 1 - (VcoCwnt-new + shiftl) %TableLa; 
pt-refî - (V(VcoC6unt-new + shift2)%Tablelen; 
Vm[O] - sinxilpt-ref2J; 
Vrn[l] - sinxiipt-refl]; 
Vrn[2] - sinxi[pt-ref0j; 
for(k - 0; k < 3; k++) 
I 
kk[k] - (kk[k] + 1)RNc; 
Taby_out[(4* k)] = OxfOûû0; 
Taby,out[(4*k) + 11 - OxfOû00; 
for(i - 0; i c Nc2; i++) 
{ 
if((Cn[i] > Vm[k]) && (Vm[k] >- Cn[i + 1))) 
I 
Tabx_out[(4*k)J - ((Nc + kk[k] - i)WNc) 16; 



Tabx_cut[(4*k) + 11 - (WkJ + i + l)%Nc) c c  16; 
Tabx-w1[(4*k) + 21 - (Cn[i] - Vrn[k]) <c 16; 
Tabx-ou1[(4*k) + 31 - (Vm[k] - Cn[i + 11) c c  16; 
if(Cn[i+l] > Vm-old[k]) 
p Check for switching level cross over with positive slope */ 
I 
Taby_m[(4*k)] - ((Nc + kklk] - i - l)%Nc) 16; 
1 
if(Cn[i] < Vm-dd[k]) 
/* Check for switching level crcss over with negative slope */ 
l 
Taby_out[(4*k) + 11 - ((kklk] + i)%Nc) c< 16; 
1 
1 
1 
Vmpld[k] - Vm[k]; 
1 
while(1) 
I 
if(cp_in- level(1) !- O) 
[ 
Temp - (in-word(1) >> 8) & (Oxûffff); 
/* Get dafa from dsp3 through cornpon and elimintue the busy 
signal 
*/ 
break; 
1 
1 
1 

maino 1 
asm( " push arO" ); /* Monitor doesn't do an IACK to the 

right */ 
a m (  " ldhi 400ûh.arû" ); /* address. so we need to do it 

here */ 
asm( " iack *arO" ); 
açm( " pop a#' ); 

shiftl - T a b l e h / 3 ;  
shift2 - (TableLen*2)/3; 
shift3 - TableLen; 
for@ - O; k < 3; k++) 
1 
Taby-out[(4*k) + 21 - 0x0; 
Taby_w1[(4*k) + 31 - 0x0; 
W k I  - 0; 
I 
Tabx-out[l2] - 0x0; 
Nc - (mt)(Nd); 
Nc2 - Na; 
Ncl - Nc2 + 1; 
f-triangle - Mod-FreqTri-Number, /* Frquency of Triangular 
camier */ 
PWMCOUNT - System-Cloc)J(Z*f-triangle); 
counter - PWMCOUNT/Nc2; 
SHIFT - PWMCOUNT/î; 
C - 4*SHiFî/Nc; 
for(i - 0; i < Ncl; i++) 
{ 
Cn[i] - PWMCOUNT - (itC); /* Compile the switching levels 
*/ 
1 
Modindexf - SHIFPm-index; /* Initialize the Modulation Index 
Y 
/* Calculate the modulating signal tables */ 

for 0-0; j<TableLen; j++) 
I 

s i n x i l j ]  - S H I F T  + 

(int)(Mod In&xf*sUi(2*Pl*flabIeLen)); 
1 

/* 
for (j-O; jcTableLen; j++) 

I 
s i n x i [ j ]  - S H I F T  + 

(int)(ModIndexf*(sin(2*PI*j/TableLen) + 

(0.35*sin(6+PItj/TableLen)))); 
1 

*/ 
/* 
xl - TableLenJS; 
x2 - TableLenp; 
x3 - XI + x2; 
x4 - -1; 
for (j-0; jcTableLen; j++) 

I 
if(j c- xi)  sinxifj] - SHIFT + (int)(Modln&ld); 
eise if(ÿ > x2) && Cj <- x3)) sinxi[j] - SHIFT - 

(int)(ModIndexf); 
else sinxiü] - SHIFT + (int)(2*@ow(x4, j))); 

1 
*/ 
/* Vdc-ref - 14420; ïhis  nuaiber is equivalenr to 100 volts read 
by ADC voltage sensor board #4 */ 
Vdc-ref - 7234; /* niis nurnber is equivalent to 50 volts r a d  by 
ADC voltage sensor board #4 */ 
Vdc - Vdc-ref; 
Tetnp - 0; 
Vdc-limit - (fl oor)(Vdc-reff0.850); 
/* Address-Corrector - 800; */ 
Address-Corrector - 700; 
/* 
niis  number is added to the VcoRefCounter reading 
to make the P W  voltage in phase with the power system 
voltage 
for a set point of 100 volts dc voltage 
*/ 
Kp - 0.0025; /* Proportional m t r o l  Gain */ 
Ki - 0.0001; /* Integral control Gain */ 
1 
K p  - 0.0025; 
Ki - 0.00001; 
*/ 
whilc(cp-in-level(l) !-O) in-word(1); /* Clear the compon */ 
*(PwmPeriodCounter) - (muter)  16; 
/* Set the muhiconvener Sampling Period With Phase Shifted 
Carriers */ 

*(LevelAddress + ûxc) - 0x0; /* Start PWM Counter */ 
*(PwrnIntEnable) - 0x300; /* Enable hardware intemipts */ 
setivec(iIOF0.c-int0l); /* set intempt vector */ 
asm( " or 9h.iif" ); /* setup ta receive intempt */ 
a m (  " andn 6h,iifw ); /* deiine edge and clear */ 
GIE-ONO; /* software enable intemps 
*/ 
while(1) 
1 
/* Main Loop: Wait for the hardware intemi@ from FR3A */ 
1 



6.4 DSP Program lists for control of 6-ievel converter 

Table G.4 and (3.5 are the programs for DSP3 and DSP4 respectively, for control 

of 6-level 3-phase converter (tested as Series VAR Compensator). 

Table G.4: Program list for DSP3 to read data frorn 5 channels of A/D Converters and 
p a s  the data to DSP4 for feedback control. Only one channel of A/D converter is 
serviced per sampIe. 

/* Program comdsp3.c. locaîed in c : ~ y d r a ~ u l i i  lev\source */ 
/* See wmdsp4.c for description */ 
*****************************************w********t 

#inch& "hydrah" 
#inch& "H-1Imap.h" /* Definition of physical addresses */ 
Wiclude "cornpt4O.h" 
#iclude "intpt40.h" 
#define ACQ-START *exparision - 0x0 
long *PhaseDiffDataOut; 
long *ADconvDataOut; 
volatile long Phase, VcoCount; 
int j, k, Vdcs[q; 
void C-int0l (void) 
1 
/* intempts fmm COMPORT 5) */ 
ACQ-S TART; 
w hiie(cp- in-leve l(5) ! - 0) 
I 
VcoCount - in-word(5); 
1 

1 
void c-intû2 (void) 
I 
/* intempts from BUSY-LOW */ 
Vdcs[kj - *(expansion + k + 1); 
if (cp-out-level(5) -- 0) 
I 
out-word(Vdcs[k],5); /* Pass data to &pl) thmugh compott #5 */ 
l 
k - (k 4 1)%5; 
l 

maino 
( 
PhaseDiffDataOut - (Iong*)DSP3WRlTEONLY; 

ADconvDataOut - (long*)DSP3WRiTEONLY+ 1; 
am( " push arO" ); /* Monitor doesn't do an IACK to the 

right */ 
asm( " ldhi 4000h.ar0" ); /* address. so we need 10 do it 

here */ 
a m (  " iack * a m  ); 
asm( " pop arO" ); 

/* clear Semaphote O */ 
*SemaphoreCl - 0x0; 
if(cpjn- level(5) !- 0) in-word(5); /* Clear wmport #5 */ 
setivec(IIOF0, c-int02); /* set intempt from BUSY-LOW 
*/ 
asm( " or 9h.X" ); /* Setup and enable IIOFO */ 
asm( " andn 6h.iifU ); 
asm( " and Oh.iieU ); /* disable al1 intemal intenupis 
*/ 
setivec(Ox.22, c-int0l); /* set intempt vector */ 
setjie(ICRDY5); /* set to receive intermpts fmm 
COMPORTS */ 
GIE-ONO; /* enable software intempts */ 
k - 1; 
while(1) 
{ 
/* Main Loop to wait for software intenupt from DSP4 
and then hardware intenupt from ADC boards */ 
1 
I 

Table G.5: Program list for DSP4 for implernentation 6-level converter (tested as Series 
Static VAR Cornpensator). 

This program implements Selected Hannonic Elimination (5th 
and 7th) Fundamental Switching control of the 3-phase 64evel 
voltage source amverter. The hardware periodic intempt to dsp4 
is generated by the FPGA. The period of occurence of the 
hardware inte;mpt is determineci by the period of bit 2, 3. 4 or 
5 of the VCO Counter by loading PWM Period register. This 
way the 60 Hz signal is sampled 1024, 512, 256, or 128 times 
per cycle respectivly. The switching pattern has been designed in 

such a way that for cach of the five slices, one writing is done 
for al1 the three phases. In this way, oniy 5 wri tes are required to 
be perfomed by the DSP4. 

n i e  DC voltages are regulated and equalized by PI amtrollers 
which are in the intempt routine. When DSP4 is intempted by 
FPGA, it writes the c u m t  switdiing pattern 10 the PWM 
registers immediately, then it generates a software interrupi to 
DSP3 by passing data through its compon #l. When DSP3 
receives a software intempt from DSP4, it send a sample signal 
to the ADC's, then reads its compon #S. ïhen the ADCs 



generate hardware intempt to  DSP3, to signal 
that data amversiai is  fdshed. DSP3 then reads the data and 
pass k m  to DSP4. DSP4 usa the data passed by DSP3 for 
feedback puposes. In order to reduœ delay, the writing of thc 
PWM registers is donc first for every sampling instant. 

*/ 
p #include *mah.h> */ 
#uiclude "hydrah" 
#include 74-II-map.hu p Definition of physical addresses */ 
#include "mpt40.hu 
#include 'intpt40.h" 
#define TableLai 1 W  /* Length of switching patterns */ 
#inch& 'dlnewh" /* Fisn sliœ swithing pattern */ 
#incl& 'dr2newhn /* Second sliœ switching pattern */ 
#include "dt3new.h" p niird sl iœ switching pattern */ 
#include "dt4newhU /* Fourth slice switching pattern */ 
#include "dt5newhU /* Fifth slia: switching panern */ 
float Kp, Ki. Kpp[q, Kii[S]; 
fluai Add-Md-Kp, Add-Mod-Ki, Add-Md-Ki-old; 
flûat AddModJpp[S], Add-Mod_Kii[q, Add-Mod-Kiiold[S]; 
int Emr-dc-voltage , Emr-dcs-voltage[S], lower-limi t; 
in1 Add-ModifierfS]. Addres-Corrector, 
int i, k. j, Vdc, Vdcl, Vdcs[S). Vdc-ref, Vdc-refs[S]; 
int switches, switch-m. kn; 
unsigned int pi_ref0[5]; 
volatile long Temp. VcoCwnt; 
unsigned int shift0; /* Start of Phase A */ 
void c-int0l (void) /* intcrrupt Routine */ 
{ 
*(PwrnRegister + O) - tablex l[pt-ref0[0]]; 
*(PwmRegister + 1) - tablex2[p~efO[l]]; 
*(hvmRegister + 2) - tablexî[p-ref0[2]]; 
*(PwmRegister + 3) - tablex4[p_refO [3] 1; 
*(PwmRegister + 4) - tablex5[pt-ref0[4]]; 
I* 
if(cp-out-leve l(1) -- 0) 
l 
aut-word(vcoCount,l); 
1 
*/ 
If Generate software interrupt to dsp3 by passing data through 
cornport */ 
VcoCount - ((*VcoRefCounter) >z 18) - Address-Corrector, 
/* PI oonmller is d m e  to one capacitor voltage per sarnple */ 
/* Perform the m t r o l  only if the voltage has k e n  applied to the 
sensors */ 
ifflemp > lower-limit) 
1 
/* Vdcs[k] - Vdcs(k]*0.5 + Tempt0.5; */ 
Vdcs[k] - Temp; 
/* Emr-dc-voltage - Vdc-ref - Vdcl; */ 
/* Bmr-dcs-voltage[k] - Vdc-refs[k] - Vdcsl kj; */ 
/* hgging  VAR CompensaKion */ 
Emor-dc-voltage - Vdc 1 - Vdc-re f; 
Error-dcs-voltage[k] - Vdcslk) - Vdc-rcfslkl; 
/* M g  VAR Compensation */ 
Add-Mod-Kp - (Kp*Emr-dc-voltage); 
Add-Mod-Kpp[k] - (K pp[k]* Error-dcs-voItage[k ]); 
Add-Md-Ki - Add-Md-Ki-old + (Ki*Emr-dc-voltage); 
A d d - M o d - K i i [ k ]  - A d d - M o d - K i i - o l d [ k ]  + 

(Kii [k] *Emr-des-voltage [k]); 
/* if(abs(Add-Md-Ki ) < 50) To avoid troubles, dm't change 
this lirnit */ 
if(&(Add-ModJCi ) < 150) 

I 
Add-Md-Ki-old - AddMod-Ki; 
Add-Modifieflk] - (it)(AddMod-Kp + Add-Mod-Ki); 
1 
e l s e  Add-Modif ier[k]  - (int)(Add-Mod-Kp + 

Add-Md-Ki-old); 
if(ais(Add-Mod-K ii[k]) < 5) /* To avoid troubles. don? change 
this limit */ 
l 
Add-Md-Kiiold[k] - Add-Mod-Kii[ k]; 
Add-Modifierfk] - AddModifier[k] + (int)(Add-Mod-Kpplk] 
+ Add-Mod-Kii[k]); 
I 
e l s e  A d d - M o d i f i e r [ k ]  - A d d - M o d i f i e r [ k ]  + 

(it)(Add-Mod-K pp[k] + Add-Md-Kii-old[k)); 
l 
forci-O; ic5; i++) 

( 
p-refO[i] - ((VcoCount - Add-Modifiedi]) + 

shift0)RTableLen; 
Vdc - Vdc + Vdcs[i]; 
1 

Vdcl - Vdc; 
Vdc - 9 
k - (k + 1)%5; 
I* 
kn - (kn + l)%switches; 
if(kn >- switch-on) '(PwmLntEnable) - 0x200; 
else *(PwmIntEnable) - 0x300; 
ni i s  implements periodic mm on and turn off of the converter. 
*/ 
/* 
while(1) 
( 
if(cp-in-level(1) !- 0) 
l 
Temp - (i-word(1) s> 8) & (OxOffff); 
break; 
I 
I 
*I 
/* Get data from dsp3 through cornport #1 and eliminaie the busy 
signal */ 
t 

maino 
I 

asm( " push arO" ): /* Monitor doesn't do an IACK to the 
right */ 

a m (  " ldhi 4000h.arO ); /* address, so  we need to  do  it 
here */ 

a m (  " iack *arO ); 

a m (  ' pop arû" ); 
setivec(IIOF0,c-int01 ); 1' set intemipt vcctor */ 
asm( " or 9h,iif" ); /* setup to receive intempt */ 
asm( " andn 6h.iifV ); /* define edge and clear */ 
GIE-ONO; /*  software enable in temps  
*/ 
/* shift0 - TableLen/Z; */ 
shiftO - TableLen; 
AddressreSSCorrector - 100; 

I* 
This number is added to the VcoRefCounter reading 
to make the output voltage to be in phase with the power system 



voltage *I 
I* V&-ref - 44413;; 'IhiE number is equivalent t o  150 volts */ 
I* niese numbers are equivalent to  30 volts 
read by ADC voltage sensor boards as indicated. 
The AMCs used are, from top to bottom: 
ADC #6, ADC $3, ADC #M. ADC #5 and ADC #1 respectively. 
*/ 
Vdc-refs[O] - 9533; 
Vdc-refs[l] - 8891; 
Vdc_refs[2] - 8501; 
Vdc_refs[3] - 8721; 
Vdc_refs[4] - 8768; 
k - 9  
Temp - Vdc-refs[O]; 
lower-iimit - (int)(0.7* Vdc-refs[O]); 
Vdcl - Vdc-ref; 
Vdc - Q, 
Kp - 0.005; 
/* Proportinal control Gain */ 
Ki - 0.0001; 
/* integral control Gain */ 
I* 
Kp - 0.0025; 
Ki - 0.00001 ; 
*/ 
for(i-O, ic5; i++) 

I* 
Kpp[i] - 0.0001; 
KiiIi] - 0.00001; 

Y 
Kpp[i] - 0.ûûCM; 
Kii[i] - 0.00002; 
AddMod-Kpp[i] - 0; 
Add-Mod-Kii[i] - O; 
Add-Modifierli ] - O; 
1 
Add-Mod-Ki - 0; 
switdies - 5*30720; 
switchon - 4.5*3û720; 
lai-0; 
while(cp-in-teveI(1) !-O) in-word(1); 
p Clear cornport #1 */ 
/* '(PwmPeriodCmter) - 0x10000; */ 
/* Set the sampiing P e n d  to 1024 samples per 60Hz cycle */ 
*(PwmPeriodCounter) - 0x20000; 
/* Set the sampling Period to 512 s ~ n p l e s  per 60Hz cycle */ 
/* *('PwmPeriodCounter) - 0x40000; */ 
/* Set the sampling Period to 256 samples per 60Hz cycle */ 
/* *(PwrnPeriodCounter) - 0x80000; */ 
/* Set the sampling Period to 128 sampies per 60Hz cycle 4 
'(PwmIntEnable) - 0x300; /* enable hardware intempts */ 
while(1) 
{ 
/* Main Lmp: Wait for the hardware intenupt from FPGA */ 
1 
1 

F.5 DSP Program lists for control of two 4-level converters as &phase system 

Table G.6 and (3.7 are the prograrns for DSP3 and DSP4 respectively, for control 

of 2 4-level 3-phase converters in 6-phase mode (tested as Shunt VAR Compensator). 

Table G.6: Program list for DSP3 to read data from 3 channels of A/D Converters and 
pass the data to DSP4 for feedback control. Only one channel of A/D converter is 
serviced per sample. 

/* intempts frorn COMPORT 5) */ 
ACQ-START; 
while(cp-in-level(5) !- 0) 
I 
VcoCount - in- word(5); 
1 

1 
void c-intûi (void) 
I 
/* intempts from BUSY-LOW */ 
Vdn[k] - *(expansion + k + 1); 
if (cp-out-level(5) -- 0) 
I 
oui-word(Vdcs[k],5); /* Pas dara to dsp4 ihrough compon #5 '1 
1 
k - (k + l)%3; 



maino 
l 

PhaseDiffDataOut = (lmg*)DSP3WRITEONLY; 
ADconvDataOut - 0ongf)DSP3WRITEONLY+ 1; 
açm( " ph a#' ); /* Monitor d m ' t  do an IACK to the 

right */ 
am(  ' ldhi 4 0 0 0 h ~  ); /* address. so we need to  do it 

here */ 
am( ' iack *arO" ); 
asm( 'pop arO"); 

/* clear Semaphore O */ 
*Semaphor& - 0x4 
if@-in-level(5) !- 0) in-word(5); /* Clear comport #5 */ 
setivec(IIOF0, c-intû2); /* set intempt from BUSY-LOW 
*/ 
asm( " or 9h.W ); /* Setup and enable IIOFO */ 

a m ( "  andn ohjif" ); 
asm( " and Oh,iieN ); /* disable al1 intemal intemps 
*/ 
setivec(Ox22, c-intûl); /* set i n t e m p  veuor */ 
set-iie(ICRDY5); /* set to  receive intempts from 
COMPORTS */ 
GIE-ONO; /* enable software internipis 
*/ 
k -  1; 
while(1) 
1 
/* Main Lmp to wait for sofiware intempt from DSP4 
and then hardware intempt from ADC boards */ 
1 
1 

Table G.7: Prograrn list for DSP4 for irnplementation of two 4-level 3-phase converters 
in 6-phase mode (tested as Shunt VAR Compensator). 
*****t********************************************* 

/* Program comdsp4.c, located in c:~ydra\rmultlev\swrce */ 
....................... ............................ 
niis program implements Selected Hannonic Eliminatim (5th) 
Fundamental Switching control of two 3-phase blevel voltage 
source converters as six phase m e m .  The hardware periodic 
intempt to  DSP4 is generated by the FPGA. n i e  p e n d  of 
occurence of the hardware intemipl is determined by the p e r d  
of bit 2, 3, 4 or 5 of the VCO Counter by Imding PWM Period 
register. This way the 60 Hz signal is sampled 1024, 512, 256, 
or 128 times per cycle respectivly. The switctiing pattern has 
k e n  designed in such a way that for each of the three slices for 
both converters, one writing is done for al1 the three phases. In 
this way, only 3 wntes are r e q u i d  to be performed by the 
DSP4. 

?he DC voltages are regulated and equalited by PI controllers 
which are in the i n t e m p  routine. When DSP4 is intempted by 
FPGA, it wntes the current switching pattern to  the PWM 
registers immediately, then it generates a software interrup to 
DSP3 by passing dala thrwgh its comport $1. Whcn DSP3 
receives a software intempt from DSP4, it send a sample signal 
to the ADCs, then r a d s  its wmpon #5. Then thc ADCs 
generate hardware intempt IO DSP3. to signal thai riala 
conversim is finished. DSP3 then reads the data and pass them 
to DSP4. DSP4 uses the data passed by DSP3 for feedback 
prpoçes. In order to reduce delay. the wriiing of the PWM 
registers is done fim for eves, sampling instant. 
*/ 
/* #include <math.h> */ 
#inchde "hydrah" 
#inclu& %-11-maph" 
#iclu& "compt4O.h" 
#inclu& 'intpi40.h" 
#define Tableim 1024 

I* 
#inclu& "dtm1new.h 
#inclu& "dtm2new.h" 
#inchde "dtm3new.h" 
*I 

#inch& "sixl.hn 
#inclu& "six2.h" 
#inclu& "six3.h" 
flm Kp, Ki, Kpp[3], Kii[3]; 
fla AddMod-Kp, Add-Mod-Ki, Add-Mod-Ki-old; 
float Add_Mod_Kpp[3], Add_Mod_Kii[3], Add_Mod_Kiiold[3]; 
int Error-dc-voltage, Emr-dcs_voltage[3]. lowe~limit ;  
int Add-Modifier[3]. Address- Corrector, 
int i ,  k, j, Vdc, Vdcl. Vdcs[3], Vdc-ref. Vdc~efs[3];  
unsi gned int pt_ref0[3]; 
volatile long Temp, VcoCount; 
unsigned int shift0; /* Stiut of Phase A */ 
void c-int0l (void) /* intempt Routine */ 
1 
*(PwmRegister + O) - tabIexl[pt-mfü[O]]; 
*(PwmRegister + 1) - tablex2[p-refO[l]]; 
*(PwmRegister + 2) - tablex3[pt-ref0[2]); 
if(cp-out-leve l(1) -- 0) 
l 
out-word(vaiCount,l); 
1 
/* Generate software intempt to DSP3 by passing data t h g h  
compn */ 
VcoCount - ((*VaRefCounter) x- 18) - Address-Correclor; 
/* PI controller is d m e  to one capacitor voltage per sample */ 
/* Perform the control only if the voltage has k e n  applied 10 the 
sensors */ 
if(Temp > lower-lirnit) 
l 
/* Vdcs[k] - Vdcs[k]*0.5 + Temp*O.5; */ 
Vdfs[k] - Temp; 
Error-dc-voltage - Vdc-ref - Vdcl; 
/* Error-dcs-voltage[k] - Vdc-refs[k] - Vdcs[k]; */ 
/* Lagging VAR Compensation */ 
Error-dcs-voltage[k] - Vdn[k] - Vdc-refs[k]; 
/* Leading VAR Compensation */ 
Add-MalJ p - (Kp*Emr-dc-voltage); 
Add-Md-Kpp[k] - (Kpp[k]*Error-da-voltage[k 1); 
AddMod-Ki - Add-Mal-Kiold + (Ki'Error-dc-voltage); 
A d d - M o d - K i i [ k ]  - A d d - M o d - K i i - o l d [ k ]  + 



(K ii [ k]*Erroro;dcçdcçvoltage [ k]); 
if(abs(Add-Md-Ki ) c 150) /* To avoid troubles, don't change 
this Iimit Y 
1 
Add-Md-Ki-old - Add-Mod-Ki; 
Add-Modifieflk] - (int)(AddMod-K p + Add-Mod-Ki); 
1 
e l s e  Add-Modif ier[k]  - ( int)(Add-Mod-Kp + 

Add-Md-Ki-old); 
if(&(Add-Mod,Kii[k]) c 5) /* To avoid tnxibles. dm't diange 
this limit */ 
1 
Add- MO^-Kiiold[k] - AddM-Ki i [k ] ;  
Add-Modifieflk] - AddModifieflk] + (int)(AddMod-K pp[k] 
+ Add-Md-Kii[kJ); 
1 
e l s e  A d d - M o d i f i e r r k ]  - Add-Modi f ie r  
(int)(Add-Mod-KppIk] + Add-Mod-Kii-old[k]); 
I 
ior(i-Q j<3; i++) 

1 
pt-refO[i] - ((VcoCount 

shifiO)%Tablelen; 
Vdc - Vdc + Vdcsji]; 
I 

Vdcl - Vdc; 
Vdc - 0; 
k - (k + 1)%3; 
while(1) 
{ 
if(cp-in- level(1) !- 0) 
{ 
Temp - (in-word(1) >> 8) & (Oxûffff); 
break; 
1 
1 
/* Get data frorn DSP3 through wmpon #1 and eliminate the 
busy signal */ 
1 

maino 
( 

asm( " push asû" ); /* Munitor doesn't do an IACK to the 
right */ 

açm( " ldhi 4000h,arû" ); /* address, so we ne& CO do it  
here */ 

a m (  " iack *ad'' ); 

asai(" pop ~ 0 "  1; 
setivec(IIOF0,c-int0l); /* set intempt veaor ' 1  
asm( " or 9biif" ); /* setup to receive intempt */ 
asm( " andn @if" ); /* d e f i e  edge and clear */ 
GIE-ONO; /* software enable intermp 
*/ 
shiftO - TableLen; 
Vdc-ref - 34521; 
/* 'Ibis is equivalent to a total of 120 volts */ 
Vdc-refs[O] - 1 1503; 

Vdc-refs[1 J - 11475; 
Vdc-riefs(21 - 11547; 
/* These numbers are equivalent Co 4 0  volts 
read by ADC voltage sensor boards as indicaied. 
The ADCs used are, from top to  botrom: 
ADC #4. ADC #5 and ADC #1  respraively. 
*/ 
k - 0; 
Temp - Vdc-refs[O]; 
lower-limit - (inc)(0.7*Vdc-refs[O]); 
Vdcl - Vdc-ref; 
Vdc - 0; 
Address-Correaor - 50; 
/* 
?bis number is added to the VcoRefCounter reading 
to make the PWM voltage in phase with the power system 
voltage 
for a set point of 100 volts dc voltage 
*/ 
Kp - 0.00025; 
Ki - 0.00001; 
/* Roponinal and Integral mntrol Gains for the major feedback 
1 0 0 ~  */ 
I* 
Kp - 0.00025; 
Ki - 0.00001; 
*/ 
for(i-û; ic3; i**) 
l 
Kppfi] - 0.00001; 
Kii[iJ - 0.000001; 
/* 
KppIiJ - 0.00001; 
Kii[i] - 0.000001; 
Y 
/* Proportinal and Integral conml Gains for the minor feedback 
loops */ 
Add-Mod-Kpp[i] - O; 
Add-Mod-Kii[i] - 0; 
Add-Modifier[i] - O; 
1 
AddMod-Ki - 0; 
while(cp-in-level(1) !-O) in-word(1); /* Clear compon #1 */ 
/* *(PwmPenodCwnter) - 0x10000; */ 
/* Set the sampling Period to  1024 samples per 6ûHz cycle */ 
*(PwmPeriodCwnter) - 0x20000; 
/* Set the sampling Period to  512 samples per 60Hz cycle */ 
/* *(PwmPe~odCwnter) - ûx40000; */ 
/* Set the sampling f e r i d  to 256 samples per 60Hz cycle */ 
/* '(PwmPeriodCounter) - 0x80000; */ 
/* Set the sampling Period to  128 samples per 60Hz cycle */ 
*(PwmIntEnable) - 0x300; /* enable hardware intermpts */ 
while(1) 
l 
/* Main Loop: Wait for the hardware intempt from FPGA */ 
I 
1 



APPENDIX H 

PARAMETERS USED FOR SIMULATIONS 

H.1 SimuIation parameters based on each converter in the simulation studies of 

&phase and 12-phase STATCOMS 

VbPSC = 26kV, Sbpy = 35MVA. 

Outer loop proportional gain: Kp = 0.00000 1275 V1. 

Outer loop integral gain: Ki = 0 . 0 5  V1s-l. 

Inner loops proportional gains: Kpp = 0.0000005275 V-l. h e r  loops integral gains: 

Kii = 0.008 V%'. 

Dc link capacitors: X,, = X,, = X,, = X,, = 0.23p.u. 

Ac side filter inductances: Xf = O.lp.u., R, = 0.02p.u. 
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