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ABSTRACT

The phase angle control of the Two-Level Sinusoidal Pulse Width
Moduiation (SPWM) strategy has been studied in Part I of this thesis, and applied
to a new voltage-source type PWM High Voltage Direct Current (HVDC)
transmission system. The PWM-HVDC station exercises direct control over the
voltage phase angle, the amplitude and the frequency at the ac terminals using the
phase angle lock loop (PLL) control of the SPWM. The parallel connection of
multi-terminal PWM-HVDC stations can be achieved through simple local
feedback control. The feasibility studies for the system, based on laboratory

experiments and numerical analysis, are reported in the thesis.

In Part IT of the thesis, the Three-Level SPWM technique has been studied
and applied to the controls of a 3-phase, 6-valve, current-source PWM rectifier. A
new Dynamic Three-Level SPWM strategy together with its Decoupler Pre-
Processor has been proposed. The strategy enables each of three phase currents of
the converter to be controlled independently and linearly, so that the dynamic
feedback can be channelled. The Pole Placement conirol method has been
implemented successfully, using a real-time digital control scheme. The scheme
also succeeds in active filtering. The experimental results are obtained from a I-
KVA size laboratory model with a real-time controller using three TMS320C25
DSPs. The three DSPs operating in parallel are necessary to compute the

feedback algorithms with minimum delays so as to ensure sufficient frequency

bandwidth.



RESUME

La premiére partie de cette thése fait I'étude de la commande du déphasage
obtenu par la Modulation Par Largeur D'impulsion Sinusoidale (SPWM) i Deux-
Niveaux. Cette technique est implantée pour assurer I'asservissement d” HVDC de
type source de tension. La station PWM Haute Tension Continu (HVDC), muni
d’un contrdleur en boucle fermé du déphasage du SPWM, exerce un conirdle
direct sur Pamplitude, le déphasage et la fréquence de la tension aux terminzaux.
On pourrait étendre ce type de commande a des stations PWM-HVDC multi-
terminaux branchées en paralléle par un simple contrdle local en boucle fermée.
Les études de faisabilité de ce systéme, basées sur des expériences de laboratoire

et des analyses numériques, sont documentées dans cetie thése.

La Partie II décrit, la technique SPWM Trois-Niveaux, étudiée et appliquée
a la commande d’une source de courant PWM rectificatrice 3-phases, 6-valves. On
propose une nouvelle stratégie SPWM Trois-Niveaux dynamique et un Pré-
Processeur Découpleur associé. Cette stratégie assure & chacun des courants
triphasés du convertisseur une commande indépendante et linéaire, de fagon A ce
que la boucle fermée dynamique puisse étre canalisée. La méthode du Placement
de Poles a été appliquée avec succés en utilisant d’ure part une stratégie de
controle numérique en temps réel. Et d’autre part le filtrage actif. Les résultats
expérimentaux sont obtenus d’un modéle de laboratoire d’ure puissance de 7-KVA
avec un contrfleur en temps réel utilisant trois DSP TMS320C25. Les trois DSP
'TMS320C25 opérant en parallele sont nécessaires pour le calcul rapide des

algorithmes en boucle fermée, assurant ainsi une largeur de bande suffisante.



ACKNOWLEDGMENTS

I would like to express my sincere gratitude to Professor B.T. Ooi, my thesis
supervisor, for his exceptional guidance, continuous encouragement and warm
friendship throughout this research. Witn his kind understanding and patience, he
not only contributed immensely to the direction of this work, but also made great
effort to develop my abilities of study and research, and to improve my English. I
would like also to thank him arranging for my financial support, from the Grant of

the NSERC of Canada, throughout my graduate work in McGill

[ am grateful to Professors F.D. Galiana, H.C. Lee and Z. Wolanski for

their valuable professional advices and guidance.

I am particularly indebted to my friends and colleagues in the Power Group.
I have learnt a lot from many interesting discussions with J.W, Dixon, M.
Tremblay, J. Liu, BM.M. Mwinyiwiwa, N. Lujara, K. Mehrdad, J.B. Kuang, M,
Huneault, F.L.. Zhuang, J.A. Huang, L. Fan, L. Loud and visiting scholars S.Z. Dai
and Z.C. Zhang. M, Huneault and B. Picard made an expert French translation of
the Abstract. Many thanks to J. Mui and his companions in the workshop and the

departmental secretaries for their kindness in helping me every time I asked for it.

My special thanks go to my parents, brother and cousin. They have

extended generously their support and confidence all these years,

I wish to extend my deepest thanks to my wife and colleague, Yan, for her
help, encouragement, patience and good spirits during this undertaking. She

supports me with love and understanding.

iii



TABLE OF CONTENTS

ABSTRACT i
RESUME ii
ACKNOWLEDGMENTS iii
TABLY OF CONTENTS iv
LIST OF ILLUSTRATIONS viii
NOMENCLATURE xii
CHAPTER 1 INTRODUCTION 1
1.1 Historical Perspective l
1.2 Review of Previous Work on Pulse Width Modulation 8
1.3 Scope and Contributions 12
1.3.1 Bi-Logic PWM - Theory 13
132 Bi-Logic PWM - Application | 13
1.3.3 Bi-Logic PWM - Implementation 14
1.3.4 Tri-Logic PWM - Theory 15
1.3.5 Tri-Logic PWM - Application 16
1.3.6 Tri-Logic PWM - Implementation 16
CHAPTER 2 PWM HVDC TRANSMISSION SYSTEM 18
2.1 Introduction 18
2.2 Force-Commutated Voltage-Source Converter Bridge 22
2.2.1 Switching Function S; ' 26

2.3 Control of Voltage-Source Type PWM-HVDC Converter Station 29
2.3.1 Voltage Amplitude Control 29
232 Frequency Control 31
2.3.3 Voltage Phase Angle Control 33

2.3.4 Control Input Setting 35

iv



TABLE OF CONTENTS ¥

2.4 Converter Station Regulation Scheme 36

2.4.1 Voltage Phase Angle Lock Loop 39

242 DC Voltage Regulator 39

2.43 Power Dispatcher 42

2,5 Multi-Terminal PWM HVDC Transmission System 44

2.6 Summary 47
CHAPTER 3 EXPERIMENTAL TEST OF PWM HVDC 49
3.1 [Introduction 49

3.2 Synchronization Tests 50

3.3 Real Power Control 34

34 Transient Test _ 56

3.5 Summary 60
CHAPTER 4 PARAMETRIC STUDY 61
4.1 Introduction ' 61

4.2 System Model for Parametric Study 62

4.3 Sizing X; by AC RMS Current 06

44 Total Harmonic Distortion 71

4.5 VA rating and Switching Losses 73

4.6 Summary 75
CHAPTER 5 DYNAMIC TRI-LOGIC SPWM CONTROL OF 77

3-PHASE CURRENT-SOURCE CONVERTER

51 Introduction | 77

5.2 Current-Source PWM Converter and Control Difficulties 30

5.3 Dynamic Tri-Logic PWM 84

53.1 Tri-Logic PWM States, Y,(¢) 86

53.2 Bi/Tri-Logic PWM Translation 87

5.3.3 Single Switching Tri-Logic State Transition 91

5.3.4 Linear Signal Amplification 94

5.3.4.1 Frequency Spectrum 96



TABLE OF CONTENTS vi

5.3.5 Decoupler Pre-Processing 97

5.3.5.1 WYE-Connected 3-Phase AC 100

5.3.52 DELTA-Connected 3-Phase AC 100

5.4 Summary 102

CHAPTER 6 MULTI-DSP REAL-TIME CONTROL 103

6.1 Introduction 103

6.2 Mathematical Model 105

6.3 Control Difficulties 104

6.4 Control Strategy 110

6.4.1 Discretization of System Mode! 111

6.4.2 Pole Placement Feedback Control 12

6.4.3 Unity Power Factor Feed-Forward Control 117

6.4.4 Frequency Bandwidth - 119

6.5 Multi-DSP Control 121

6.6 Experimental Results 125

6.6.1 Active Filtering Test 127

6.6.2 Transient Test 130

6.7 Summary 131

CHAPTER 7 CONCLUSION 133

7.1 Advances in Pulse Width Modulation Theory 134

7.7.1 Two-Level or Bi-Logic PWM 134

7.1.2 Three-Level or Tri-Logic PWM 135

7.2 Advances in Engineering Applications 136

7.2.1 HVDC Transmission System 137

7.2.1.1 General Conclusion 138

7.22 Current-Source PWM Rectifier 138

7.3 Advances in The Implementation of Pulse Width Modulation 138
Techniques

7.3.1 Phase Lock Loop Control 139

7.3.1.1 Real Power controlied by Phase Lock Loop 139



TABLE QF CONTENTS  vii

7.3.2 Multi-DSP Controlled Current-Source PWM Pectifier 139

7.3.2.1 Frequency Bandwidth and Computational Delays 140

7.3.2.2 Implementation of Dynamic Tri-Logic PWM 140

7.3.2.3 Innovative Feedback Method 140

7.4 Suggestions {~r Future Work 141

APPENDIX A IMPLEMENTATION OF VOLTAGE-SOURCE 142
PWM CONVERTER

A.1 Introduction 142

A2 Sinusoidal Modulating Signal 143

A.3 The PLL Control 143

At The VR/DISP Control 145

APPENDIX B IMPLEMENTATION OF DYNAMIC TRI-LOGIC PWM 149

CONTROL

B.1 Introduction 149

B.2 Converter'.‘Bridge Circuit : 151

B.3 PAL Gating Logic Circuit 151

B.3.1 Bi/Tri-Logic Translation Circuit Programming 154

B.3.2 Triggering Logic Circuit Programming 154

B.4 A/D Coaverter Circuit 160

B.5 Voltage Sensor Circuit 160

APPENDIX C SOFTWARE DESIGN OF MULTI-DSP CONTROL 164

C.1 Introduction 164

C.2  Control Task Distribution 164

C.3 Program Flow Charts and List 165

REFERENCES 186



LIST OF ILLUSTRATIONS

CHAPTER 1:

Fig.1-1

Two-Level or Bi-Logic PWM.

Fig.1-2 The 3-phase, voliage-source PWM power converter topology.
Fig.1-3 The 3-phase, current-source PWM power converter topology.
Fig.14  Three-Level or Tri-Le~ic PWM.
CHAPTER 2
Fig.2-1 Siimplified circuit topelogy of 3-phase, voltage-source,
boost type PWM-HVDC converter bridge.
Fig2-2 The equivalent circuit of voltage-source PWM converter.
ig.2-3 Sinusoidal PWM strategy.
Fig.2-4 Schematic of voltage-source PWM-HVDC converter station with
controls on voltage amplitude, frequency and phase angle.
Fig.2-5 Iustration of integral voltage phase angle control
by frequency jogging.
Fig.2-6 Illustration of proportional voltage phase angle control.
Fig.2-7 Voltage-source PWM-HVDC converter station connected to an
ac utility system.
Fig.2-8 Phasor diagram of Fig, 2-7.
Fig.2-9 Schematic of DC Voltage Regulator.
Fig.2-10  Schematic of Power Dispatcher.
Fig2-11  Multi-area ac system united by a dc grid through parallei
connections oi DISP and VR.
CHAPTER 3
Fig.3-1 Single line diagram of back-to-back dc link consisting a DC

Voltage Regulator and a Power Dispatcher situated at mid-point

Page

o tn Ln

33

34
36

38

41

42
45

50

viil



LIST OF ILLUSTRATIONS  ix
of transmission line.
Fig.3-2 Dc link voltage of DC Voltage Regulator as a function of 52
voltage phase angle é introduced by a phase shifting
transformer between ac source and converter.
Fig.3-3 DC link voltage of DC Voltage Regulator as a function 53
of frequency deviation.
Fig.3-4 Power output of Power Dispatcher as a function of frequency 53
deviation.
Fig.3-5 DC link power versus voltage phase angle characteristics. 54
Fig.3-6 Transient waveforms in DC Voltage Regulator during power 57
reversal.
Fig3-7  Transient waveforms in multi-terminal experiment. 59
Fig.3-8 Transient in disconnection of B-Phase of DC Voltage Regulator. 60
CHAPTER 4
Fig.4-1 Converter station connected to ac utility system and dc 63
system used for feasibility study.
Fig.4-2 Phasor diagram of fundamental Fourier Series component 65
of voltage.
Fig.4-3 Fundamental and rms couverter ac current as a function of X;. 68
Fig4-4 VA of X, as a function of X;. 70
Fig.4-5 Cost Reference Factor (X xi,;,n%Vimar) V8 X 70
Fig.4-6 Total DC Voltage Harmonic Distortion Factor vs X . 72
Fig.4-7 Total DC Current Harmonic Distortion Factor vs X . 72
Table 4-1 System parameters chosen for feasibility study. 66
CHAPTER 5
Fig.5-1 Current-source PWM converter with dynamic Tri-Logic 81
PWM trigger circuit and Decoupler Pre-Processor.
Fig.5-2 Generation of Tri-Logic PWM. 90
Fig.5-3 Switch state #2 and four contiguous states in 6-valve 92



LIST OF ILLUSTRATIONS

X

current-source PWM converter bridge.

Fig.5-4 Contiguous siates of 6-valve current-source converter.

Fig.5-5 Spectrum of Bi-Logic PWM signals X; Spectrum of Tri-
Logic PWM signals Y.

Fig.5-6 Decoupler Pre-Processor for wye-connected 3-phase ac.

Fig.5-7 Decoupler Pre-Processor for delta-connected 3-phase ac.

Table 5-1 Current-source PWM converter states.

Table 5-2 Truth table of Bi/Tri-Logic translation.

Table 5-3 Sequence of Tri-Logic States.

CHAPTER 6

Fig.6-1 Single phase equivalent ac circuit of the current-
source PWM converter.

Fig.6-2 Open-loop frequency response of the system showing
L-C resonance.

Fig.6-3 Pole Placement control scheme.

Fig.6-4 Hardware configuration of current-source PWM converter
with multi-DSP controller.

Fig.6-5 Active parallel computing times of the DSPs in each sampling
period.

Fig.6-6 Waveforms without Pole Placement feedback control.

Fig.6-7 Waveforms with Pole Placement feedback control

Fig.6-8 Transient response of a step change in the dc link current refer-
ence when the Pole Placement state feedback control is used.

Table 6-1 Current-source PWM converter parameters.

Table 6-2 Length of active computing time for the DSPs.

APPENDIX A

Fig.A-1  Sinusoidal modulating signal generator circuit.

Fig.A-2  Phase Lock Loop controller.

Fig.A-3  EPROM Address generator circuit.

93
97

99
101
87
88
91

105

109

113
122

126

128
129
130

125
127

146
147
148



LIST OF ILLUSTRATIONS  xi

APPENDIX B

Fig.B-1 Experimental set-up of the multi-DSP controlled 3-phase, 150
current-source PWM converter system.

Fig.B-2  The main switching circuit of 3-phase current-source 152
PWM converter.

Fig.B-3  PAL Gating Logic circuit. 153

Fig.B-4  The PAL Gating Logic circuit implementation using 155
the speedwire board.

Fig.B-5  The A/D converter circuit. 161

Fig.B-6  The A/D converter circuit implementation using 163
speedwire board.

Fig.B-7  The capacitor voltage sensor circuit. 163

Table B-1 The program list of PAL chip #1 design. 156

Table B-2 The program list of PAL chip #2 design. 156

Table B-3 The program list of PAL chip #3 design. 157

Table B-4 The program list of PAL chip #4 design. 158

Table B-5 The program list of PAL chip #5 design. 159

Table B-6 The program list of PAL chip #6 design. 159

Table B-7 The program list of PAL chip PAL-ADC-#2 design. 162

Table B-8 The program list of PAL chip PAL-ADC-#1 design. 162

APPENDIX C

Fig.C-1  The flow charts of DSP "main" programs. 167

Fig.C-2  The flow charts of interrupt service subroutines for 168
parallel processing controls (continued on Fig.C-3).

Fig.C-3  The flow charts of interrupt service subroutines for 169
parallel processing controls (continued from Fig.C-2).

Table C-1 The list of DSP #2 control program. 170

Table C-2 The list of DSP #3 control program. 178

Table C-3 The list of DSP #1 control program. 184



NOMENCLATURE

PART I (CHAPTERS 2, 3 and 4)

Vs Vpy Vo

iy by i,

CREF

46

c

PLL

Instantaneous phase-to-nieutral source voltages

Instantaneous ac line currents
Ac line inductance

Dc link capacitance

Dec link voltage

Pulse width modulation

High voltage direct current

Output rectifier dc current before capacitor C,,,

Qutput dc link current after capacitor Cj,

Instantaneous phase-to-neutral terminal voltages

Fourier Series fundamental components of voltages v,,, Vps, Yy

Amplitude reference of v,,, V,,, ¥,

Vpe
Amplitude adjusting input of v,,, pr, Ve
Amplitude control variable of V,,, v, V.
Angular frequency

Frequency reference of v, Vpp, Ve

Adjusting input of frequency
Control variable of frequency
Phase angle of voltage v,

Reference of phase angle 8,

Adjustment input of phase angle 8,

Control variable of phase angle 6,

Phase lock loop
DC voltage regulator

xit



NOMENCLATURE

xiii

DISP
V“.

v 14

I')n'm’ mb:r Ymc

Fower dispatcher

Peak value of triangular carrier

Instantaneous modulating signals

Switching function

Thevenin equivalent voltage of ac utility system
Thevenin equivalent current of ac utility system
Phase angle of voltage vy,

Angular frequency of voltage vy,

Thevenin equivalent resistance of ac utility system
Thevenin equivalent line inductance of ac utility system
impedance of L,

Local impedance at converter terminal

Error between V.- and V,

Real power passing through the converter
Reference value of P,

Error between P, and P,

Gain of proportional feedback control

Gain of integral feedback control

Impedance of dc link

Resistance of dc link

Capacitance at dc terminal

Capacitance after dc link inductor

Primary current of station transformer

Secondary current of station transformer

Primary fundamental voltage of station transformer
Secondary fundamental voltage of station transformer
rms value of v, V5, Ve

Phase angle between vy, and v,,;

Phase angle between v, and v,

Modulating index



NOMENCLATURE  xiv

PART II (CHAPTERS 5 and 6)

C

L

R

de

Rdc

{ de

ipa’ ipb’ ipc

;a ' E--.b ) i_-)c
Spar Sopr Spe
Sma ’ Smb + Smc

Swas Subs Sie

PS[T

Y,, Y, Y,

Xd’ Xb’ XC
a2 Xp X,

Lys Iyy By

I

vV

sa? v

sh? vsc

vSO

Isa H lsb 4 Isc

I.s'.':la’ lsba! lsco

Ac terminal capacitance

Ac line inductance

Resistance of ac line

Inductance of dc link

Resistance of de link

Dc link current

Instantaneous terminal input currents

Fourier Series fundamental components of currents { i

pa’ Pb' pe
Contro! variables of currents 7

pa? pb’ _;r

Modulating signals of Bi-Logic SPWM

Triangular carriers of Bi-Logic SPWM

Peak value of triangular carrier

Tri-Logic PWM variables

Bi-Logic PWM variables

Fourier Series fundamental components of signals X, X,,, X,
Instantaneous phase currents in delta-connected voltage source
Zero sequence current

Instantaneous ac phase-to-neutral supply voltages

Magnitude of v,,, vy, v

Instantaneous ac line currents

Steady-state operating values of currents i, iy, i,

Aiy,, Ay, 4i Small perturbation values of currents i,, i, i,

v

ca? v

ch? vcc

Veaos Vebos Vcca

dv,,, dv, 4v,,

tpao b4 lpbo 2 lpco

AL, , Al b s Al

tpa s
i

50

Instantaneous phase-to-neutral ac capacitor voltages
Steady-state operating values of voltages v,,, v, Ve,
Small perturbation values of voltages v, vc,_,, Vee

Steady-state operating values of currents 7, as pb » bpe

Small perturbation values of currents i, i pb y e

Magnitude command of currents i, i,, i,



NOMENCLATURE

Xy

PAL
DSP
AT

fo

=

load

=

P-de

N

I-de

Programmable array logic

Digital signal processor

Sampling period

Line frequency

Frequency of triangular carrier
Resistance of dc load

Proportional gain of dc current regulator

Integral gain of dc current regulator



CHAPTER

ONE

INTRODUCTION

1.1 Historical Perspective

Power Electronics began with the vacuum tube diode which made ac to dc
rectification possible [1]. The advent of thyratron [1], with the gate-turn-on
capability, introduced an element of controllability. By delaying the gating pulse,
it became possible to control the amount of the rectified power [2]. The turn-off
of the thyratron depended on the negative half of the ac voltage cycle - or what is
termed, line-commutation. An entire technology has developed around the line-
commutation concept: the Graetz bridge [2], the line-commutated inverters [3],
the High Voltage Direct Current (HVDC) Transmission System [2], the Static VAR

Controller (SVC) [4,5], the cycloconverters [3].
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By the mid-1960s, the solid-state thyristors, ie., the Silicon Controlled
Rectifier (SCR) [6] replaced the thyratrons and the mercury-arc rectifiers [1] in
the line-commutated technology. Like the thyratrons, the thyristors have gate-
turn-on capability but have to be turned OFF by the reversal of the anode-
cathode voliage. Apart from Iine-commutati“.)r‘l, this voltage reversal can also be
achieved by a force-commutation 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 enable the dc-to-ac inversion to
be carried out over a range of operating frequencies for variable speed ac motor

drive [9, 10].

As the research in the variable speed ac motor drives progressed, it
became clear that the ac voltage amplitude must be coordinated with the motor
speed [11]. When the invefter 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-commutated thyristors.

Originally the force-commutated thyristor circuits were slow, complex and
costly. In the past 15 years, the solid-state industries have produced a range of
power switches which have both gate-turn-on and gate-turn-off capabilities [13].
In this thesis, these power switches will be described under the generic term,

"Valves'. Some examples of these valves are: Bipolar Power Transistors {BJT)
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[14], power Metal Oxide Semiconductor Field Effect Trams:tors (MOSFET) [15],
Insulated Gate Bipolar Transistors (IGBT) [16]}, Static Induction Transistors (SIT)
[14]. They have a broad range of switching speeds, voltage and current ratings.
Tending to be slower but reaching to the higher voltage and current levels are the
Gate-Turn-off Thyristors (GTO) [17], the Static Induction Thyristors (SITH) {18],

the MOS-Controlled Thyristors (MCT) [19].

The availability of these valves has given a great impetus to the
development of the PWM concepts. In addition to controlling the frequency and
the amplitude of the modulating signal, the objectives have been broadened to
include the control of the Fourier harmonics so as to reduce the motor terque
pulsations [11,20,21]. In consequence, there is a rich literature on PWM methods
[22], especially on what is described in this thesis as the Two-Level or Bi-Logic

PWM [23].

Fig. 1-1 illustrates the Bi-Logic PWM. As the two logic levels are fixed at

+1 and -1, the degrees of freedom in the specification of the Fourier series

+1

2r

Figure 1-1 Two-Level or Bi-Logic PWM.
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components are left to the choice of the switching angles a;, a; = ay. A good
part of the literature is concerned with different algorithms for determining the
switching angles. They can be classified as the Static Types and the Dynamic
Types. In the Static Type, the switching angles have been determined by
optimizing a chosen criterion function. The criterion function specifies the
amplitudes of the fundamental and the critical harmonics of interest. The angles

- are solved by off-line computation in a optimization program and then stored in

EPROMSs and executed in real-time in the control module of the converter [24-
27]. The description "Static" is applied to this class of PWM technique because
the PWM waveforms are correct only for the periodic steady-state operating

regime.

In contrast, the Dynamic Type of PWM strategies can cope with the
transitions from one steady-state, to another steady-static operating regime. The
Sinusoidal PWM (SPWM) method [12], which is used in this thesis, is an example
of tie Dynamic Type. The modulating signal is sampled, and the algorithm
produces a Bi-Logic output whose "local average" of the sampled period is
proportional to the sample of the modulating signal. In many aspects, the

converter under SPWM control is a sampled linear amplifier.

The research in the PWM strategies has been matched by research in
bridge topologies. It is now recognized that the 3-phase, 6-valve bridge converter

has two basic topologies: the Voltage-Source Type of Fig. 1-2 and the Current-
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\% \4 \

Figure 1-2 The 3-phase, voltage-source PWM power converter topology.

vao___/YLW\ ia, + Id
1% ] c
bo_m l.b;; de CD

Figure 1-3 The 3-phase, current-source PWM power converter topology.
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Source Type of Fig. 1-3, in which the boxed "V" represents the valve and with the
arrow-head of the "V" indicating the directicn of valve current flow. They are
nearly (but not exactly) the circuit theory duals of each other. As such, they have
aimost complementary characteristics. For example power reversal on the dc side
of the bridge is accomplished in the Voltage-Source Type of Fig. 1-2 by current-
reversal (dc voltage unidirectional), and in the Current-Source Type of Fig. 1-3 by

voltage reversal (dc current unidirectional).

in the past, the Bi-Logic PWM controis of Fig. 1-1 had bee: applied to
control both the Voltage-Source Type (Fig. 1-2) and the Current-Source Type
(Fig. 1-3) topologies. While the ac currents of the voltage-source converter came
out as well-defined near sinusoidal! waveforms [28-37], the valves of the current-
source converter could not switch as intended [38-39]. Hombu, Ueda and Ueda
[40,41] recognized the reason for the failure in the current-source topology and
they have shown that instead of the Bi-Logic PWM, it is necessary to use the
Three-Level or Tri-Logic PWM [23], as illustrated in Fig.1-4. The PWM Logic

must save three levels: +17, 0 and —1. Since then, many research groups [42-46]

N |_| H
N A U ‘v 2'”
-1 4 —

Figure 1-4 Three-Level or Tri-Logic PWM,




CHAPTER I INTRODUCTION 7

began researching on the Tri-Logic PWM. Up to this thesis, the Tri-Logic PWM
strategies had been based on the Static Type. Because of the late start of the Tri-
Logic PWM, the Current-Source Type PWM bridge converter is relatively

backward with respect to its voltage-source dual.

In parallel with the research in modulation techniques and bridge
topologies, there have been active interests in applying classical and modern
contro! theories in the inverter-motor drive systems. An outstanding success here
is the example of the induction motor which can now form part of a sophisticated
machine tool drive because the attributes of fast controllability are conferred to it

by vector control feedback [47,48].

All the historical development occurred in a period of transition from
analogue to digital circuitry. To avoid the need for repeated component retuning
because of their aging and thermal drifts, the trend is to digitize whenever
possible. Many of the Static Type of PWM strategies have been implemented
using EPROMs supervised by microprocessors [20,21,24-27].  But the early
microprocessors had been ico slow for the PWM converter applications and real-
time digital feedback controls were reduced and limited to the "look-up tablc"
approach. Recently, very fast Digital Signal Processors (DSPs) with facilities for
parallel connection have appeared in the market. This offers the opportunity to

use the computational power of the parallel DSPs to implement digital control in

real-time,
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The historical perspective has given a broad picture of the development of
Power Electronics. The PWM principle is seen as the key element because it
enables the valve to modulate the electric power while meeting harmonic
constraints. For this reason, the thesis is focused on making contributions to the

PWM Theory, its Applications and its Implementation.

1.2 Review of Previous Work on Pulse Width Modulation

The industrial success of PWM is found mainly in inverter applications in:
(1) Variable Speed AC Motor Drives [49] and (2) Uninterrupted Power Supplies
(UPS). The capability of the PWM inverter to produce variable-amplitude,
variable-frequency, high quality voltage/current waveforms has been put to use in
sophisticated drives, the notable example of which is the vector control [47,48].
The high quality UPS with closely regulated voltage and frequency is now
indispensable for many critical loads such as computer systems and robotic

systems [50-53}].

Because most of the problems associated with the PWM inverter have
been solved, researchers have recently turned their attention to PWM rectifiers.
The early research on PWM rectifiers based on the Graetz bridge, began around
the end of the 1970s [9,10,54-57]. As the gﬁte-turn—off valves were then not
available, the force-commutation of the thyristors were achieved by auxiliary

commutation circuits.
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Around the mid-1980s, German [28,29] and Chinese [30] researchers, and
McGill University initiated research on the PWM rectifier based on the Voltage-

Source Topology of Fig. 1-2.

The PWM rectifiers of McGill University were initially implemented using
hysteresis-band control of the voltage-source bridge [31-37]. Both the 3-phase
and the single-phase rectifiers were studied. These stand-alone rectifiers were
capable of: (1) unity power factor operation, (2) near sinusoidal current
waveforms, (3) regulated dc voltage, (4) fast response, and (5) bi-directional
power transfer. The series of studies identified the design parameters with

respect to: (i) waveform distortion limit, (ii) loss of waveform control limit and

(iii) instability limit.

Recognizing that the well-known SPWM technique can produce the same
quality of waveform at a lower switching rate than hysteresis current control, the
research group at McGill University redesigned the rectifier based on the SPWM
strategy. Incidentally, this redesign also brought a return in the form of the cost
savings of the three high quality current sensors needed in hysteresis current
control. In the absence of the information concerning the instantaneous line
currents, the redesign needed a feedforward path so as to compute the converter
ac terminal voltages required for the line current to be in phase with the ac
voltages - so as to operate at unity power factor. The first iteration of the
redesign [58] was not entirely successful because the stable operating region was

found to be restrictive. The reason for the limited stability region was that the
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dynamic term involving a Ldi/dt voltage was left out in the feedforward path. On
restoring the missing term in the second iteration [59] of redesign, the stability

region was equivalent to that of the hysteresis control.

This experience high lighted the importance that the PWM controller must
be a virtual linear amplifier having the frequency bandwidth to channel control

information signals, be it feedforward, feedback or active filtering signals.

In anticipation that higher voltage and current ratings will always be asked
of the successful PWM rectifier, research towards meeting the higher ratings was
pursued based on series and parallel connections of the bridge modules [52,53].
The initial studies based on hysteresis controlled PWM rectifiers have
demonstrated, through simulations and experiments, that multi-module
connections are feasible [60]. A later study based on the SPWM technique have
shown that by phase shifting of the triangular carrier signals, harmonic elimination
improves the waveform quality [61]. This is viewed as a significant finding
because it will be possible to achieve high quality ac waveforms even when the
very slow valves such as GTOs are used in the individual bridge module. By the
technique of phase shifting in a large number of bridge modules, the harmonic
cancellations remove the low order switching harmonics of the GTOs, while
retaining the broad frequency bandwidth of the modulating signal. In fact, this
important research conclusion crosses a hurdle giving justification for initiating the
study of the PWM High Voitage Direct Current (HVDC) Transmission System in

Part I of this thesis.
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The existing HVDC Transmission System is based on the line-commutated
thyristor technology [2,62,63]. After several decades of research and
development, it has become a mature engineering science with applications in
under-water transmission links, back-to-back asynchronous links and in very long
distance transmission. Many researchers had beer alert to the benefits which
GTOs and force-commutation could bring to HVDC, especially the capability to
operate at leading power factor [64-68]. Their bridge topology was based on the
Graetz bridge which is the current-source topology of Fig. 1-3. Since the research
pre-dated the work of Hombu, Ueda and Ueda {40,41], it would have failed in

practice for want of the Tri-Logic PWM.

In fact, many of the PWM inverters for variable speed drives, which were
claimed to be the Current-Source Type, also failed for the same reasons. After
Hombu, Ueda and Ueda discovered that the Tri-Logic PWM of Fig. 1-4 had to be
used, many Tri-Logic PWM schemes were synthesized [42-46]. These were of the
Static Type and were obtained by the optimization of a criterion function which

specifies the desired harmonic composition of the steady-state waveform.

In McGill University, following the successful research and development of
the Voltage-Source Type PWM rectifiers, work was initiated with the objective of
realizing a Current—S'.o‘urce Type PWM rectifier. The research followed a one-to-
one equivalencing of Voltage-Source Type PWM rectifier to its circuit theory dual
[69-72]. The three parallel legs of the six valves in the bridge of Fig. 1-2 have

their equivalents in the form of three series-connected single-phase (4-valve)
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bridges. As each single-phase bridge can operate with the Bi-Logic PWM
strategy, no serious difficulty has been encountered. Following the successful
implementation of the conceptual current-source PWM rectifier, the next
challenge is to reduce the three series-connected single-phase bridges (involving
12 valves) to the more economical three parallel 6-valve bridge of Fig. 1-3 [73].
The PWM rectifier based on Fig. 1-3 requires a Tri-Logic PWM strategy. But it
cannot be a Static Type. This is because it must be able to implement
feedforward and feedback signals so as to operate at unity power factor and
regulate the dc side current. Recognizing this challenge, Part II of this thesis is
concerned with developing a Dynamic Type, Tri-Logic PWM to operate the 3-

phase, 6-valve, current-source type PWM rectifier.

1.3  Scope and Contributions

The objectives of the research, reported in this thesis, are to make
contributions to the PWM techniques as applied to Power Electronics in: (1)
theory, (2) applications and (3) implementations. The contributions have been
made against the background described in the Historical Perspective and the

Review of Previous Work.

In describing the scope and the contributions, the thesis is organized in two

parts:
Part I, Chapters 2, 3 and 4, Two-Level or Bi-Logic PWM,

Part II, Chapters 5 and 6, Three-Level or Tri-Logic PWM.
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PART I _CHAPTERS 2, 3 and 4

1.3.1 Bi-Logic PWM — Theory

In both the Historical Perspective and the Review of Previous Work,
mention has been made that the Bi-Logic PWM and the Voltage-Source Type
bridge have received considerable research attention especially in inverter drives

which employ amplitude and frequency controls. For this reason, the Bi-Logic

PWM theory is already at a mature level and this thesis adopts the Sinusoidal
Pulse Width Modulation (SPWM) for its own use, because it is the Dynamic Type

and it is easy to implement in the laboratory.

The unexplored avenue of research in this thesis is in the third control
attribute of SPWM, namely the phase angle control. The phase angle control and
the frequency control are not entirely independent because frequency is the time
derivative of angle. In the highly inductive, electric power utility environment, the

phase angle control is the lever for controlling the real ac power.

1.3.2 Bi-Logic PWM - Application

The application of the phase angle and frequency controls forms the bulk
of Part T which is essentially a feasibility study [74-76] of a next generation
HVDC Transmission System based on the Voltage-Source Type PWM converter
of Fig. 1-2. The phase angle and the frequency controls play a pivotal role in the

synchronization, the power dispatch through the converter stations and the voltage
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regulation of the PWM-HVDC Transmission System.

As the existing thyristor HVDC Transmission System is based on the
Current-Source Type topology, the contributions to the conceptual designs in
Chapter 2 are significant, since the Voltage-Source Topology is a revolutionary
departure and there is a little in the way of precedents to follow. Tests using I-
KVA size laboratory modules (reported in Chapter 3) have proven the soundness
of the concepts. The experimental research is followed by the parametric studies
[771 of Chapter 4 which demonstrate that the sizes and ratings of the components
of the PWM-HVDC station are comparable to those used in the existing thyristor
station and therefore the voltage-source PWM-HVDC station is economically not

infeasible,

The research has used laboratory-size modules to prove the superior
performance characteristics of the Voltage-Source Type PWM-HVDC over that of
the existing thyristor line-commutated HVDC. Its proven capability for multi-
terminal operation with local controls only cannot be equalled by the thyristor
HVDC which requires centralized control and, in consequence, vulnerable remote

communication links.

1.3.3 Bi-Logic PWM - Implementation

The conceptual design at the system level (multi-terminal PWM-HVDC)

can be successful only when the designs at the sub-system level and the hardware



CHAPTER ! INTRODUCTION 15

implementations are successful in the first place. The innovative contribution at
the hardware implementation level, in the form of the Phase Lock Loop (PLL)
controller of Fig. 2-4 and Appendix A, is necessary to synchronize the PWM
converter to the nominal standard frequency of the utility system. The Phase
Lock Loop controller includes channels for introducing phase angle (proportional)
feedback and frequency (integral) feedback. At the sub-system level, minor

modifications based on the choice of the feedback error signals make the

converter station into either the DC Voltage Regulator or the Power Dispatcher,

which are the two building blocks of the Voltage-Source PWM-HVDC

Transmission System.

PART II  CHAPTERS 5 and 6

1.3.4 Tri-Logic PWM - Theory

The Tri-Logic PWM theory is at such an early stage of its development

that the existing methods are the Static Type.

Chapter 5 presents the first definitive Dynamic Type [78]. It is based on a
linear transformation of the Bi-Logic PWM signals. Since the specific Bi-Logic
PWM is the Dynamic Type, Sinusoidal PWM, it follows that the Tri-Logic PWM
is also a Dynamic Type. Chapter 5 also presents a Decoupler Pre-Processor stage,
which enables the output signals of the Tri-Logic PWM to be considered as three

decoupled linear amplifier outputs, one for each of the three phases.
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As all the transformations are linear operations, all the harmonic

properties can be predicated from those of the Sinusoidal PWM.
1.3.5 Tri-Logic PWM - Application

The Dynamic Tri-Logic PWM is applied to the realization of the 3-phase,
6-valve, current-source PWM rectifier [73], in Chapter 6. The rectifier requires
the "linear amplifier capability” of the Dynamic Tri-Logic PWM because it has a
feedforward path to implement unity power factor operation, an outer feedback
loop for dc current regulation and inner feedback loops for active filtering and

fast response performance.
1.3.6 Tri-Logic PWM - Implementation

An important goal of the research is to implement digitally,
(a) the Dynamic Type Tri-Logic PWM strategy and the Decoupler Pre-
Processor,
(b) the feedforward and the feedback controls of the Current-Source
PWM rectifier.
The hardware components are the 6-valves (Bipolar transistors), their base drives,
the associated snubbers, the ac capacitors, the dc¢ inductor of the Current-Source

PWM Bridge Converter.

The additional hardware of the controls are:

(i) Programmable Array Logic (PAL) chips, whose outputs are the logic
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(if)

commands of the base drives and whose inputs come from a multi-
DSP platform.

a multi-DSP platform consisting of three Digital Signal Processors
(Texas Instrument TMS320C25s) capable of concurrent
computation.  This multi-DSP platform has been built by a

colleague and Ph.D. candidate Ms. Y. Guo.

From the assembly of hardware components, the goal is to use software

programming to realize a versatile range of performance characteristics.

The experiences sought in the research work are:

(1)

(2)

&)

programming of the PAL chips to implement the Dynamic Tri-Logic
PWM and the Decoupler Pre-Processor. The details are described
in Appendix B.

real-time programming of the Muiti-DSP platform to coniro! the
hardware as a Current-Source PWM Rectifier, (see Chapter 6\)| 4
implementation of a "pole-placement” strategy in real time for fast

response and active filtering. (see Chapter 6)

The implementation has also given opportunity for the exploration of an

innovative feedback scheme which has been proved experimentally as very

promising in Chapter 6.



CHAPTER

TWO

PWM-HVDC TRANSMISSION SYSTEM

2.1 Introduction

There are three attributes in the sinusoidal waveform:

(1) the frequency,

(2) the phase angle,

(3) the amplitude.
When the waveform consists pules of two levels (+1, —1I), the three attributes are
encoded in the pulse widths. So faf, the Pulse Width Modulation (PWM) concepts,
as exploited in Power Electronics, have been concentrated on only two of the
three attributes, namely: frequency and amplitude. This is a reflection of the

industrial interests in perfecting the variable frequency inverter for variable speed

ac motor drives [11].

18
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This chapter is concerned with the contributing to the advances of PWM
methodology by demonstrating how all the three attributes can be brought to bear
to solve significant engineering problems. The application example chosen here is
the High Voltage Direct Current (HVDC) Transmission. In including the third
attribute, namely: phase angle, into consideration, one needs to be reminded that
it is not an entirely independent quantity. This is because the angle is the time
integral of the frequency. Also, the phase angle has meaning only in the context
of a reference sinusoidal waveform at a common frequency. Thus, the pulsed
waveform must be synchronized to the common frequency so that the phase angle

can be varied with respect to the reference.

The discussion of the three attributes of the sine wave brings to mind the
turbo-generator stations which have to be synchronized to the utility system.
Once in synchronism, the Governor-Frequency control shifts the voltage-angle in
meeting the power demands [79]. The Field Exciter System adjusts the voltage

amplitude in meeting the reactive power demands [79].

This reminder suggests that if the converter stations of the HVDC
transmissiﬁns can operate with PWM and if PWM can control the frequency and
the phase angle, then the real power can be controlled in the same manner s by
the turbo-generator stations. As a matter of fact, the power electronic control
response would be much faster than the sluggish Governor and Field Exciter

controllers [80].
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The generator voltage of the turbo-generator is an "active” voltage induced
by the rotation of the magnetic flux from the field excitation. The ac voltage of
the voliage-source PWM-HVDC converter station is likewise "active" in the sense
that it is supported by the dc link voltage. The dc link voltage comes from the
electric charge residing across the dc link capacitances, In fact, at least one of the
voltage-source PWM-HVDC converter stations is assigned the function of
regulating the dc voltage and is the DC Voltage Regulator of Section 2.4.2,
Starting from the high quality regulated dc voltage source, the switching of the
converter valves using the Sinusoidal Pulse Width Modulation (SPWM) strategy

assures that the ac voltage is also a high quality ac active voltage.

Just as the field excitation control can be used to vary the ac voltage
amplitude of the generator, the amplitude control of the SPWM strategy can be
used by the PWM-HVDC converter station in its ac voltage amplitude control. In
both situations, the amplitude controls the reactive power. As amplitude control
in the SPWM strategy is already well known, this thesis focuses on the phase

angle and the frequency control.

The PWM-HVDC converter station is capable of bi-directional power
transfer. To complete the analogy, it is worth while mentioning that although in
general, the turbo-generator stations are ac power sources only, in the pump-
storage application they are also capable of bi-directional power transfer, using

Kaplan turbines as reversible "prime-mover" power [79]. The "prime-mover"
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power in the PWM-HVDC converter is the dc power. When the voltage-source
PWM-HVDC converter station operates as a rectifier/inverter, the ac power is

converted to/from the dc power.

The all important characteristic of the voltage-source converter is that the
dc voltage is unidirectional so that the bi-directional power reversibility appears as
the reversal in the direction of the dc current flow. This property makes the
voltage-source PWM-HVDC converters ideally suited for multi-terminal

connections as the converter stations can be connected in parallel at their de

sides.

This Chapter is organized as follows:

Section 2.2 describes the voltage-source converter and shows how the dc
link voltage produces on the ac side terminals, pulsed voltage waveforms, whose
fundamental Fourier Series harmonic are analogous to the generator voltages.

Section 2.3 describes the implementation of the controls of: (1) the
frequency, (2) the phase angle and (3) the amplitude of the SPWM.

Section 2.4 describes the feedback control configurations required to make
the voltage-source PWM-HVDC converter stations into two basic types of stations
in a HVDC system. They are: (1) the DC Voltage Regulator and (2) the Power
Dispatcher.

Section 2.5 describes the multi-terminal application in which the voltage-

source topology has distinct advantage because each station requires local control

only.
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2.2 Force-Commutated Voltage-Source Converter Bridge

In the present HVDC transmission system, the converter station consisting
of the Graetz bridge [2] mentioned in Chapter 1, depends on line-commutation
principle which requires an external ac voltage source, typically the ac utility line,
for the negative ac voltage to drive the commutation process. The thyristor valve,
like its mercury-arc predecessor, can be turned on with a delay phase angle. It is
properly turned off only after its current has fallen to zero with reverse bias
voltage across its anode-cathode. Thus the valve switching frequency is
constrained by the ac line supply. Near square waveform currents at the same
line frequency are drawn from the ac line sources under lagging power factor.
The improvement of line harmonics and power factor requires expensive filters.
In weak ac systems, the back-to-back rectifier/inverter stations may have to be
supplied with leading reactive power. The controls may require additional static

VAR compensator [64-68].

The above inconveniences can be removed by employing force-
commutation of the thyristors or semiconductor switch devices with gate turn-off
capability, such as the GTO (gate-tum-off thyristor), which provides one more
degree of freedom in control to overcome the limitations in the existing converter
station. The force-commutation technique permits thie valves of converter to be
turned ON and OFF many times during each cycle of the ac line supply. The

external ac source voltage is no longer necessary for the proper switching
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operations.

Fig. 2-1 shows a simplified circuit diagram of the 3-phase, voltage-source
(boost) type PWM converter bridge which is proposed here as the basic model of
the new PWM-HVDC converter station in this thesis. In Fig. 2-1, the force-
commutated semi - aductor valve is represented by the boxed "V" with the arrow-
head of "V" indicating the direction of valve current flow. Each valve has an anti-
parallel diode. The inductances, L, on the ac side are important because they

contribute to the "boost" action which enables rectification tc take place. The

Ich Idcz
-4——-—_-Vpa -
AV 1V -1V
v ] )
a Ia ; i il __._1
'—(::}—‘ A ‘ ' o+
Vp ip | | | v. L ¢
N —{~o— e i ; de =X “de
8” e :
L
Mk NE 31
SPWM | | SPWM | | SPWM v (1

A

e
|
Vst V() V()

Figure 2.1  Simplified circuit topology of 3-phase, voltage-source, boost type

PWM-HVDC converter bridge.
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Converter bridge

Figure 2.2 The equivalent circuit of voltage-source PWM converter.

power from the ac side is first converted to magnetic energy in the inductances
during the ON states of the valves. When the valves are turned OFF, the Ldi/dt
voltages of the inductances cause the anti-parallel diodes on the opposite side of

the branches to conduct, thus admitting the stored magnetic energy to the dc side.

The converter operates with a unidirectional de link voltage, V., across on
the de capacitor, C,. . For proper switching operation, the voltage ¥, should be
kept large enough to ensure that all the anti-parallel diodes are normally reversed
biased and conduction occurs only through the "boost" action [32,37]. The change
of the direction of power flow is achieved by the reversal of the direction of the
local average dc link current, I, . The converter station is viewed as a current

source from the dc side, shown by the equivalent circuit of Fig. 2-2.

Compared with the line-commutation technique, the following significant
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| 3]
Ln

features in the force-commutated voltage-source PWM converter station are

worthy of note:

(1)

(if)

(i)

(iv)

The ac fundamental terminal voltage v,;(¢) is an active voltage supported by
the dc link voltage. This contrasts sharply with the conventional HVDC
which does not provide active ac voltage support at their terminals. Thus
in the case where the ac transmission line is long, the voltage drop across
the large line impedance results in severe voltage droop at the
conventional HVDC terminal.

The power factor angle can be varied over the 360° range {32,35].
Operation with unity power factor, even leading power factor is not a
problem.

The PWM technique suppresses low order harmonics ac currents. The
residual harmonics are in the high frequency end of the spectrum where
harmonic filters for them are relatively cheap. The dc¢ output current, /,,,
consists of high frequency pulses which can be filtered out efficiently by the
de link capacitor, C,, . As the current pulses are at high frequencies the
capacitor required for filters is relatively cheap. The problem regards to
telephone interference of the dc transmission line may not be serious.

On the dc link side, the converter station operates with a unidirectional
voltage, power reversal is accomplished by reversal in the direction of dc
link current flow. This property favours parallel connection of several

converter stations across a de bus.
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2.2.1 Switching Function S;

By choosing the switching ON-OFF durations to follow some particular
timing pattern, one can control the fundamental and the harmonic components of
the ac terminal pulse waveform voltages. Many different kinds of switching
control methods have been applied to generate the switching timing pattern [22].
As mentioned before, the Two-Level or Bi-Logic Sinusoidal PWM (SPWM)
strategy [23] has been selected here. Fig. 2-3(a) shows the conventional
technique of generating SPWM switching control signal using a triangular carrier
waveform v,{t) and a sinusoidal modulating signal v,(t) (f=a, b, c for the three
phases). The intersection points of the two waveforms are used as the instants for
sending the ON-OFF gating signals to the Upper and the Lower valves on one of

the branches of the 3-phase bridge.

When the modulating signal is higher than the triangular carrier, the
switching function §; is defined as §;=+1 in Fig. 2-3(b), and gating signal is sent
to the Upper Valve so that the Upper Valve or Diode is conducting. Similarly,
when the modulating signal is lower than the triangular carrier, corresponding to
the switching function §;= -1, the Lower valve or diode will be conducting. Each
branch has only TWO possible conducting states. Fig. 2-3(c) shows the terminal
voltage waveforms, v,(f), with respect to the neutral point N. It can be expressed
as a function of the dc link voltage, V,(¢), and the three phase switching

functions, S;(¢):
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Figure 2.3  (a) Sinusoidal PWM strategy.

(b) Switching function,

(c) Line-to-neutral ac terminal pulse waveform voltage.



CHAPTER 2 PWM-HVDC TRANSMISSION SYSTEM 28

v, (1) = % [ 380)- %b'csk(z) ] V. , j=abc (21
Note that S, (k=a, b, ¢) describe the switching states of the other valves in the
other branches. Since the dc link voltage can be normally considered as constant,
the fundamental Fourier Series component of the ac terminal voltage v,(¢) will be
determined by the fundamental Fourier Series component of the switching
functions, which is linearly proportional to the magnitude of the sinusoidal
modulating signal waveform v,(f). It is well known [81] that for the case of
balanced three phase sinusoidal modulating signals, the fundamental Fourier

Series component of the pulsed voltage of the jth phase will be:

v
D v, i-a b e (2.2)

ﬁpj (6 = 0.5

ir

V, is the peak value of the triangular carrier waveform. The important feature is
that the ac fundamental terminal voltages, V,(f), have the same frequency and
phase angle as the sinusoidal modulating signals Vni(t). Thus for constant V. and
Vie » the voltages ,(t) can be seen as the outputs of a 3-phase linear power

)

amplifier with the modulating signals v,,(¢) as input signals.

As shown in Fig. 2-1, the blocks labelled "SPWM" handle the gating
functions for the valves of the converter bridge with the input modulating signals

Of 'l?”m(!), Vmb(r) and vmc(t)-
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2.3 Control of Voitage—Source Type PWM-HVDC Converter Station

Based on the voltage-source type PWM converter bridge Fig. 2-1, Fig. 2-4
adds the control schematic by which the voltage amplitude, the frequency and the
phase angle of the fundamental component of the ac terminal pulse waveform
voltages can be fully adjusted by the three command signals v,., @, and 6, ,

respectively.

In Fig. 2-4, the basic sinusoidal waveform templates of the three phases are
stored in binary digits in the A, B, and C Electronically Programmable Read Only
Memories (EPROM’s). In the laboratory implementation, the angular period 0-
27 is divided into 2°=512 segments. Corresponding to the binary address K, the
Kth memories of the 4, B, and C EPROM’s contain the values of sin(2x[K/512)),
sin(2n[(K/512)-(2/3)]) and sin(2w[(K/512)+(2/3)]), respectively. As the counter
number (modulo 5I2) increases from K=0 to K=511, the contents of the
EPROM'’s are passed through the Digital-to-Analog (D/A) converters. Their
analog outputs generate fine stepped approximations of the basic balanced 3-

phase sinusoidal waveforms.

23.1 Voltage Amplitude Control

Since the dc link voltage V. is regulated at its constant reference value in
the PWM-HVDC transmission system, based on Eq. (2.2), the amplitudes of the

ac terminal voltages are adjusted by varying of the amplitudes of the modulating
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signals in the SPWM functions. The amplitudes of the modulating sinusoidat
signals are introduced by muitiplying the outputs of the D/A converter from the
A, B, and C EPROM’s by the amplitude command signal, v,. . through the
electronic multipliers. The modulating waveforms are compared with the
triangular carrier waveform which is also generated by the D/A output of the
triangular carrier EPROM with a constant peak value. In the laboratory
implementation, the carrier EPROM contains the discretized form of 7§ isosceles

triangles in the same period of 512 counts.

23.2 Frequency Control

The four EPROM’s are addressed simultaneously by the number K. As
shown in Fig. 2-4, the number K is the sum of two binary numbers. The binary
number contained in the binary counter (modulo 512), receiving the pulse from
the Voltage Controlled Oscillator (VCQ), belongs to the channel in which the
frequency is controlled. When the frequency command signal e, increases or
lowers the pulsing rate of the VCO, the basic sinusoidal waveforms generated by

the EPROM’s will be cycled at a higher or a lower frequency.

The PWM-HVDC converter station should be able to generate the voltage
whose frequency is identical to that of the ac utility system in Fig. 2-4. The

frequency control signal w,_ provides this degree of independent control.

Since the address number K=0, I, 2 - 511, corresponding to the period
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6=0-27 of the sinusoidal modulating signals, the counting rate of the number K is
associated with the angular frequency w. The binary counter performs the
function of an integrator. The phase angle 8,, of the waveforms generated by the

EPROM'’s of Fig. 2-4 is related to signal o, by:

6,(1) = 6,0) + [ w(r) dr (23)
o

To synchronize with the utility system, not only must the converter station
have the same frequency, but it must also bear a constant voltage phase angle
with respect to the Thevenin voltage equivalent representing the remainder of the
utility.  From Eq. (2.3), one sees that the frequency control . is an indirect

controller by which the constant phase angle can be secured.

Fig. 2-5 illustrates the situation when the converter station and the utility
system are initially synchronized, ie., both initially have the same {requency
w_ = wy, in Fig, 2-5(a) and the same voltage phase angle 8, =@, in Fig. 2-5(b). wq,
and 6p, are the frequency and phase angle of the voltages of the utility system.
The voltage phase angle graphs of Fig. 2-5(b) are essentially the integral of the
frequency graphs of Fig. 2-5(a). One sees that by momentarily increasing or
decreasing the frequency of the VCO, the voltage phase angle can be advanced or
retarded with respect of the utility’s. At the end of the jogging, the frequencies

are identical and the voltage phase angle remains constant.
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Figure 2-5  Illustration of integral voltage phase angle control by frequency

jogging. (a) frequency versus time, (b) phase angle versus time.

233 Voltage Phase Angle Control

The other component of the binary address K in Fig. 2-4 comes from the
direct phase angle shift control. The voltage phase angle shift command signal,
8,, is translated into binary number by an Analog-to-Digital (A/D) converter, then
added to the contents of the binary counter of the VCO. A change in the address

number K can be made proportionally to the signal 6,, thus providing a
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Figure 2-6  Illustration of proportional voltage phase angle control.

(a) frequency versus time, (b) phase angle versus time.

proportional control channel for the voltage phase angle regulation.

Fig. 2-6 illustrates the initial states of the converter station and the utility
after synchronization. A step input 8, is then introduced in the converter-while
keeping @, constant. The phase angle 8, of the sinusoidal waveforms generated
by the EPROM’s is shifted instantly. Together with Fig. 2-5, one sees that the o,
and 8, are two independent channels of integral and proportional controls for the

phase angle 6, :

6,() = 6,0 + 6,00 + [ ‘0 (%) dr (2.4)
0
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234 Control Input Settings

As shown in Fig. 2-4, each of the signal inputs to the voltage amplitude, the
frequency and the phase angle controls, consists of a reference value sctting
terminal and an additional terminal by which a feedback signal can be added.

The reference signals are v, .., 6. and @, and the feedback signals are 4v,

e

48, and 4w, so that:

;mc = FMREF + Avmc
W, = W, + 4o, (2.5)
6, =806, + A48,

Ve 15 the reference setting by which the amplitude of the fundamental terminal
voltage of the converter station is adjusted so as to be equal to the utility line
voltage. w,,, is set at the nominal synchronizing frequency (60 or 50 Hz).
Initially, the frequency difference is introduced through the terminal Aw, to
synchronize the converter station to the utility prior to closing the circuit breakers,
B..- is initially set equal to zero. The synchronization condition is achieved
through the amplitude and frequency adjustments. The circuit breakers are closed
when the voltages across the breakers are zero. Once the circuit breakers are

closed, the 46, and 4w, terminals are used as the Proportional and Integral (P-1)

feedback channels.

The 3 degrees of controllability over the ac terminal fundamental voltages

provide the PWM-HVDC converter station with the same attributes of the
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Generator station [79]. For example, the voltage phase angle can be used for real
power control as is done by the Automatic Covernor System [79]. The voltage
amplitude can be used in reactive power control as is done by the Field Excitation
Systert [80]. In addition, the duties of Power System Stabilizer [79] for dynamic
enhancement can also be incorporated through the feedback terminals. In fact,
the converter station should surpass the performance of the generation station
because that it is not encumbered by the long time constants of the governor and

field excitation systems.

2.4 Converter Station Regulation Scheme

Fig. 2-7 shows, on a single line diagram, the voltage-source PWM-HVDC

converter station connected to an ac utility system which is represented by a

.....

D/
|
\V} Vae ! be
_ - ‘lF i SYSTEM
AC i M; .
UTILITY SYSTEM ./ \
e - AW, T 46, T

Figure 2-7  Vcllage-sonrce PWM-IIVDC converter station cr nected to an ac

utility system.
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Thevenin equivalent voltage vy, /8, and the Thevenin equivalent impedance
Ry, +iXp,. A black box with the control inputs 46, and Aw, and a feedback
measurement box labelled M, is now used to represent the more detailed
schematic of the PWM-HVDC converter station of Fig. 2-4. The ac terminals are
A, B and C, and the dc terminals are D and E. The impedance jX, is the local
inductance, i.e., the leakage inductances of transformer and some additional
inductance, at the ac terminals of the PWM-HVDC converter station. As the Ry,
and the jX; are usually very small compared to the jX,, they are neglected to
simplify the mathematical equations. It is assumed that the dc side has a

sustained dc voltage V., which as will be shown in Section 2.4.2, will be regulated.

Because of the large inductive reactance in the utility circuits, the real
power transferred by the converter station is must effectively handled through
varying the voltage phase angle 8,=86r,-8, , while keeping the ac terminal voltage
amplitude V,; constant by simply fixing the reference setting V., . This is
illustrated through the phasor diagram of Fig. 2-8, where the voltage amplitude of
the PWM-HVDC converter station ¥, is made equal to the amplitude of the
Thevenin voltage |v,,|. Assuming Rp,=0 and jX, =0, the voltage drop jXy, || is
the closing side of the voltage triangle subtended by the phase angle 6,. The

current i, makes an angle 8,/2 between the two voltage phasors. It is well known

that the power transferred and subsequently converted from ac to dc is:

3 _
P = —-‘-—YI-;{I—I-YELL sin(8, -6,) (2.6)

m
Tn
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(a) (b)
Figure 2-8  Phasor diagram of Fig.2-7. (a) rectifier operation, (b) inverter

operation.

Thus the power can be simply regulated by varying the voltage phase angle 6, .
Figs. 2-8(a) and (b) show that for negative and positive values of 8,=86,-6,, the
PWM-HVDC converter station is operating as a rectifier and an inverter

respectively.

Because the ac utility system is an integrated pool of a large number of
generator stations and loads which are changing dynamically, vp, /8y, and the
Thevenin equivalent impedance are fluctuating in time. Although the frequency
reference setting is assigned at the standard 50 or 60 Hz, there is a slow and very
small but finite drift. In addition, the VCO characteristics and the tolerances in

the circuit component parts in the schematic of Fig. 2-4 are also prone to drift.
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24.1 Voltage Phase Angle Lock Loop

In order for the PWM-HVDC converter station to operate in a dynamic
environment of fluctuating frequency and voltage phase angle of the utility system,
it must have a Voltage Phase Angle Lock Loop (PLL) which ensure that the ac
system and the dc system will hang together. Negative feedback is a classical
method of designing against sub-system fluctuations and drifts, The design
philosophy is based on using the voltage phase angle to control the real power,
As has been mentioned previously, the voltage phase angle can be controlled
directly through 6, and indirectly after integration through .. Thus the terminals
48, and 4w, in Fig. 2-4 will be used for introducing the proportional feedback and
integral feedback respectively. Based on the design objective, the feedback loops

can be configured to make the converter station into either a power dispatcher or

a dc voltage regulator.

24.2 DC Voltage Regulator

It has been tacitly assumed previously that the dc link voltage V,, exists
which is obtained by charging the dc capacitor, C,., connected on the dc link in
Fig. 2-4. It is because the dc link voliage exists, that the active ac terminal
voltage v,(¢) is supported and guaranteed. For this reason, at least one of the
PWM-HVDC converter stations connected on the dc link has to be assigned to

the function of DC Voltage Regulator (VR).
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From Fig. 2-4. the capacitor charging current is:

cdc-%vdc(z) = L0 - L) @7

where [,,(t) is the dc load current and [,,(¢) is the dc pulse waveform output

current of the PWM-HVDC converter station. Integrating this equation:

V.0 = V(0 + EI" [ (Lu(d-La() ) ds (2.8)
de

where V,(0) is the voltage evaluated at t=0, due to charging from an earlier

period:

1 0
Vae® = 2= [ (lu® -1 ) de (2.9)
de -

The dc voltage regulation loop is shown in Fig, 2-9(a). It is based on measuring
the dc link voltage V,.(t) and after comparing it with the voltage reference V.,

the error:

&, ) = Viger = Vi ® (2.10)

is used as a negative feedback signal to control the voltage phase angle directly

and indirectly through the inputs 46, and 4w, so as to nuli the error €,,,(t).

In order to maintain the dc link voltage at the constant reference value
Vierer» it is required that the DC Voltage Regulator has to be able to convert the
same amount of real power to replace the power which has been drained by other

converter stations placed across the dc link so as to ensure that the local average
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current [, is balanced with the load current [, :
Tgr = Lae (2.10)

This means that the phase angle of the ac terminal voltage 8, is adjusted by the
negative feedback until the power from the ac utility satisfies the power demand
Vs, so that the charge across the dc link capacitor is remains constant at the
desired level.  Otherwise the dc link capacitor would be overcharged or
discharged. The ac power converted to dc power (or vice versa) is always just
sufficient to make up for the dc output power leaving (or entering) the dc

terminals. Thus when the PWM converter station is made into a DC Voltage

B o— VY| V

7 O E
Va‘c A
L | 4w, TA 6, @)
dorer CONTROLS
+ EVdc
A o] oD
B o]
VR ®)
C o—rvv—] o E

Figure 2-9  (a) Schematic of DC Voltage Regulator (VR), (b) block diagram

representation of (a).
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Regulator, it is automatically a power slack. The right amount of ac power is
converted by the DC Voltage Regulator to satisfy the power requirements of
other converter stations connected on the dc link. When all the other converter
stations are assigned to rectifier function, the DC Voltage Regulator automatically

assumes its role of an inverter.

2.43 Power Dispatcher

Fig. 2-10(a) shows the feedback loop configuration for the implementation

of a Power Dispatcher (DISP). The converter station is assigned the duty of

A ' o D
B o~~~_| DISP
C o—rvrvr Y (b)

Figure 2-10 (a) Schematic of Power Dispatcher (DISP), (b) block diagram

representation of (a).
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converting a fixed amount of real power, P,,.. Rectifier or inverter role is
designated by the positive or negative sign in P,,... The real power P, passing
through the converter station is measured by the transducer of box M, in Fig. 2-

10(a) and after comparing it with the reference, the error:
€y = Poper — P, (2.12)

is used as a negative feedback signal to the proportional input of 46, and the
integral input of Aw, to increase or to decrease the terminal voltage phase angle

8,, until the error ep, is nulled.

During the power regulation, the dc link voltage is kept at desired level by
the DC Voltage Regulator mentioned above. As in the DC Voltage Regulator.
the Power Dispatcher is regulated by changing the voltage phase angle only while

keeping the terminal voltage amplitude constant.

As the frequency reference setting w,,.,. is set near to the 60 or 50 Hz of
the ac utility system, the feedback loop in the Power Dispatcher of Fig. 2-10(a) or
the DC Voltage Regulator of Fig. 2-9(a) automatically locks the frequency of the
converter station to that of the ac system. This is because the VCO (Voltage
Controlled Oscillator) in the feedback loop tracks the system frequency through the

voltage phase angle lock loop (PLL) action.
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2.5 Multi-Terminal PWM-HVDC Transmission System

Since the wvoltage-source type PWM converter stations maintain
unidirectional voltage in the face of bidirectional power flow, their dc terminals
can be connected in parallel to a pair of voltage buses to form a multi-terminal dc
network. Based on the feedback control configurations of Sections 2.4.2 and 2.4.3,

two building blocks:

(1) the DC Voltage Regulator (VR) in Fig. 2-9(b),

(2) the Power Dispatcher (DISP) in Fig. 2-10(b),

are used to construct a multi-terminal HVDC system, as in the example shown in
Fig. 2-11. The D and E terminals of the PWM converter stations are connected
in parallel to a dc grid. A number of ac utility system can be integrated through
the de grid. As illustrated in Fig. 2-11, four ac systems (which may be at different
frequencies) are interconnected by the dc grid through five converter stations.

The ac system ("Z") is integrated at two points through stations #4 and #5.

The dc link voltage is regulated by the DC Voltage Regulator (VR), station
#1. Since the dc link voltage is the sine-qua-non of the system, any short circuit
fault across the dc lines must be isolated by the circuit breakers. The strong point
in this multi-terminal system is that, in Fig. 2-11, each of the converter stations
can invert or rectify power. The two building blocks, the Power Dispatcher and

the DC Voltage Regulator, enable inter-system power exchanges, requiring only
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Figure 2-11 Multi-arez ac system united by a dc grid through parallel

connections of DISP and VR.
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the local controls of the feedback loops discussed in Sections 2.4.2 and 2.4.3.

Converter stations #2, #3, #4 and #5 in the example of Fig. 2-11 are
Power Dispatcher units. It is assumed that ac systems "X", "Y", and "Z" have
decided to sell or purchase fixed schedules of power P,, P;, P, and P; at these
converter stations. Rectification or inversion are respectively represented by the

positive or negative sign in the power designation.

The four ac systems "W", "X", "Y" and "Z" can exchange power through the
five converter stations through the dc grid. The power balance (neglecting ohmic
losses) is always satisfied:

P +P,+P,+P +P, =0 (2.13)

As already mentioned, the DC Voltage Regulator is a power slack. In
maintaining the assigned reference voltage, it delivers (as a rectifier) or absorbs
(as an inverter) the left-over power of the other stations in the grid, so that Eq.

(2.13) is satisfied at all times.

The dc voltages at the D and E terminals of the Power Dispatchers, differ
from those of the DC Voltage Regulator by the voltage drops across the dc line
resistances, The capacitors across the D and E terminals of each DISP station
filter out the current ripples. The charge across the capacitor of each DISP
station also supports the dc voitage which through the PWM switching of the

valves becomes the active 3-phase voltages on the ac terminals of the converter

station,
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2.6 Summary

A new PWM-HVDC transmission system has been presented in this
chapter. It is based on the voltage-source (boost) type PWM converter station

with a control scheme which incorporates the voltage phase angle lock loop (PLL)

technique.

On the ac side, the PWM-HVDC converter station has direct and
independent control over the fundamental Fourier Series component of its ac line
voltages as regards to the amplitude, the phase angle and the frequency. This
enables the converter station to interact with the utility system in the same way as
a generator station. On the dc side, the PWM converter stations are connected in
parallel. Through simple local PLL feedback control, the converter station is
made into one of two building blocks: either as a Power Dispatcher (DISP) or as
a DC Voltage Regulator (VR). The local feedback is sufficient to co-ordinate

HVDC power assignments.

The next chapter will present experimental results from I-kVA size
laboratory models which show that the concepts of the PWM-HVDC transmission

system are realizable and that the characteristics are worthy of attention.

It should be pointed out that this thesis has focused on the voltage phase
angle control only. In consequence, Part I has been preoccupied with the

management of the real power. In the power utility environment, the voltage
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amplitude control is important for the management of the reactive power. While
reactive power control is 2 subject for research, it has not been pursued because

this thesis is concerned with Advances in PWM Techniques.



CHAPTER

THREE

EXPERIMENTAL TESTS OF PWM-HVDC

3.1 Introduction

In the previous chapter, the concepts of the multi-terminal HVDC
transmission system based on the voltage-source type PWM converter station have
been presented. This chapter describes the experimental work which have been
pursued to demonstrate that these concepts of the PWM-HVDC transmission
system are technically sound and that the voltage-source (boost) type PWM
converters have certain operational characteristics which are impossible to achieve

in the conventional line-commutated thyristor HVDC transmission system.

The tests were performed on two identical 1-kVA4 size, bipolar transistor
laboratory models of the veltage-source type PWM converier bridges, each of

which was fitted with the controls of Fig. 2-4 in Chapter 2. One converter had

49
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the feedback of Fig. 2-9 so that it operated as a DC Voltage Regulator (VR) and
the other was made into a Power Dispatcher (DISP) of Fig. 2-10. The two units
were connected as a back-to-back asynchronous tie at the mid-point of a
transmission line between two 3-phase voltage sources as shown in Fig. 3-1. The
transmission lines were represented by lumped impedances jX,, . The effect of
the length of the transmission line was studied by varying the values of the
inductive reactance jX, . The dc link voltage was set at 770 Vdc by the reference
control V.., in the DC Voltage Repulator. The power was varied by changing

the power reference setting, P,,.., in the Power Dispatcher.

————

Sending Receiving

C ot VR DISP _mm_@
X JXTn

Figure 3-1  Single line diagram of back-to-back de link consisting a DC Voltage

Regulator (VR) and a Power Dispatcher (DISP) situated at mid-

point of transmission line.

3.2 Synchronization Tests

The union of the converters in Fig. 3-1 to the ac sources is possit's only
when the voltage phase angle lock loop (involving VCO in Fig. 2-4) of each

converter station makes its autonomous frequency synchronize with the frequency
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n

1

of the ac utility system. The load and network topology changes in the ac utility
system are modelled as variations in its Thevenin equivalent voltage and the
Thevenin equivalent impedance at the ac terminals of the converter station. The
voltage phase angle lock loops in Fig. 2-9 and Fig. 2-10 are intended to keep the
converters synchronized in spite of the slow drifts in voltage phase angle and

frequency.

The voltage phase angle drift of the ac utility system was simulated by
interposing a 3-phase phase-shifting transformer between the ac voltage source
and the transmission line impedance jX;, in Fig. 3-1. Measurements of dc link
voltage across the Voltage Regulator were plotted, shown in Fig. 3-2, against the
rhase angle drift, §, introduced by the phase shifting transformer. There was no
c.jange in V. Similar results were obtained when the phase angle shifting
transférmer was transferred to the Power Dispaicher side. The power remained
constant in spite of the voltage ohase angle changes. Referring to Fig. 2-8, one
concludes that when the phase angle of voltage vy, is changed the converter
voltage v,; will follow it in order to maintain a fixed phase angle 6,. This
insensitivity to the voltage phase angle drift of the ac utility system is a property
of the feedback through the frequency w, channel which essentially is an integral

feedback loop.

The effect of frequency deviation on the Power Dispatcher (DISP) and DC

Voltage Regulator (VR) is depicted in Fig. 3-3 and Fig. 3-4 respeciively. The
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6 (Deg.)
% 60 30 0 30 60 %
(Vie =35 Voo, Viaerer =110V, Im=0.01362 H, =3 A)
Figure 3-2 DC link voltage of DC Voltage Regulator (VR) as a function of
voltage phase angle 6 introduced by a phase shifting transformer

between ac source and converter.

frequency deviation may arise from the gradual but minor drifts of the ac utility

syste™ or froin the parameter changes with respect to temperature of the
components in Fig. 2-4 itself., In the experimental tests, the utility’s 60 Hz was
unaltered. The frequency deviation was introdnced by adjustment of the
frequency reference setting, w..,, in Fig. 2-4. Fig. 3-3 and Fig. 3-4 show that
when a frequency difference cxists, the converter continues toc remain
synchronized by virtue of a non-zero feedback voitage Aew,.. This implies that the

errer in the regulator loop cannot be zero and this is confirmed by the sloped
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(Vae =20 Vime, Vierer=60V, Lp=001362 H, L.=19 A, K,=0.2 K, =83)

Figure 3-3 DC link voltage of DC Voltage Regulator (VR) as a function of

frequency deviation.

(Watt) P

f-f,(Hz)
2 2 0 1 2

(Vae =20 Vimg, Vicper=60V, L1,=0.01362 H, I;=1.5A, K,=0.1, K, =25)

]

igure 3-4  Power output of Power Dispatcher (DISP) as a function of

frequency deviation.



CHAPTER 3 EXPERIMENTAL TESTS OF PWM-HVDC 54

straight lines in Fig. 3-3 and Fig. 3-4.

The K, and K; given in Fig. 3-3 and Fig. 3-4 are proportional and integral

feedback gains in the 468, and 4w, channels respectively.

3.3 Real Power Control

The DC Voltage Regulator was assigned a constant reference control
voltage, Vy...,=110 Vdc. The power was varied through the reference setting,
P, of the Power Dispatcher. The dc power and the voltage phase angle were
measured experimentally. Fig. 3-5 shows the dc link power plotted against the

voltage phase angle of the DC Voltage Regulator. The theoretical lines are based

(Wart) _ P

-75 N
- -300
I o : Xp,,=2.5 ohm
- 0 : Xp,=5.0 ohm
: 700 s Xp,=7.5 ohm

Figure 3-5 DC link power versus voltage phase angle characteristics.
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on the well known formula of the real power, Eq. (2.6), when the transmission

line impedance, the sending and receiving end voltag.. magnitudes and phase

angle are known. The switching losses of the valves account for the zero power

output between -10 and +10 degrees in Fig, 3-5. The estimated switching losses

are deducted from the theoretical curves. The theoretical curves and the

experimental points show reasonable agreement.

The following features have been demonstrated by the experimental

resilts;

(1

(2)

3)

(4)

Real power control is accomplished by the voltage phase angle control.
(This follows the same practice as in the ac generator station.)

The changeover from rectifier to inverter operation is achieved by changing
the voltage phase angle from positive to negative value. On the dc side,
the dc link voltage remains constant and it is the flow of the local average
dc link current [, that reverses direction.

The Dc Voltage Regulator is a power slack. In order to ensure that the
capacitor voltage is charged at the present reference voltage, the DC
Voltage Regulator converts the power necessary to replace the amount
taken by the Power Dispatcher.

There are active ac voltages at the terminals of the converter which are
supported by the dc link voltage from the capacitor churges, and therefore

there is no voltage droop or collapse as in conventional HVDC.
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(5) As the ac transmission distance increases, jX, increases, From Fig. 3-5
one sees that in order 1o transmit same power it is necessary to increase
the voltage phase angle. The steady-state stability limits are defined by the
extremum points in the curves. For jX,, =75 ohm, one sees that t73
degrees have been recorded as experimental points which lie within the

steady-state stability limit,

By situating the‘ back-to-back PWM-HVDC link midway between the
sending and receiving ends of a long weak ac transmission system, it 1's- possible to
double the power capability of the ac lines. The experimental pcints at =75
degrees for jX;,=7.5 ohm in Fig. 3-5 demonstrate this as a fact. The total
transmission reactance is 15 ohm, with 7.5 ohm between the sending-end and DC
Voltage Repuiator and another 7.5 ohm between the Power Dispatcher and
receiving-end, The total voltage phase angle between the sending-end and the

receiving-end is 75° +75° =150, which exceeds the stability limit of 90 degrees.

3.4 Transient Tests

A number of tests were conducted to prove that the Power Dispatcher

(DISP) and DC Voltage Regulator (VR) coordinate their functions during

transients vsing their local feedback controls only.

Fig. 3-6 is the photograph of the oscillogram taken at the DC Voltage

Regulator, when a step reversal of d.m:nd from a negative (inverter) to a positive
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(rectifier) value was applied to the power reference setting, P, ., of the Power
Dispatcher, Initiallv the DC Voltage Regulator operated as an rectifier (positive
de link current [, ) and then it changed to inverter operation (negative dc link
current [,,) in response to the power step change in the Power Dispatcher. Thus
it operated as a power slack and ensured that the demands of the Power
Dispatcher were satisfied promptly by the local voltage regulator teedback loop.
Fig. 3-6(a) shows the fundamental harmonic voltage, and by comparison one sees
that the line current in Fig. 3-6(b) is a very good sinusoidal current, Fig. 3-6{c)

shows the voltage phase angle, 8,, which controls the power change during the

1
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Figure 3-6  Transient waveforms in DC Voltage Regulator during power
reversal: (a) fundamental harmonic voltage, (b) ac line current,

(c) voltage phase angle, (d) dc link current.
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transient (there is a slight delay in the voltage phase angle transducer). Fig. 3-
6(d) shows the dc link current, /., , immediately at the converter output terminal.
The ripples of I, have been filtered by the dc link capacitor so that the output dc
current, /,.,, would not cause communication channel interference. The dc link
current is positive during rectification and negative during inversion as is evident

in Fig. 3-6(d).

An experiment to simulate multi-terminal (3-station) HVDC operation was
performed. Based on the circuit of Fig. 3-1, in the beginning, the Power
Dispatcher (DISP) was assigned to deliver a fixed amount of inverter power. The
DC Voltage Regulator (VR) automatically assumed the role of a rectifier. Fig. 3-
7 shows the oscillogram of (a) the ac current, (b) the dc link current of the DC
Voltage Regulator, (¢) the ac current and (d) the dc link current of the Power
Dispatcher (DISP). As shown in Fig. 3-7, the initial portions of the dc link
currents of VR and DISP are respectively positive (rectifier) and negative
(inverter). A step power demand of the third station in the dc link was simulated
by connecting a resistance across ths dc link. From Fig. 3-7(¢) and (d) one
observes that the Power Dispatcher fulfilled its assigned power in spite of
disturbance from the third station. The additional power consumed by the
simulated third station was taken up by the DC Voltage Regulator. From Fig, 3-
7(a) and (b), it is apparent that the DC Voltage Regulator increased its rectified

power so as to accommodate the step power demand of the third station.
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- Figure 3-7  Transient waveforms in multi-terminal experiment: (a) ac line
current and (b) dc link current in DC Voltage Regulator (VR);

(¢) «c line current and (d) dc link current in Power Dispatcher

(DISP).

The HVDC converter station should be able to survive fault conditions.
One kind of fault, the disconnection of one ac phase, has been tested successfully
on the DC Voltage Regulator and on the Power Dispatcher. This occurs either
through the accidental severance of one line or delii-erately by opening the circuit

breaker of the line which has a line-to-neutral fault.

Fig. 3-8 shows the line currents - the three ac phases in (a), (b) and (c)

and the de link current in (d) during such a fault which occured in the B-phase of
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(a)

(b)

(c)

W R

Figure 3-8  Transient in disconnection of B-phase of DC Voltage Regulator:
(a), (b), (c) A, B, C phase line currents; (d) dc link current.

the DC Voltage Regulator, The currents in the remaining phases increased so as
to make up for the same power as before the fault. The currents continued to

have near sinusoidal waveforms.

3.5 Summary

Through the experimental tests under steady-state, transient, and faulted
conditions, the significant advantages of voltage-source type PWM converter
station in the HVDC applications have been demonstrated in this chapter. The
next chapter continues the research on the system parameters and concludes that

the voltage-source PWM-HVDC system is not economically unreasonable,



CHAPTER

FOUR

PARAMETRIC STUDY

4.1 Introduction

The realizability of the concepts of Chapter 2 by the experiments described
in Chapter 3 leads the research to the next stage, which consists of sizing of the
valves, the inductors, L, on the ac side and the capacitor, C,., on the dc¢ side of
the PWM-HVDC converter station in Fig. 2-1. Since the inductors and the
capacitor form an integral part of the converter station, it is critical that they are

of reasonable values compared to those presently used in conventional HVDC.

In addition, the parametric studies have been pursued to get an idea as to
what carrier frequencies, f,, and modulation index, M {12], of the Sinusoidal

Pulse Width Modulation (SPWM) should be used.

61
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It is assumed in this study that there will be valves capable of switching at
1260 Hz (21 pulse per 60 Hz cycle) with acceptable losses for HVDC applications.
It should be stressed that the GTO’s used in present high power Static VAR
Compensation (SVC) application switch only at 120 Hz [4,5]. But given the fact
that it takes an average time of 20 years for an innovation to go from the
conceptual stage to the market place, it is not unreasonable to proceed with the
expectation that when there is application for them, the valve manufacturers will
invest in R & D to perfect the GTO’s, the MCT’s and the SITH’s within the 20

year period.

In HVDC transmission systems, the dc voltage ratings are of the order of
£500 KV. In the existing converter stations, the 5 KV thyristors are strung in
series to build up the voltage withstand [82]. Conceivably, the GTO’s and the
other gate-turn-off valves will also have to be connected in series to achieve the
same high voitage rating. The mastery of the technology of increasing the voltage
and the current rating will require extensive research by the manufacturers. In
this chapter, the goal is to demonstrate that the "ball-park” figures required of the
component sizes are not astronomically large so that the manufacturers will

seriously consider the PWM-HVDC system as econornically feasible,

4.2 System Model for Parametric Study

The voltage-source type PWM-HVDC converter station used for the
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Figure 4-1  Converter station connected to ac utility system and dc system used

for feasibility study.

parametric studies is iilustrated in Fig.‘ '4-1. In Fig. 4-1, the v, and Xy, are the
Thevenin equivalent voltage and impedance representing the ac utility system.
The reactance X, includes the leakage reactance of the transformer with
additional reactances which may have to be added. " On the dc side, the X, and
X

.» represent the capacitances directly connected across the converter stations.

The dc transmission line is represented by the impedance Ry, +jX,,..

The box "F" connected on the bus in Fig, 4-1 represents the ac filter bank
which prevents the harmonic currents from being injected into the ac utility
network. The ac filter can consist of the shunt L-C elements which are tuned to
the switching harmonics so as to "short-circuit” the harmonic currents. It can be
the same type of filter which is used in conventional HVDC [2,62,63] except that
the harmonic currents are at a higher frequency so that the requisite L-C

elements are smaller and hence cheaper.
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The per unit system is used. The power base is chosen as:
Ppase = 3 Verpase % inimase

= 3 Vyomuse % inza-.ge (4.1)

= Vieoase * Ly pase

The ratings are defined under the condition that the PWM-HVDC station is
operating with modulation index M=1.0 and the reactance X; =0.0 . Thus for the
schematic of the converter station connected to the ac utility system as shown in

Fig. 4-1:

Vo, = vy = 1.0 pu

Ve =V = 1O pa (4.2)
Ve =10 pu

In Eq. (4.2), v,; and v,, are fundamental Fourier Series component of the voltages
on the primary and the secondary side of the transformer, and v,; is fundamental

Fourier Series component of converter terminal voltage.

In the study, a weak ac utility system with a Short Circuit Ratio [63],

S.C.R.=3.0 is assumed. The Thevenin equivalent impedance is then:

X, = = 0.333 pu. (4.3)

I
S.C.R
Fig. 4-2 shows the voltage phasor diagram in the general case when the

modulation index M is not unity. It is assumed that 1.0 p.u. power is transmitted

to the converter station so that the voltage phase angle subtended by v, and v,
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Figure 4-2  Phasor diagram of fundamental Fourier Series component of

voltages.

will be:

X
8, =sin? | Dt = 1974° (4.4)
Vn¥s1

As the v,;, and v,, are not equal, it is necessary that the turns ratio of the

transformer must be chosen such that:

= Vezaase

(4.5)

Vo1B4SE

The transformer secondary voltage, v,, and the fundamental Fourier Series

voltage on the ac terminal of the converter station, ¥,

j» are related as vy, =v,=1

pi
p.u. under the condition of the modulation index M=1.0 and X;=0.0 . When
M#1.0, V,; can be presented as ¥,,=M in per unit. Table 4-1 lists the per unit

values used in the study.
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Table 4-1  System parameters chosen for feasibility study.

Per Unit Values of Fig, 4-1

X, =0.333 p.ui. X.,=10pu X.,=10 pu
Xype=1.0 pu. R4 =0.05 p.u.

4.3 Sizing X; by AC RMS Current

The rms (root-mean-square) value of the ac line current is used for rating
the bridge valves, the transformers and the reactance X, . The ac line current can
be obtained by using the superposition principle in which each harmonic
component of the current is the line harmonic voltage divided by the line
impedance at the harmonic frequency. The rms current is generally used for
rating since it takes into account of the fundamental component and all the

harmonics of the current in the computation of the heating of the component.

For meaningful comparisons, the results from the harmonic calculation will
based on the same power rating condition. As the fundamental Fourier Series
component of voltages and currents are the "useful" part of the power-transfer,
their steady state values are adjusted to ensure 10 p.u. power to be transferred to

the converter station as the values of X; and M are varied in the parametric

study,
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On the secondary side of the transformer, the power transmitted across X,
is:
vy, M sin(6,,) .
Xy

1.0 (4.6)

Referring to the height of the triangle in Fig. 4-2:

) 7]
Via cos7“1 = M cos( 61,‘2+—2"i ) (4.7)

The two equations (4.6) and (4.7) permit v,, and 8,, to be solved for a
specification of M and X, . The magnitude of the fundamental Fourier Series

current of the transformer secondary, i,,, is:

) /)
. 1 ' . I
v, sin( 6n2+7" -V, sznT" (4.8)

2

X,

The converter station is controlled by using the Bi-Logic SPWM scheme.
The harmonics of the ac terminal voltages are determined by the choice of the M
and f,.. Apart from establishing that reasonable inductances and capacitance will
enable the voltage-source PWM-HVDC converter station to operate, the study
investigates their dependence on the modulation index M and the carrier
frequency f, . It is desirable that f, is low as it reduces switching losses of the
valves. It is also desirable that at the rated ac voltage, M should be less than 1.0 .
This allows the voltage amplitude to be raised and lowered for reactive power
control. For instance, in choosirg M=0.8 for the rated 6peration, an over-voltage

capability up to M= 1.0 is permitted.
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Having used Egs. (4.5) to (4.8) to solve for the fundamental Fourier Series
component of voltages and currents which will transfer 7.0 p... power through the
converter, it is a straight forward exercise to evaluate the Fourier Series harmonic

voltage based on the modulation index M and the triangular carrier frequency f, .

The inductive reactance X, is used as a common abscissa in the study. The
concern "ure is that X, should not be excessively large, It should be stressed that
X, includes that transformer leakage reactance which lies in the 0.i15-0.20 p.u.

range.

In the results presented graphically in Fig, 4-3, the attention is drawn first

to the point of intersection of two axes which corresponds to the fundamental

200 |
~ 175 ]
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&
&~ 150 ]
-
> 125 :
&) --“_-"___’____“‘__’___“r_,-_.n---'-“‘
1.00 l : . :
0 0.05 0.10 0.I5 020

Impedance X; (p.u.)

Figure 4-3  Fundamental and ras converter ac current as a function of X, .
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Fourier Series component of the converter ac phase current which is required to
rectify 1.0 p.u. power from the Thevenin zquivalent voltage source, for M=1.0,
X, =0.0 and {,,=1.0 p.u. . In order that the same power is transferred for a lower
converter voltage associated with the use of a smaller modulation index A, a
bigger i, is required. Likewise, for the same M, a larger current is needed to
deliver the same power when X, is increased. The large current is required to
compensate for the large voltage drop across X; so as to be able to deliver the

same power.

The nms values of the converter ac output current include all the switching
harmonic components. As X, increases, the filtering effect‘is apparent and the
rms values converge towards the fundamental component. Fig. 4-3 also shows the
difference between using a carrier of frequencies f,=9x%f, and f,=21xf,. Here f,

is the line frequency, 50 or 60 Hz.

As a guide to the cost of X;, Fig. 4-4 graphs the V4 rating of X, based on
the forrriula VA=0.5X, xi2,.. and in Fig. 4-5 the cost reference factor based on

the formula Cost-Reference-Factor =X, Xiy;,, XV, .

For PWM application, the Cost Reference Factor is likely to be more
pertinent because the insulation of the reactance must be capable of withstanding

the maximum voltage v,,,. during PWM switchings.
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4.4 Total Harmonic Distortion

Based on the ac line currents, i,,, and the SPWM switching functivas, S;,
the current injected by the converter into the dc side of Fig. 4-1 can be calculated.
A description of one method has appeared in {83,84]. The voltages and currents

in the dc side are solved from cireuit theory and Fourier Series analysis.

One measure for harmonic appraisal is.the Tota! Harmonic Distortion

factor. For the converter dc output voltage, the factor THD, . is defined as:

" 12
THD,, = [ g Vdfk] x 100% (4.9)

where V, is the magnitude (per-unit) of the kth Fourier Series harmonic voltage
across the capacitor X,,. Also, the Total Harmonic Distortion factor for the

converter dc output current, THDy,,, is defined as:

THD,, =

2 Vo2 "
CED ] x 100% (410)
k=l de

It is important to keep the factor THD,, within certain limit to reduce the
harmonic noise interference to the telephone communication system. The typical

value is less than or equal to 5% [12,85].

Fig. 4-6 and Fig. 4-7 show the Total Harmonic Distortion factors of the d¢
voltage and current respectively. In Fig, 4-6, one sees that for f,.=9xf,, one just

misses complying with the required 5% in the practical range of 0.15<X,. At the
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higher carrier frequency of f,=2Ixf,, the 5% is easily satisfied. The Total

Harmonic Distortion factor of the de current is always below the allowed 5%.

The above studies show conclusively that the fairly large transformer
reactance, which is in the 0.15-0.20 p.u. range, will contribute towards making the

voltage-source PWM-HVDC a practical proposition.

With further refinement in the dc capacitor design, it should be possible to
use a carrier frequency which is as low as f,=9xf,. For economic design M
should be as high as possible. If the equipment is overrated to have excess rms

current carrying capacity, M can be varied to have a range of voltage magnitude

control.

4.5 VA Rating and Switching Losses

Any challenges to the conventional HVDC system must first address the
problem of operation under the very high voltage and current ratings of the
HVDC environment, Present HVDC systems, which are commonly in the
thousands of MVA arnd hundreds of KV range, operate by connecting thyristors in
series. Before PWM techniques can replace the line-cornmutated HVDC
converter station, considerable expense and research will have to be devoted to
mastering the technology of series and parallei connections of the force-
commutated switching valves. Amongst the problems which have yet to be solved

are: (1) reducing the switching losses associated with high frequency cperation of
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the valves, (2) increasing the voltage limit and the current carrying capacity of the
valves or alternatively using series and parallel strings of valves (at reduced
ratings) with protection to ensure that they are always stressed equally in steady-

state and in transient conditions.

- As mentioned in Chapter 1, many kinds of high power, force-commutated
switching devices have been applied to the industrial power converters. The
PWM technigue using GTO’s has already been operational at the MVA levels
required in electrical traction, industrial drives, UPS and static VAR
compensators, etc. Although there is still a leap from a few megawatts to the
hundreds of megawatts range required of HVDC, it is not too early to pursue the

conceptual and feasibility studies as have been done in this thesis.

Today, the GTO, the SITH and MCT have characteristics which are
suitable for agpnlications requiring high voltage and current ratings. Recently,
Japanese researchers [68] have also proposed SITH valves for the PWM type of
HVDC converter station which has the single pole capacity of 30 MW (150
kVdc/200 Adc) using the SITH valves rated at 2500V/800A with the switching

frequency up to 20 kHz.

In McGill University, preliminary feasibility studies have shown that the
MVA ratings can be achieved by series and parallel connections of the de
terminals of the voltage-source (boost) type PWM converter modules of Fig. 2-1.

It has been shown that the voltage and current stresses in steady-state and in
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transients are fairly equitably distributed in .the converter modules using
acceptable tolerances in components [60]. Using the technique of phase shifting
of the triangular carrier in SPWM [61], high quality PWM can be attained by
reduced switching rates of the individual valves. This promises reduced switching
losses and the ability to use slow switches, i.e., GTO thyristor. The reduction of
switching losses through active and passive snubber circuits is again an extensive

area for research.

4.6 Summary

This chapter has addressed the sizing of the ac inductances and the dc
capacitor in the voltage-source PWM converter station for HVDC applications, as
its proper functioning depends on the presence of fairly large inductances and
capacitance. The study has shown that the sizes used in the present HVDC
thyristor converter stations are comparable to those required by the voltage-source
PWM-HVDC converter stations. Another finding is that fairly low carrier
frequency can be used, so that switching losses can be low. These results add to

support the practicality of the voltage-source type PWM-HVDC.

Part I of this thesis has been concerned with advancing the application of
the Pulse Width Modulation technique to the WVoltage-Source type bridge
converter. As a research area, the field is well trodden, especially in amplitude

and frequency control of Two-Level or Bi-Logic PWM techniques.

The advances made in Chapters 2, 3 and 4 have been in the phase and the
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frequency control of the PWM technique. Technically, the implementation is
through a Voltage Controlled Oscillator, EPROMs to from a Phase Lock Loop

described in Chapter 2.

The example of the application found for it in this thesis is in the form of a
converter station of HVDC Transmission System. Elsewhere, not included in the
thesis, the same concepts have been applied for the control of the Series-Type
Static VAR Compensator [86]. The common denominator in all these
applications is that the PWM converter interfaces with the power utility system
which has its frequency to which the converter must be locked in synchronism
through the Phase Lock Loop. Once in synchronism, the phase angle is advanced
or retarded so that the converter operates as a rectifier or inverter. In the case of

the Static VAR Compensator operation the power input is nulled.

The concepts had first been demonstrated by digital simulations and
verified through the experimental tests reported in Chapter 3. As the test have
shown the excellent characteristics predicted for the PWM-HVDC Transmission
System are experimentally realizable, the parametric studies of Chapter 4 have
been conducted to demonstrate that the PWM-HVDC converter station is indeed

not unrealistic in terms of cost.

The research on the phase angle and frequency control of PWM has

opened up a large field of applications in the electric power utility environment.

Starting from the next chapter, the studies on the Tri-Logic SPWM

technique and its applications will be described.
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FIVE

DYNAMIC TRI-LOGIC SPWM CONTROL OF
3-PHASE CURRENT-SOURCE CONVERTER

5.1 Introduction

Although many converters in the past had been labelled as PWM
controlled Current-Source bridge conver..rs, they had never lived up to the
claims. After the definitive work of Hombu, Ueda and Ueda [40,41], one knows
now that because the PWM strategy in use had been the Two-Levei or Bi-Lugic,
the valves could not have switched in the manner as wished by their designers. A
re-examination of their experimental results reveals very poor waveforms which
have little resemblances to the intended sinusoids. Hombu, Ueda and Ueda
[40,41] established that the Three-Level or Tri-Logic PWM should be used and

indeed the experimental waveforms show remarkable improvements.

77



CHAPTER 5 DYNAMIC TRI-LOGIC SPWM CONTROL OF 3-PHASE CURRENT-SOURCE CONVERTER 78

Unfortunately the syntheses of the Tri-Logic PWM signals by Hombu,
Ueda and Ueda and other researchers [42-46] had been based on "ad-hoc"
engineering design. Typically, the design begins with a decision as to the number
of pulses to be used per cycle and choosing a waveform harmonic criterion. Then
an optimization exercise follows by which the switching angles are determined for
one discretized modulation index level. The information of the switching angles
for all the modulation index levels are stored in EPROMSs. These "ad-hoc" design
methods are static methods because the optimization criterion is based on the

steady-state sinusoidal waveform.

The research reported in this chapter is targeted towards a systematic
synthesis of a Dynamic Tri-Logic PWM strategy. The term "Dynamic” is used to
contrast it with the "Static" methods. The objective is ensure that the "local
average" of the output signal is linearly proportional to the input modulating
signal at the sampled period. The modulating waveform does not have to be a

sine-wave.

It is stated in Part I that the Two-Level or Bi-Logic PWM techniques are
in an advanced state of development so that the remaining area of research has
been in the phase-angle control. In contrast, the Three-Level or Tri-Logic PWM
concepts are at the infancy stage. For this reason, this chapter is devoted to a

systematic mapping of its characteristics.

Section 5.2 discusses the peculiarities of the 3-phase current-source bridge
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converter and why it is more difficult to operate than the voltage-source topology.

Section 5.3 describes the Dynamic Tri-Logic PWM. The iruth table, Table
5-1, is essentially a proof that the proposed Dynamic Tri-Logic PWM will operate
the valves of the bridge-converter in the manner prescribed by Hombu, Ueda and
Ueda [40,41]. The truth table, Table 3-2 is another proof that the proposed
Dynamic Tri-Logic PWM can be synthesized from Two-Level or Bi-Logic PWM

by a linear transformation.

The rigorous mathematical foundation, with linear transformation as its
corner-stone, ensures that the properties of Bi-Logic PWM carry over to the Tri-
Logic PWM. In particular, the Sinusoidal PWM (SPWM) is chosen for the Bi-
Logic PWM because it h_ag the "Dynamic" properties sought for. Essentially, the
"local average" of the Bi-Logic SPWM output is the linearly amplified signal of
the modulation input signal. In fact, the amplification gain is constant and
without phase-shift, for a frequency bandwidth of 1/3 of the triangle carrier
frequency [87]. Since the translation from Bi-Logic to Tri-Logic is also linear, the

Tri-Logic PWM outputs are also linear amplified signals of the inputs.

However, there is the problem that the translation formula in Eq. (5.2),
"scrambles” the Bi-Logic signals. For this reason, it is necessary to prepare the
inputs of the Bi-Logic SPWM signals in anticipation of the "scrambling". The
Decoupler Pre-Processors in Section 5.3.5 compensate for the "scrambling” and

accomplish the decoupled control of the 3-phase converter output currents by the
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input signals.

There is another practical problem of deciding which one of the three legs
of the bridge converter should have both the Upper Valve and the Lower Vilve
simultaneously ON, so as to implement the Zero or Shoot-Through State of the
Tri-Logic signal. This problem is discussed in Section 5.3.3 and uses the "single
switching action" as the criterion of choosing the Shoot-Through Valves. This is
implemented by the PAL (Programmable Array Logic) Gating Circuit described

in Appendix B.

5.2 Current-Source PWM Converter and Control Difficulties

The top part cf Fig. 5-1 shows the 6-valve, 3-phase, current-source PWM
converter bridge. It includes the ac line inductances L, the ac filter capacitors C

and a smoothing inductance L, and its resistance R, in the dc side.

Comparing with the voltage-source PWM converter topology, Fig. 2-1 in
Chapter 2, the current-source PWM converter bridge is a more difficult circuit to
master. This is due to the fact that on both the ac and dc sides of the converter,
the circuit components are originally all inductive elements. During switchings in
the PWM mode of operation, it is not possible to meet the current continuity
constraint, i(¢_)=i(t,), in each of the inductive elements, L and L, . Here ¢_ and
t. are respectively the time instants just before and after the switching of a valve.

For this reason, in Fig. 5-1 the capacitors, C, have to connected across the ac
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terminals of the converter to act as current buffers and harmonic filters. The
presence of the capacitors brings out at least four difficulties which have 1o be

recognized and surmounted.

The first difficulty arises from the capacitor voltages which allow only one
of the three upper valves (U,, U,, U, ) and only one of the three lower valves (L,
, Ly, L.) of the converter bridge to conduct at any time instant. As shown by
Japanese researchers, Hombu et al. [40,41), the usual Two-Level or Bi-Logic
PWM strategies, which have been developed for the voltage-source converter over
the past 20 years, cannot be used. The converter input currents, i,,(), i,(f) and
i,c(£), must be the three level (+1,, 0, —1,) type of waveforms. It is necessary to

perfect a new Three-Level or Tri-Logic PWM logic.

The second difficulty is again due to the capacitor voltage which can apply
a reversed anode-to-cathode voltage across on the vaive which is receiving a Turn-
ON gating signal. As this valve cannot conduct until the reversed voltage is
removed by the proper Turning-OFF of the valve which has been ON, there is &
brief non-conduction period. The resultant destructive L, dl,(t)/dt voltage can
be avoided only by the provision of a current snubber circuit. The current

snubber circuit is not shown in Fig. 5-1 to reduce the complication in the

presentation.

The third ditficulty comes from the resonance between capacitor C and the

inductance L in the ac lines. The resonance frequency must be chosen to avoid
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forced-resonance from two sources: (i) the 5th, 7th and higher odd harmonics
from the ferromagnetic nonlinearity of the ac source, (ii) the switching harmonics
of the PWM converter. For high power applications, the switching rates of the
valves have to be lowered so as to reduce switching losses. Thus the choice of the

L-C resonance frequency is pushed towards the low frequency end.

The fourth difficulty arises from the fact that the additional energy storage
elements in the form of the capacitor C increase the system eJuation
dimensionality by one, By comparison with the voltage-source topology, the
current-source topology is potentially more unstable. This is because in our
design, which is based on using indirect ac current control, the unity power factor
condition is obtained by a "feed-forward" loop which calculates the compensation
required for the voltage drops across the inductive reactance, oL, and the
charging current through the capacitive reactance, 7/wC, so that the converter
injects the right amount of ac currents for unity power factor operation. However,
this compensation is for the 60 Az steady-state operating condition only and
results in poor stability [58,69-72]. For full compensation, it is necessary to
implement the Ld/dt and Cd/dt operators in the "feed-forward" loop. In the
indirect current control of the unity power factor voltage-source PWM converter
[58], the Ld/dt operator can be implemented using analog components together
with a filter which eliminates the high frequency noisc introduced by the
differentiator, to secure the same stable operating region as hysteresis control of

the voltage-source PWM converter [59]. The addition of the capacitors in the
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current-source PWM converter poses an impossiole task because it requires a
d’/df operation to fulfil the Cd/dt operator to compute the current for charging

the capacitor.

5.3 Dynamic Tri-Logic PWM

To overcome the first difficulty, this section develops the principles of the
Dynamic Tri-Logic PWM strategy [78]. Since the capacitor voltages prevent more
than one valve in the Upper and Lower valves of the converter to conduct at any
one time instant, the current-source PWM converter has to operate with the
currents based on the seven combinations of the Tri-Logic variables as shown in
Table 5-1 in Section 5.3.1. Many "Static" Tri-Logic PWM methods [42-46] have
been proposed for triggering the curent-source PWM converter. But they cannot
be used for dynamic control since they have been conceived exclusively for

obtaining a good sinusoidal waveform in steady-state operation only.

A Dynamic Tri-Logic PWM strategy, whose converter output signal (after
filtering) is the linearly amplified form of the modulating signal, is required for
the proper operation of the current-source PWM converter if feedback signals are
channelled through the converter for stabilization and active filtering. As the
current-source PWM converter must be able to fulfil the multiple functions of
unity power factor operation with near sinusoidal waveforms while maintaining

close dc current regulation with stable and fast response, by necessity the PWM
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strategy must be a dynamic one so that the power of linear system theory can be
applied in the design of this fairly complex system. The Two-Level or Bi-Logic
Sinusoidal PWM s‘rategy, which has been used in the voltage-source PWM
HVDC converter station of Chapters 2, 3 and 4, has the dynamic attiibutes. As

will be shown, their qualities are passed onto the Tri-Logic PWM.

The implementation of the Dynamic Tri-Logic PWM strategy is shown in
the functional blocks in Fig. 5-1. The stages of signal processing are added in
order to make the local average values of the converter terminal currents, 7,,(f),
I(t) and i,.(t), to be the linearly amplified forms of the control input signals,

Spa(t), Spp(t) and S, {¢).

In Fig. 5-1, the Decoupler Pre-Processor stage prepares the input modulating
signals in anticipation that 3-phase ac circuit is one of two possibilities: (i) wye
connection, (ii) delta connection (which will be shown later in Figs. 5-6 and 5-7
respectively). The aim is to ensure that each of three input modulating signals

controls ithe ac current in the phase assigned to it,

The output signals of the Decoupler Pre-Processor, S,,(t), S,.,(t) and
Sme(t), are then encoded into Bi-Logic PWM signals, X,(¢), X,(t) and X,(f) by the

SPWM strategy, using triangular carrier signals, S, S,, and S,,. .

The Bi-Logic PWM signals, X,(t), X,(f) and X_(t), are next translated into

Tri-Logic PWM signals, Y,(f), Y,(¢) and Y,(t), which will be used finally to switch
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the valves through the PAL Gating Logic circuit.

The details in each signal processing stages will be described in following

sub-sections.

53.1 Tri-Logic PWM States, Yg(t)

The Tri-Logic variable, Y,(r) (subscript k=a, b, ¢ {or each of the 3 phases),
is defined to have three possible values: +1, 0, -1, Thus the kth phase output

current of the converter, i,(¢), is:

PO = Y,0 L, * = a, b, o) (5.1)

where 1,.(¢) is the dc line current.

Table 5-1 lists all the possible Tri-Logic states of the 6-valve, 3-phase,
current-source PWM converter and their realizations by the conduction states of
the Upper valves, U, , and the Lower valves, L,. U,=1I and L,=1 dencte that U,
and L, are switched ON. U,=0 and L, =0 denote the OFF states. In the state
designations #1, #2, - #6, I,(t) flows through one of the three ac terminal
lines and returns through another. In the state #0 (which has three possible
states: #D, #E and #F), all the three ac terminal lines do not carry any current.
No current is admitted from the dc side to the ac side. The dc link current, 7,(t),
flows through a "shoot-through" path constructed by the conduction of the Upper

and the Lower valves of the same leg of one of the three phases.
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Table 5-1 Current-Source PWM Converter States

State Tri-Logic Upper Valve Lower Valve
Designation Y, Y, Y. u U, U, L, L, L,
#1 0 +1 -1 0 1 0 0 0 1
#2 +1 -1 0 1 0 0 0 1 0
#3 +1 0 -1 ] 0 0 0 0 ]
#4 10 +1 0 0 1 I 0 ¢
#5 J +1 0 0 1 0 I 0 0
#6 0o -1 +1 0 0 1 0 1 0
#0, #D 0o 0 0 1 0 0 1 0 0
#0, #E 0 0 0 0 1 0 0 1 0
#0, #F 0 0 0 0 0 1 0 0 ]

53.2 Bi/Tri-Logic PWM Translation

As shown in Fig. 5-1, the Tri-Logic variables Y,(¢) are obtained from the
Bi-Logic variables, X(f) (j=a b, c for each of three phases). Each Bi-Logic
variable has two possible values: X(¢)=+1 or X(f)= -1, which are generated from
the Sinusoidal Pulse-Width-Modulation (SPWM) function blocks which accept as

their inputs, the modulating signals, S,,(¢), and the triangular carrier signals, Se -

The Bi-Logic PWM variables, X(t), are translated into the Tri-Logic PWM
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variables, Y,(¢), through the block of Bi/Tri-Logic Translation which is based on

the linear mapping:

Y, 1 -1 0| %0
Y0 | - _;- o 1 -1||x%0 (5.2)
Y () =10 1| X(n

or L@_=%[C]XJ,,£ (5.3)

Table 5-2 lists all the 2’=8 combinations of the three Bi-Logic PWM
variables, X; (j=q, b, ¢), and their corresponding Tri-Logic PWM variables, Y,

(k=a, b, c), based on Eq. (£.2). The important fact emerging from Table 5-2 is

Table 5-2 Truth Table of Bi/Tri-Logic Translation

State Bi-Logic Tri-Logic
Designation X, X, X Y, v, Y.
#0, #D, #E, #F +1 +1 +1 0 0 0
#1 +1 +1 -1 0 +I -1
#2 +1 -1 +1 +1 -1 0
#3 +1I -1 -l +1 0 -1
#4 -1+l +1 -1 0 +1I
#5 -1 +1 -1 -1 +1 0
#6 -1 -1 +1 0 -1 +1

#0, #E, #D, #F -1 -1 -1 0 0 0
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:hat the Tri-Logic PWM variables form the complete list in Table 5-1. When the
valve switchings are based on Table 5-1, they fulfil the constraints of the current-
source PWM converter operation, which is that only one Upper and only one
Lower Valve can conduct simultaneou. ly. Thus the translation based on Eq. (5.2)

ailows the current-source PWM couverter to be driven by Bi-Logic PWM signal:.

For the past two decades, there have been intensive research on Bi-Logic
PWM. The translation algorithm of Eq. (5.2) allows this knowledge from Bi-

Logic PWM research to be appiied to Tri-Logic PWM.

Fig. 5-2 illustrates how the three Tri-Logic signals, Y, (¢), are generated
from the modulating signals, S,,,jr(t) (j=a, b, ¢). In this example, the modulating
signals are balanced 3-phase sinuscidal waveforms. Fig. 5-2(a) shows how the Bi-
Logic PWM encoding is done by the SPWM strategy., The same triangular carrier
is used for all the three phases to produce the Bi-Logic variables shown in Fig. 5-
2(b), (c) and {(d). The three sequences of Tri-Logic signals Y, () =1X,(£)-X,(H)1/2,
Y ()=[X,()-X(0)}/2, and Y (£)={X(¢)-X (£)]/2 are shown in Fig. 5-2(e), (f) and

(g) respectively.

In the complete cycle of the modulating signal, the procession of the Tri-
Logic states in the time dimension consists of six sub-periods. The sequence of
the Tri-Logic states in Fig. 5-2(e). (f) and (g) is described by the six lines of Table
5-3 as a sequence of the state designation numbers from Table 5-1. Each of the

sub-periods is identified by the number of the first state of the six lines.
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Figuce 5-2  Generation of Tri-Logic PWM. (a) SPWM technique; (b),(c),(d)

Bi-Logic PWM signals; (e),(f),(g) Tri-Logic PWM signals.
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Table 5-3 Sequence of Tri-Logic States

lg:nbt-ilii::r:ggn In(t:eorl;t:egtu::t?:m Sequence in Sub-Period
(#0)
No.2 #E -2-0-2-6-0-6-2-0-2-
No.3 #D -3-0-3-2-0-2-3-0-3-
No.1 #F -1-0-1-3-0-3-1-0-1-
No.5 #E -5-0-5-1-0-1-5-0-5-
No.4 #D -4-0-4-5-0-5-4-0-4-
No.6 #F -6-0-6-4-0-4-6-0-6-

533 Singie Switching Tri-Logic State Transition

It is apparent that the transition from one Tri-Logic state to the next Tri-
Logic state must be executed by one "single switching action" which consists of
turning OFF of one of the two valves which have been ON and turning ON of a

new valve to form the next state.

Two Tri-Logic states are called "contiguous" when the transition from one
state to the other can be effected by a single switching action. For example, the
Tri-Logic state (+1, -1, 0) or #2 as shown in Fig. 5-3 has four contiguous states.
Two of them consist of keeping switch L, unchanged and making the changes in

the Upper valves as in the cases of #6 and #E. The other two, consist of keeping
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U, fixed as for #3 and #D.

By examining the contiguity of all the states in Table 5-1, it is found that

they form a network as shown in Fig. 5-4.

Each sub-period, in Table 5-3, consists of oscillating transitions involving
three Tri-Logic states, one of which is #0 or (0, 0, 0). The choice of which of the
three shoot-through states (#D, #E, #F), is determined by the contiguity

requirement embodied in Fig. 5-4.

Fig. 5-3 also shows the Tri-Logic states which come into play in the first

1 No.2 Sub-Period

No.3 Sub-Period

fm e et e et
T
a

x : valve is OFF
U : valve is ON

Figure 5-3  Switching state #2 and four contiguous states in 6-valve current-

source PWM converter bridge.
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Figure 5-4  Contiguous state of 6-valve current-source converter.

and second lines of Table 5-3 which have been labelled as No.2 and No.3 sub-
periods. The #E shoot-through state is used in connection with the No.2 sub-
period in tie interpretation of the #0 or (0, 0, 0) state. This interpretation allows
L, and L, to be in the OFF states and L, to be in the ON state all through this
sub-period when the signals Y, (f) call for the stage transitions -2-0-2-6-0-6---

Only the Upper valves are switched. In the No.3 sub-period, the states oscillate
around #2, #3 and #0 (which is interpretated as #D). As Fig. 5-3 shows, this is

efficiently handled by making U, ON, U, and U, OFF throughout this sub-period.

The transition between sub-periods occurs when the state passes from the
last member of one line to the first member of the next line in Table 5-3. From

the network of contiguous states of Fig. 5-4, it is seen that ihe line-to-line
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transitions in Table 5-3: #2 to #3, #3 to #I, #1 to #5 - are all contiguous

transitions.

The block of PAL Gating Logic circuit in Fig. 5-1, receiving the procession
of the Tri-Logic PWM signals, issue the switching instructions to the six valves of
converter bridge. Its design has to take into account of the features embodied in
Table 5-3 and Fig. 5-4. Essentially, it must be able resolve the ambiguity of the
#0 state, that is whether #D, #E£ or #F should be used. It must recognize the
arrival of Sub-Period Identification state of Table 5-3 and use the Contiguity
Interpretation of the #0 state to implement the shoot-through gating signals. The
details of the design for the PAL Gating Logic circuit will be described in

Appendix B.

334 Linear Signal Amplification

Using the Bi/Tri Logic Transformation described above, the 6-valve, 3-
phase, current-source PWM converter bridge can be made to function as three

sampled linear signal amplifiers for the modulating signals S

mj

(t) (=a b, c). The
property of the linear amplifier is derived from the stage of encoding the
modulating signals to Bi-Logic PWM and from the linear mapping in the

translation to Tri-Logic PWM.

In the Bi-Logic SPWM strategy, each triangular carrier signal, S, samples

the value of the modulating signal §,,(¢) at the sampling period of the carrier
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signal and embeds the information as the widths of the +1 and -1 pulses of X;(¢).
In practice, the modulating signal is usually a sinusoidal waveform but in actual
fact it can be any arbitrary waveform provided that its frequency bandwidth is
below 1/3 the carrier frequency [61,87]. In fact, the SPWM output signal X()

can be shown to be [81]:

X = = S, + N (j=a,b,c) (5.4)

1
Py,
where Py, is the peak value of the triangular carrier §,;, and Ny(¢) consists of the
switching harmonics of the carrier and the sidebands. It is assumed that the
carrier frequency of S, is sufficiently high so that the frequency spectrum of Ny(t)
is in the high frequency end of the spectrum so that it can be filtered by the
inductances and the capacitances of the converter. Thus Ni(f) in Eq. (5.4) can be
omitted. Thus the X(), defined as the local average values of the Bi-Logic
SPWM signals X (¢), is:

1
P

Str

X0 = S, (i=a,b,c) (5.5)

Substituting Eq. (5.5) into Eq. (5.2) and thereafter Eq. (5.2) into Eq. (5.1), the

local average values of the ac terminal input currents of converter, ;k(t), will be:

Lrue = A [ C ) Shae (5.6)
I,®
A==
where 2 P,

Frase = [ Lu@ L, 1,,0]7
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Sptgbe = [ S,.®, 5,0, S, ]T )

In the control design, the term A can be made to be constant through an auxiliary
feedback loop, which makes the P, proportional to the /,.(f). This is to keep the
gain of the Tri-Logic PWM converter function constant regardless of the variation
of dc link current /(). Thus the currents i,() (k=a, b, ) are the linearly

amplified (constant gain without phase shift) outputs of the modulating signals,

Smj(r )

The top parts -of Figs. 5-6 and 5-7, in Section 5.3.5, show the equivalent
circuits of the current-source PWM converter based on Eq. (5.6). From the [C]
matrix in Eq. (5.2) the ideal current sources, 4xS,,,(t), AxS,,(t) and AxS, (t), are

connected in delta.

3.34.1 Frequency Spectrum

Since Eq. (5.2) is a linear mapping, the spectrum of Tri-Logic PWM signal
is a linear combination of the spectra from the Bi-Logic PWM signals. For
example, the spectrum of the Tri-Logic PWM signal Y,(¢) is based on applying Eq.
(5.2) to the spectrum (complex numbers) of the signals X (t) and X,(¢t). Fig. 5-5
(a) and (b) show respectively the spectrum (magnitudes) of the Bi-Logic PWM
and Tri-Logic PWM for the case: SPWM modulating index M=0.8, triangular
carrier frequency=2Ix60=1260 Hz. 1In Fig. 5-5(b), all the harmonics at integral

multiples (n=1,3,+) of the carrier frequency (1260 Hz) are eliminated. One set
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Figure 5-5  (a) Spectrum of Bi-Logic PWM signals X;,

(b) Spectrum of Tri-Logic PWM signals Y, .

of the sideband harmonics (2x1260+2x60 Hz) is also eliminated.

53.5 Decoupler Pre-Processing

Because of the form of the [C] matrix in Eq. (5.2) the ideal current-source

amplifiers, AxS, ,(£), AxS,,,(t) and AxS, () are connected in delta as shown in
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Figs. 5-6 and 5-7. Thus there is neec for a Decoupler Pre-Processor block located
as shown in Fig. 5-1, so that the input control signals, S,,(¢), 5,,(f) and §,.(¢), can
control the local average values of the converter ac terminal currents i,(t), Z,,(r),

and ,.(¢) directly.

It is proposed that the Decoupler Pre-Processor consists of a
transformation by a 3x3 constant matrix [D] which relates the input control
signals  Spype ={Sa(6), Sp(0), Spc(t)]T to the modulating signals Sy, by the
equation:

Suape = [ D] Spae >.7)

Substituting Eq. (5.7) into Eq. (5.6):

fpage =4[ C (D] Spae (538)
The desirable resuit is:
Fpase = A Seae (5.9)
Thus, it is required that [D]=[C]"
The determinant of matrix [C] in Eq. (5.3) is zero, meaning that the rank
of the 3x3 matrix [C] is less than 3 and there is no inverse. The result of Eq. (5-

9) can be achieved if the rank is increased. This is done by first defining:
I T
[D)=3(C] (5.10)

Substituting Eq (5.10) into Eq. (5.8), one has:
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ipgse = A Spape = 5, (5.11)

where. S, =[S,(t), S,(0), S,OIF and S,(0)=(S,a(t) +S,5(6) +S,u())/3.

{ -
. - NTASkAt) |
wye-connected i i ,
3-phase ac | 4C equivalens
S T S { S 1 circuit of converter
. [D]-matrix /3| | 1/3 ] 3] |
' transformation ‘ N !
§ P2 R S
i 1/ Lo
: + 4 +4 +1\ :
e R P
i Removal P /‘\ - /‘\ p_c /‘\
| zero sequence ™t ™ o
+ 4 + A +4
; +Y
i -l - i
B K/E B N v, i
. +4 i
D l 1}5-.-.é ......................... [ ........... ; ........... * ..... ‘.f
ecoupler Pre-Processor Y Spa 4 Sps b S

Figure 5.6  Decoupler Pre-Processor for wye-connected 3-phase ac.
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3.3.5.1 WYE-Connected 3-Phase AC

The result of Eq. (5.9) is possible when S, =0 in Eq. (5.11). In power
engineering, this constraint is equivalent to requiring that the zero sequence does

not exist.

Fig. 5-6 is the schematic of the Decoupler Pre-processor for the converter
which has an isolated neutral, wye-connected 3-phase ac line circuits. The input
control signals, S,,(£), S,s(t), Spelt), pass through a first stage which removes the
zero sequence component, The intermediate signals, bearing a prime, satisfy
So(t)=(Spa() + 855 () +S,c(1))/3=0. 'The next stage consists of realizing Eq. (5.7)
where the matrix [D] is given by Eq. (5.10). Thus each of three phase currents,

'z;k(t), is completely controlled by the control input signals, S,(¢}, independently.

Since there cannot be 2 zerc sequence current flowing in this isolated

neutral, wye-connected circuit, setting S,(¢)=0 does not introduce any error.

5.3.5.2 DELTA-Connected 3-Phase AC

When the 3-phase ac sources and the L-C circuits are delta-connected, as

shown in Fig. 5-7, the ac terminal currents, z,fk(t), are related to the three ac phase

currents, i,(t), i,(t), i,(t), by the equation:
ipgge = [ C ] o (5.12)

where i, =[i,(6), i(t), i (O~

By subtracting Eq. (5.6) from Eq. (5.12), the result is:
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[C]( m = A Suae ) = 0 (5.13)

As the 3x3 matrix {C] in Eq. (5.13) has a zero determinant, it is necessary

that:
i+i@+i =0 (5.14)

Sl + 8,0 + 5,8 =0 (5.15)

before i,(z), {,(¢), i (t) can be controlled directly in the decoupled way.

As shown in Fig. 5-7, the Decoupler Pre-Processor removes the zero

sequence components from the input signals S,(¢) so that Eq. (5.15) can be

3-phase ac =~ e e feqmeied T
Smak  Smp bk Sped CTCHE of converter

: N N b N A R

| NN RNV v

E A+ A+ Ao+

i + Y :

18 D :

5 +4 :

- 4 4
Decoupler Pre-Processor Spa Spb b oSy

Figure 5-7  Decoupler Pre-Processor for delta-connected 3-phase ac.



CHAPTER 5 DYNAMIC TRI-LOGIC SPWM CONTROL OF 3-PHASE CURREN1-SOURCE CONVERTER 102

satisfied. However, if there exists a zero sequence current, i,(f), which circulates

around the delta loop of the 3-phase ac circuits, it cannot be controlled.

The extent of decoupled control attainable is:

b = A Spape *+ L (5.16)

where i, =[i,(1), i,(¢), i,()]

54 Summary

This chapter has presented the Dynamic Tri-Logic PWM strategy which is
translated from any 3-phase Bi-Logic SPWM signals. The Tri-Logic PWM fits the
operational requirements of the 6-valve, 3-phase, current-source PWM converter.
In the implementation of the switchings of the valves as controlled by the
Dynamic Tri-Logic PWM, the state transition involving a single switching
operation only is permitted. The Dynamic Tri-Logic PWM provides the converter
with the characteristics of linear ampiifiers, with the frequency bandwidth
restricted by the frequency of the carrier frequency. The decoupled control over
each of the three phases of the current-source PWM converter has been achieved

by applying the Pre-Processing Stage to the inputs.

The next chapter will describe a design of the digital control for the
current-source PWM converter using the proposed Dynamic Tri-Logic PWM
strategy. The digital controller is based on multi-DSP in parallel for the

computation of Pole-Placement algorithms.



CHAPTER

SIX

MULTI-DSP REAL-TIME CONTROL

6.1 Introduction

The previous chapter has identified four difficulties inherent in the 6-valve,
3-phase, current-source PWM converter. In order to overcome the main
difficulties the converter has to operate under Tri-Logic PWM strategy. The
Dynamic Tri-Logic SPWM strategy and the Decoupler Pre-Processor have been

presented in Chapter 5.

The present chapter develops and describes a new digital control scheme
based on the Pole Placement method to solve the remaining control difficulties
caused by the ac capacitors. These are: (1) the stable operating region which is
too limited, (2) the L-C resonance from the ac capacitors, The current-source

converter is provided with a current snubber circuit as protection against

103
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LgdI, /dt voltage.

In applying the Pole-Placemsnt method, the following iunovative

approaches have been followed:

(1) Ths mathematical equations are formulated in such a way that each of the
three ac phases is treated independently and separately, This formulation
is possible because the Decoupler Pre-Processor enables PWM converter
to operate as three independent linear amplifiers.

(2) The entire control task has been implemented digitally. So far, the success
of digital controls has been limited to relatively slow processes, such as in
robotics and in chemical engineering. The challenge here is to realize a
completely digital controller for the PWM converters and to find out what
are the key parameters for the successful implementation. A very
important conclusion from the research is that the frequency bandwidth
needed for the pole-placement feedback is very intolerant of computational
delays. To hasten the computation, the pole-placement algorithms were
executed by two Texas Instrument TMS320C25 Digital Signal Processors in

parallel with a clock frequency of 40 MHz.

In proving the concepts of Chapter 5 and the control methods of this
chapter, a I~KVA size, 6-valve (Bipolar Transistor), 3-phase, Current-Source
PWM Converter was constructed. The digital controller used, was a muiti-DSP

. controller which had been designed and constructed in our laboratory.
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The following functions were specified for the Current-Source PWM

converter:

(1) operate as a stand-alone Rectifier,

(2) DC-side: Close regulation of dc link current. Fast response to dc link
current reference setting,

(3)  AC-side: Near sinusoidal current at unity power factor. Active filtering

capability.

6.2 Mathematical Model

As Eq. (5.9) can be achieved by using the Dynamic Tri-Logic SPWM
scheme with the Decoupler Pre-Processor stage, the ac side of the current-source
PWM converter of Fig. 5-1 in previous chapter can be simply modelled as three
separate, decoupled linear amplifiers of the control input signals, S,(t) (j=a, b, c).

Any one of the three phases of the converter can be separately represented by the

Figure 6-1  Single phase equivalent ac circuit of the current-source PWM

converter. (j=q b, ¢)
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single phase equivalent circuit shown by Fig. 6-1.

In Fig. 6-1, vsj(t), j=a, b, c for each of the three phases, is the phase-neutral
ac voltage source. Each phase of the PWM converter is modelled as the
equivalent current source with the value of E';,j(t). The switching harmonics in the
converter terminal current, will be neglected. By judicious design they are filtered

out sufficiently by the inductances and the capacitances of the converter.

Each ac phase circuit can be simply controlled by the equivalent linear
amplifier, ﬂ,j(t) =AxS§,(t), using a linear cumbination of the current and the voltage
feedback signals of that phase, This approach has the distinct advantage in
reducing the order of the system equations and in shortening the computational
delays. Compared with other methods [47,48] which require the Park’s power
invariant transformation [88] from the a-b-c¢ frame to the d-g frame, to be
followed by an inverse transformation back to the a-b-c frame again, the
computation burden is less. Furthermore the d-g frame equations are not

decoupled.

In the circuit of Fig. 6-1, by choosing the ac line current, iyt), and the

capacitor voltage, v (t), as the system state variables, the state-space description of

the circuit is:

d. R 1

—i -= == |. t

dzlsj (t) L L I:j(t) O - vsj ( ) (6 1)
= + 11 j(t) +| L .

4 o L 5 |ve® T g 0

dt C
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The output is:

i,,(t)]
(J=ab,c)

v

i@ =[1 0][

Removing the input term v (¢) by subtracting the steady-state operating values

irom Eq. (6.1), the small perturbation variable model is:

d .. R I
&P |7 Tam) [0
d B avym) "L (40 o
Lav Z 9 % C
% v, c C
4i (1) ,
Ai. (=110 j = y
i@ = ] 1,0 (j=a,bc)
or
%Aﬁa) = [A] 4%,() + [B] 4u,®
4y, = [C] 4%
(j=abc)
where, the small perturbation variables are defined as:
Ai () = i@ - i,
av (O = v, - v, ® , (j=ab1c) (6.3)

APy @ = iy - 1,0

and, ig,(t), v,(f) and E,ja(t) are the steady-state operating values of the ac line

current, the capacitor voltage and the equivalent current source respectively.
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6.3 Control Difficalties

From Eq. (6.2), one sees that the first row element in the vector [B] is zero
so that the ac line currents, 4ig(t), cannot be directly controlled by the input
variables A;j(t). The adjustment of the ac line current is delayed by one order
compared with the control performance in the voltage-source topology [89].
Physically, this is a consequence of the capacitor C connected directly across the
ac terminals of the converter. For adjusting the ac line current, the converter
needs to inject the right amount of charging current to the ac capacitor so as to
make the capacitor voltage correctly compensate for the voltage drops across the
R and L of the line. During the transient period, in order to compensate for the
Ldi(t)/dt voltage drop across the line inductance, the converter current i—pj(t) has
to include the capacitor charging current component which must be contain the
second derivative Cd’i(t)/dr’. However, this task is difficult to implement as the

d?/de operator introduces noise and cannot be used in the control circuit.

Another control difficulty is shown by Fig. 6-2 which plots the open-loop
frequency response of Ay(s)/Au(s) from Eq. (6.2) for the converter paramelers
listed in Table 6-1 of Section 6.6 . Since in high power applications the switching
rates of the valves have to be lowered so as to reduce switching losses, the choice
of L-C resonance frequency is pushed into the low frequency end. In the design
example, there is a resonance peak close to 5th harmonic frequency in Fig. 6-2.

Because of the S5th, 7th and other odd harmonics from the ferromagnetic
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Figure 6-2 Open-loop frequency response of the system showing L-C
resonance.

nonlinearity of the ac voltage source and the switching harmonics from the

converter, the resonance will cause serious low order harmonic distortions on the

ac line currents under steady-state operation condition.

During transients, the oscillations of the L-C resonance will persist unless

there is adequate damping. From Eq. (6.2) the system poles are calculated as:

L R2m2
p,, = -R . jY4LC-RC (6.4)

- 2L 2LC

It can be seen that on the S-plane, the resonance performance corresponds to one
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pair of the low damping poles being located near the imaginary axis, The
damping factor §=RJ/C/2JL is low, as the ratio of R/L is small in most rectifier

systems.

6.4 Control Strategy

To solve the above control difficulties, the Pole Placement control strategy
from the modern control theory [90] is proposed to improve the dynamic
performance characteristics of the circuit. By calculating the controllability of Eq.
(6.2), it is known that the system of Eq. (6.2) is completely controllable for all
possible steady-state operating points. Thus the low damping poles of the system
can be moved to any desired locations by means of state feedback control. As
defined by Eq. (6.3), the state vector 4; (f) in Eq. (6.2) is the "error" between the
ac line current and the ac capacitor voltage and their desired steady-state
waveforms. By using the state-feedback technique, the 4X; (f) can be made
converge to the origin at a faster rate determined by the Placement of the Poles.
When the error 4%;(¢)=0 , the ac line currents and the capacitor voltages are
tracking their desired waveform templates. In maintaining 4% (f)=0 , the
harmonic distortions which arise from the interactions with the L-C resonance

frequency are suppressed, and the converter operates virtually as an Active Filter.

Considering the requirement of the complex calculations in realizing the

Pole Placement control strategy, the decision is made to built a system controller
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based on multi-DSPs (Digital Signal Processors) and parallel processing techniques

in real-time.
6.4.1 Discretization of System Model

In implementing the digital control design, the continuous time system
model of Eq. (6.2) needs to be transformed into the discrete-time system

formulation.

Considering the Zero-Order-Hold Sampling [91,92) of Eq. (6.2) with the
sampling period AT, for the sampling instants t,=kAT (k=1, 2, 3+ denote the

sampling sequence), the state at the next sampling time ¢, , is given by [91,92]:
AX,(4,) = [G) AX,(t) + [H] AUL)

(6.5)
AY(t) = [C] AX,(t)

where 4.X; (t,)=] Aig(ty), vyt Abtp) T, Al]j(tk)z‘d;;:j(tk)! (=a b, o),

o lA14T H,
0 0

3x3

It is assumed that there is a delay between the sampling instants (t,) of the
feedback signal and the time needed to compute the control signal. This
assumption is embedded in:

mAT

H, = elAiU-maT f el ds [B] (6.5-a)

0
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(1-m)AT

Hy= [ e"¥ds(B] (6.5-b)

(M

where maT, (0sm<I), represents the computational delay. Because of this delay
the discretized system model is increased by one order. This is necessary in the
control design when the computational delay has a serious effect on the frequency

bandwidth of the control system.
6.4.2 Pole Placement Feedback Control

Fig. 6-3 shows the block diagram of the detailed closed-loop control as
implemented for phase-a. The inner state feedback loop, which is enclosed by the
dotted line box of "feedback", is used to stabilize the ac L-C resonance circuit and
to improve its transient response. It ensures that the measured values of the ac
line current and the capacitor voltage will track their waveform templates

provided by the dotted line box of "feed-forward".

At the kth sampling instant (t=t,), the ac line current, i,(f), and the
capacitor voltage, v.(t,), are measured, and the state variables 4 X, (t,) are

calculated, using Eq. (6.3). The control input variable S,,(t,) consists of two

components:

S.(6) = i@ + A0 (6.6)

i’;,ao(tk) is computed from the feed-forward loop in order to meet the unity

power factor requirement of the line current i,(¢). The control will be described
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in the next section, Section 6.4.3.

AU (t,) represents the state feedback control based on the Pole Placement

control law:
AT = - (K, K, K 14X,0) + K, v,(8) (6.7)

where, the K, K, and K; are the gains of the state feedback loop which are
designed to move the poles of the system of Eq. (6.5) to the desired positions. It
can be proved that Eq. (6.5) is keeping the complete controllable characteristic
after it has been discretized from Eq. (6.2) with the sampling period 4T=397 us,
which will be used later in the experiments described in Section 6.6, so that one

can apply a pole placement technique. The additional term:

vty = vt ) - 4i () (6.8)

is an integral tracking control loop with the gain K,, which is chosen to minimize
the error between the ac line current, i (), and its waveform template, i ,(t).

This control is necessary when the system model parameters are not accurately

known.

In the control implementation, the gain in the equivalent linear amplifier
;a(t)=AxSpa(t), described in Section 5.3.4, is chosen as A =1, so that the feedback
control signal aU,(t,)=4aU,(¢,). Denoting ¢, by k and [K, K, K;] by K,_;, and
substituting Eqgs. (6.8) and (6.5) into Eq. (6.7), aU,(k+1) ( or AU {t.,) ) can be

solved as:
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AUk+D) = K,[v,(8) - [C1([GTAX, (k) +[H1 AU (K) )]
- K5 ([G1AX,(0) +[H1AU () )
(6.9)
= AU R + K, ;84,(k)

- (K,[C1+K, ;) ([G1AX, (8 + [H] AU ()

Together with Eq. (6.5), the closed-loop system equations for each of the three

phases are:
AX;(k+1) AX (k)
i _ G H 2 +[0}W. (6.10)
AU, (k+1) 0 0 )|AULk) 17
j=a,b,c
where, the state feedback input W; is:
AX. (R AX; (k)
=k | T |=18, 81 (6.11)
! AU, (k) AU, (k)
j=a,b,¢c

and S, = K, ,([11-1G]) - K,IC][G]

S, =1 - K, ,[H] - K,[CI[H]

It can be shown that if Eq. (6.5) is completely controilable, Eq. (6.10) is also
completely controllable. The gain vector K, =-[S, §,] can be solved by applying
Ackermann’s formula [91,92]:

K, =[{0001]c]'P(IG]) (6.12)

where,
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I
0 0
is the system matrix of Eq. (6.10), and P(s) is closed-loop system characteristic

polynomial with desired pole locations, and [C)] is the controllability matrix of Eq.

(6.10). Thus the state feedback gains K, and K _; can be found from Eq. (6.11):

[G1-111  [H]

K =1TK K
[ Kis Ky [CIIG] [CI[H]

5

l—[ooon (6.13)

Therefore,

(K, K, K; K, 1= (K, +[0001]

5

-1
) [ [G]-11 [H] (6.18)
[CIIG] [CI[H]

As the system modeli is completely controllable, in theory it is possible to
assign the desired closed-loop system poles to any position on the Z-plane. The
"deadbeat" control scheme [91,92], which is accomplished by placing all the poles
at the zero of the Z-plane, is the desired way to achieve fast transient response.
However, in practice this may not be realizable because of the "saturation” limits
on the magnitudes of the control inputs. In particular in the SPWM function of
Fig. 5-1 in previous chapter, the modulating signals, S,,,(¢), S,,,(t) and §,,.(f), must
be less than the peak value of the triangular carrier signal S,(t). From the
laboratory experience, the assignment of the poles too close to the zero of the Z-

plane has, in fact, led to instability.

Since the damping factors of poles of Eq. (6.5) are mainly determined by
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the time constant L/R, in the control design, the desired closed-leop system poles
have been chosen by substituting as large as possible the value of the resistance R
into Eq. (6.5), and using corresponding eigenvalues as the idea! closed-loop

system pole positions.
6.4.3 Unity Power Factor Feed-Forward Control

To achieve unity power factor control, the steady-state converter terminal
current, an(ik), has been determined from the steady-state solutions of Eq. (6.1)
when the ac source voltage v,, and the system parameters L and C are known.

This is done in the dotted line box labelled "feed-forward" in Fig. 6-3.

Assuming the a-phase ac supply voltage is:

v (® = v, sin(wt-8,) (6.15)

for unity power factor operation the desired ac line current waveform template is:

o) = i (t)sin(wt,-6) (6.16)

where, 8, is a phase angle and v, is the peak value of ac voltage source. The
quantity, £,(t,), is the instantaneous peak value of the ac 3-phase line current
templates. Substituting Eqgs. (6.15) and (6.16) into Eq. (6.1), for constant value of
f,{t,), the steady-state solution of the capacitor voltage template, v, (1), is given
by:

Vel = (Ve ~Riy, (1)) ) sin(wr, - 6,)

(6.17)
- wLi () cos(wt,~8,)
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Therefore, the steady-state converter terminal current, ;‘w(rk), can be obtained

through the equation:

- . d
:m(tk) =i () - C‘Evm(tk)

(6.18)

]

(1-wLCYi @t sin(wt,-6,)

- wC(vy, ~Ri(t))cos(wt,~8,)

As shown in Fig. 6-3, the current amplitude i,(t,) comes from the current
regulation P-I (Proportional and Integral) control block in the outer feedback
control loop. The function of the outer dc current regulation loop is to null the
error between the dc link current /,(¢) and its reference setting [y, . When this
error appears, it is used to adjust the magnitude of the line current command
i.,(t). Through Eq. (6.18), i,(t,) adjusts Em(tk) in magnitude and in phase angie
so as to make the converter increase or decrease the transmitted power while

preserving unity power factor operation.

In the "feed-forward" control loop of Fig. 6-3, the in-phase and the in-
quadrature references, sin(wt,) and cos(wt,), are from the sinusoidal waveform

generators which are synchronized with the ac voltage sources.

Only the a-phase control implementation is shown. The b and c-phases are
identical except that their in-phase and the in-quadrature references are shifted by

-120° and -240° respectively.
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6.4.4 Frequency Bandwidth

Thz above Pole Placement control design is realizable because the
Dynamic Tri-Logic PWM scheme and the Decoupler Pre-Processor, introduced in
pervious chapter, enable each modulating signal to control its ac phase as a linear
amplifier. However, thz frequency bandwidth of this equivalent linear amplifier
needs to be considered to ensure that the feedback can be implemented

succes. fully.

From the theory of Sinusoidal PWM, it is known that for the modulating
index M<I, the frequency bandwidth of linear amplification in the SPWM strategy
is up to 1/3 of the triangular carrier frequency [61,87]. Therefore, for active
filtering of the low order harmonics in the ac circuits (up to the 7th harmonic in
our design), the lowest triangular carrier frequency used to encode the bi-logic
PWM signals in Fig. 5-1 of Chapter 5 should satisfy with the formula f,2(3x7)f,

Hz (f, is the line frequency).

In the adopted control design philosophy, the circuit L-C resonance
frequency is chosen to be low enough with respect to the PWM triangular carrier
frequency so that it falls within the frequency bandwidth of the equivalent linear
amplifier. Although the L-C resonance frequency interacts with the low order
harmonic sources, the state-feedback control loops can react fast enough so as to

ensure AX;(1)=0. As such the L-C resonance is suppressed.
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Another factor affecting the frequency bandwidth of the feedback control
loop is related to the choice of the sampling frequency and the computational
delays, mat of Egs. (6.5-a) and (6.5-b) [91,92] in the digital controller. In the
digital control, the SPWM strategy is implemented by the "four timer" [93] method
in which the control sampling instants are taken at each of the extremum points
on the SPWM triangular carrier waveform. Thus the sampling frequency is fixed
at twice the triangular carrier frequency. In high power applications where the
switching losses of the valves can be considerable, it is necessary to maintain high
efficiency by reducing the switching frequency. In such situations, one suffers a
loss of control frequency bandwidth. For this reason it is critical that there should
not be any further encroachment on the frequency bandwidth because of the
computational delays. For example, from the experiments it was found that using
the sampling time period as the delay (this corresponds to m=1I in Eqs. (6.5-a)
and (6.5-b)) had led to system instability. Therefore, the control command was
executed as soon as the numerical computations were completed. The
computational delay was: m=0.2 in Egs. (6.5-a) and (6.5-b). The following

methods have been used to minimize the computational delays:

(1) The control feedback algorithm is chosen to minimize the computational
time. By using the system model in the a-b-c¢ frame, one avoids the
calculations of the transformations from the a@-b-c frame to the d-g frame
and the inverse transformations back to the a-b-c frame. Because of the

wye connection on ac side of converter, the feedback controls on only two
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of the ac phases are calculated.

(2) The digital controller is implemented by using fast, parallel Digital Signal
Processors. (see Section 6.5)

(3) Programmable Array Logic (PAL) is used to implement the Tri-Logic

Gating. (see Appendix B).

6.5 Multi-DSP Control

High performance, fast Digital Signal Processors (DSPs)} and parallel
processing techniques provide the system controller with very powerful
computational capabilities, In meeting the requirement to reduce computational
delays so as to obtain a broad frequency bandwidth in the digital feedback control
loop, a real-time multi-DSP controller is employed to implement the control
schematic of Fig. 6-3. Fig. 6-4 shows the hardware design of the multi-DSP

controller.

The Multi-DSP Controller of Fig. 6-4 has been designed and implemented
in the Power Electronics Laboratory of McGill University, and has been used as a
digital controller for PWM converters for a variety of applications [94-96]. As
shown in Fig. 6-4, the Multi-DSP Controller consists of three high-speed DSPs
(Texas Instrurment TMS320C25s) operating independently in parallel. Each of
DSPs has its own local program and data memories, and operates at 40 MHz

clock frequency. The operations of the three DSPs are synchronized by using the
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interrupt signals and a hardware synchronization circuit (which is not shown in
Fig. 6-4). During real-time operation, th= parameters for the calculations and

data are exchanged between the DSPs through a 3-port global memory.

The outputs of the Multi-DSP Controller have to be converted into base
drive signals to activate the valves of the converter which operate under the Tri-
Logic SPWM strategy described in Chapter 5. This is accomplished by the PAL
{Programmable Array Logic) Tri-Logic Gating hardware circuit which is connected
between the current-source PWM converter and the Multi-DSP Controller, It
transforms the Bi-Logic SPWM signals, X,(¢), X,(t) and X_(¢), which are generated
from the Multi-DSP Controller, into the Tri-Logic PWM signals based on Eq.
(5.2). It has also the duty to store temporarily in the memory the Tri-Logic state
sequence and then from its historical context to choose the shoot-through state
(#D, #E or #F of Table 5-3) automatically. This depends on the programmed
logic, which has been designed to fulfil the requirement of state contiguity
embodied in Fig. 5-4 of Section 5.3.3. Its output trigger signals are sent to the
converter valves through the Base Drivers circuit. The design details of the PAL

Tri-Logic Gating circuit are described in Appendix B.

To access the feedback state signals of the new Pole Placement control
strategy o Fig. 6-3, two current transducers and two voltage transducers measure
the instantaneous ac line currents and capacitor voltages of two of wye connected

ac phases. There is an additional current transducer to measure the dc current
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for the outer current regulator loop.

The "Sync" block in Fig. 6-4 is a zero-crossing detection circuit for
measuring the ac source voltage phase angle. Using it as a phase reference, a
software implemented Phase Lock Loop (PLL) produces the in-phase and the in-
quadrature sinusoidal reference waveforms, sin{wt,) and cos(wt,), in the "feed-
forward" control block of Fig. 6-3. The sinusoidal reference waveforms are

synchronized with the ac voltage source.

A Personal Computer (PC) is connected to the Multi-DSP Controller
through a serial communication channel, by which the control program codes can
be down-loaded to each of the DSPs and the control parameters can be modified

and displayed during the real-time control.

In order to shorten the computational delay time m4T in Eq. (6.5), all the
computation tasks to implement the feedback control shown in Fig. 6-3 have been
evenly shared between DSP #2 and DSP #3, and executed in parallel. The DSP
#1 has been mainly used to exchange the control parameters and the converter

status signals with the PC during operation.

The control program of each DSP is divided into several computational
stages in the duration of a sampling period. When all three DSP have completed
the calculation of one stage, they exchange intermediate results through the global

memory, and then continue the calculations of the next stage. The three DSPs
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operate synchronously under the controls of the synchronization circuit which

ensure that the stage-by-stage parallel calculations are kept in step.

The control programs have been written in the assembler language. 16-bit
fixed-point arithmetic operations have been used. The details on the sharing of

the control tasks and the programs by each DSP are described in Appendix C.

6.6 Experimental Results

A I-kVA size laboratory model of the bipolar transistor current-source
PWM converter bridge using the multi-DSP controller, as shown in Fig. 6-4, has
been constructed. Tests have been conducted for the verifications of the proposed
Dynamic Tri-Logic PWM trigger method, the Decoupler Pre-Processor and the

Pole Placement control schemes under the rectifier mode of operation.

The parameters of the current-source PWM rectifier used in the

experiments are shown in Table 6-1. On the dc side, a resistance load is

Table 6-1 Current-Source PWM Converter Parameters.

Converter Bridge Parameters

vi=70 V, .\ wL=2.5 ohm L4.=200 mH

C=30 uF R=0.8 ohm R;.=0.5 ohm
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connected. On the ac side, the circuit L-C resonance frequency is chosen to be

357 Hz which is close to the S5th harmonic.

In the experiment, the software of the "four timer" method [93] is used to
implement the Bi-Logic SPWM function of Fig. 5-1. The number of carrier
triangular is set as 27 per modulating signal period. In the multi-DSP controller,
the sampling frequency is chosen to be twice of the triangular carrier frequency,
60x21x2=2520 Hz (sampling period 4T=397 us). In each sampling period, the

control programs of the three DSPs are executed in parallel through seven

Synchronization signal

A I

DSP #3

R

.2

-

Stage— .

+a
Sl

~——— Control output delay, 68.5 us

- Control step, 397 us -

7/////////% Active Computing State

Figure 6-5  Active parallel computing times of the DSPs in each sampling

period. (See Table 6-2 for details.)
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Table 6-2  Length of active computing time for the DSPs.

Stages 1 2 3 4 5 6 7

DSP #2 103us 70w 50upus 66pus 81ps 100us 40 ps

DSP #3 146 us 192pus 90ps 44pus 35ups 65us 30ups

calculation stages. The active computing times executed in experiments are
shown in Fig. 6-5 and Table 6-2. The first row of pulse waveform in Fig. 6-5 is
the synchronization signal which controls the beginning of each parallel
calculation stages. It is seen that the control computational deiay time

mAaT<0.2xAT is achieved.

6.6.1 Active Filtering Test

Fig.6-6 shows the steady-state operating waveforms of: (a) the ac line
current, (b) the capacitor voltage and (c) the terminal PWM pulse current in the
current-source PWM converter without the Pole Placement state feedback control.
This corresponds to the case of the control variable aU,(t,)=0 in Eq. (6.6).
Typically the ac voltage source in the Power Electronics laboratory of McGill
University contains the 3rd and the Sth harmonic. They cause the severe 5th

harmonic distortions in the ac line current and the capacitor voltage waveforms
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(a)

(b)

(©

Figure 6-6  Waveforms without Pole Placement state feedback control:

(a) ac line current, 5 A4,,; (b) capacitor voltage, 67 V,,; (c)
converter terminal pulse current, if).

( dc line current {,,=10 A, and load R, +R,,,,=9 olm )

because in this study the L-C resonance frequency has been chosen to be close to

the Sth harmonic.

For comparison, Fig, 6-7 shows the same waveforms of the current-source
PWM converter with the Pole Placement state feedback control under the same
test condition. The state feedback gains shown in "feedback" block of Fig. 6-3,

have been chosen as K, =-0.8289, K,=0.0459, K;=0.3876 and K,=0.0. These gains
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assign the desired closed-loop system pole positions to be the same as the
eigenvalues of Eq. (6.5) for a time constant of 7=0.332 ms (which corresponds to
a equivalent system in which the line resistance has been increased to R=20
ohm). From Fig. 6-7, it is seen that the ac line current and the capacitor voltage
are free of the lower order harmonics of Fig. 6-6, as they have been removed by

the Pole Placement state feedback control.

(a)

(b)

(c)

Figure 6-7 Waveforms with Pole Placement state feedback control:
(a) ac line current, 5 4,,; (b) capacitcr voltage, 67 V,,.; (¢)
converter terminal pulse current, i,(t).

( dc line current [,,=70 A, and load R, +R,,,=9 okm )
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6.6.2 Transient Test

Fig. 6-8 shows the oscillogram of: (a) the ac line current, (b) the capacitor
voltage and (c) the dc link current, when the converter dc link current reference,
Igere » has a step change from 8 A to 11 A. The dc link current regulator

proportional gain K, ,=0.19 and integral gain K;,=0.02. As can be seen, the

(a)

(b)

()

Figure 6-8 Transient response of a step change in the dc link current
reference when the Pole Placement state feedback control
method is used:

(2) ac line current, from 3.4 A, to 6.4 A4,,; (b) capacitor
voitage; (c) dc link current, from 8 A to /1 A.

( dc resistance load R, +R,,.,=9 ohm )
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transient response is fast and the unity power factor ac line current is a good sine

Wave,

6.7 Summary

The incentive for the research of Chapter 5 and the present chapter has
been to bring to the perfection the 3-phase, 6-valve, current-source type PWM
converter suitable for all power conditioning applications. The research has
focused on a specific application. This is a high quality rectifier which is capable
of: (i) generating almost sinusoidal current waveforms under unity power factor,

(ii) actively filtering the ac line harmonics, and (iii) regulating the dc current.

The main difficulties have been identified in Chapter 5. The new control
strategy: the Dynamic Tri-Logic Sinusoidal PWM method with the Decoupler Pre-
Processor control scheme, has been proposed, analyzed and described in Chapter
5. This chapter has described the Pole Placement state feedback control which
has been implemented by a high performance multi-DSP real-time controller.
The predictions of its performance have been verified experimentally in a I-kVA4

laboratory converter.

The investigations of Chapter 5 and the present chapter allow the following

conclusions to be made:

(1)  The high quality, unity power factor, 6-valve, 3-phase, current-source type,
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(3)

PWM rectifier can be controlled entirely by software algorithm
implemented by multi-DSPs. The key to the success consisis of achieving a
sufficiently broad frequency bandwidth channel to convey the control
feedback information. This requires: (i) the use of high-speed DSPs to
execute the algorithm concurrently to minimize the computational delay
time in the real-time control, (ii} the use of a sufficiently high triangular

carrier frequency in the SPWM strategy.

The research has proposed and proven a new control design based on
applying the Pole Placement state feedback technique to the inner ac line
current control loop in each of the ac phases. The new design succeeds in:
(i) improving the time response, (ii) actively filtering out the line

harmonics.

Pivotal to the success is the Dynamic Tri-Logic SPWM method and the
Decoupler Pre-Processor which can be used in all 6-valve, 3-phase, current-
source converter bridges. The ability of the PWM strategy to operate as a
linear amplifier with respect to the control inputs is an important asset.
This is because the current-source type of PWM converters are increasingly
called upon to fulfil the duties of filtering, stabilization and dynamic

performance enhancement.

Essentially, all the difficulties of the current-source PWM converter have

been identified and removed.
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SEVEN

CONCLUSIONS

This thesis has contributed to the advances of the Pulse Width Modulation
techniques as applied to Power Electronics. At every step, the advances have
been proven, initially by digital computer simulations, then by analysis, and finally
by laboratory experiments. The conclusions are reported here under the following

headings:

1. Advances in Pulse Width Modulation Theory,
2. Advances in Engineering Applications,
3. Advances in the Implementation of Pulse Width Modulation

Techniques.

133
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7.1 Advances in Pulse Width Modulation Theory

7.1.1 Two-Level or Bi-Logic PWM (Part I: Chapters 2, 3 and 4)

The Two-Level or Bi-Logic PWM has existed for several decades and

because of its mature state of development, there is little rcom for contributions.

L. Nevertheless, Part I of the thesis has uncovered the last frontier — Phase
Angle Control. This completes the three control attributes of the
sinusoidal waveform in PWM: the original two attributes being, Amplitude

Control and Frequency Control.

2. Phase Angle Control and Frequency Control are not completely
independent. If the feedback signal to the Phase Angle Controller is
considered to be Proportional feedback, then the same signal to the

Frequency Controller is the Integral feedback.

3. Using the Phase Angle and the Frequency Controls, the PWM converter
can be synchronized to another system (such as the electric power utility
system which has a rominal frequency of 50 Hz or 60 Hz) through phase
lock principies. Depending on the feedback error, the Phase Lock Loop
(PLL) enables the PWM converter to fulfil regulatory functions. The two
regulatory functions, demonstrated experimentally in the research of this
thesis, are:

(i) dc voltage regulation,
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(i)  dc power regulation.
In the electric power utility system, the Phase Angle and Frequency
Controls affect the real power transmission whereas the Amplitude Control

affects the reactive power.

7.1.2 Three-Level or Tri-Logic PWM (Part II: Chapters 5 and 6)

The contributions to the Three-Level or Tri-Logic PWM are extensive

because it has only been recently recognized that the Current-Source, 6-Valve, 3-

Phase PWM Bridge Converter must operate under Tri-Logic PWM.

3.

A definitive method of generating Tri-Logic PWM from Bi-Logic PWM by
the linear transformation of Eq. (5.2) in Chapter 5 is proposed and proven

by the truth table of Table 5-2.

Since the Tri-Logic PWM signals are generated by a linear transformation,
then the preferred Bi-Logic PWM signals are those which have linear
output-to-input relationship with respect to the modulating signals. An
example of such a class of Bi-Logic PWM is the Sinusoidal PWM, in which
the local averages of the Two-Level output pulse signals are the linearly
amplified modulating signals. Thus the Tri-Logic PWM signals are also

linear transformations of the modulating signals.

Using the Decoupler Pre-Processing Stage (Section 5.3.5), it is possible to

compensate for the non-diagonal linear transformation equaticn of Eq.
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(5.2), so that the loccal average of the Tri-Logic PWM signal of any of the
three phases is linearly proportional to the modulating signal for that
phase. The outputs and inputs of the three phases are decoupled.
Essentially, the Tri-Logic PWM converter becomes three independent
linear amplifiers (constant gain, without phase shift), one amplifier for each

of the three phases.

8. All the linear properties of the Bi-Logic Sinusoidal PWM are conferred to
the Tri-Logic PWM. For example, the ability to control (i) the Amplitude,
(ii) the Frequency and (iii) the Phase Angle of the fundamental Fourier
Component in the Bi-Logic PWM is also built into the Tri-Logic PWM.
The linear amplifier property includes a broad frequency bandwidth
channel (about 1/3 of the triangular carrier frequency) to convey non-
sinusoidal signal transmission. The broad frequency bandwidth is necessary

fer the implementation of feedback and active filtering functions.

9. The linear transformation of Eq. 5.2 includes the switching harmonics. As
the carrier and sideband harmonics of the Bi-Logic SPWM are known, the
carriers and sideband harmonics of the Tri-Logic PWM are predictable, as

shown in Fig. 5-5.

7.2 Advances in Engineering Applications

The applications chosen for the Bi-Logic PWM and the Tri-Logic PWM
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are respectively the High Voltage Direct Current Transmission System and the

Current-Source PWM Rectifier.

7.2.1

ko

HVDC Transmissio: System (Part I: Chapters 2, 3 and 4)

The conceptual study in Chap?er 2 shows that the Voltage-Source PWM
converter has performance characteristics which are superior to those of
the existing line-commutated converters presently used in HVDC
‘fransmission System. The ability to connect the dc sides of the converter
stations directly in parallel, in the face of power reversals, is particularly
attractive in multi-terminal application. The existing line-commutated
HVDC system requires mechanical reversing switches for power reversals

in muliti-terminal connections.

The concepts are proven to be correct in Chapter 3 in tests using I-KVA
size converter modules. Of special interest, is the successful reversal of
power in the multi-terminal connection while using local control in the
individual converter station. The existing HVDC multi-terminal
connections require centralized controls with remote communication links
to the geographically separated stations.

The parametric studies of component sizes of the voltage-source PWM
stations in Chapter 4 demonstrate that they are within the "ball-park”

figures of the line-commutated HVDC stations.
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7.2.1.1 General Conclusion

The laboratory and the feasibility studies have shown that the concept of
the Voltage-Source PWM-HVDC Transmission System is sound and merits

follow-up, in-depth studies.
7.2.2 Current-Source PWM Rectifier (Part II: Chapters 5 and 6)

4, A stand-alone, 3-phase, 6-valve, current-source, PWM Rectifier has been
built. Tests show that the demanding performance characteristics are all
mei:

(i) Regulated dc link current,

(if) Unity power factor operation,

(iii)) Near sinusoidal ac current,

(iv) Active Filtering to remove ac source harmonics,

(v) fast response.

7.3 Advances In The Implémentation of Pulse Width Modulation
Techniques

The advances in the theory and the applications of Pulse Width
Modulation techniques have been possible because of the advances in the
methods of implementation: in hardware and in software, in analogue and in

digital forms.
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7.3.1 Phase Lock Loop Control (Part I: Chapters 2, 3 and 4)

Figs. A-2 and A-3 in Appendix A constitute a proven design of the Phase
Lock Loop Control of the Voltage-Source Type Force-Commutated Converter
Station. In the experimental results in Chapter 3, the same Phase Lock Loop
Control has been used to make the Converter station into a DC Voltage
Regulator and then as a Power Dispatcher simply by changing the feedback

signals from Fig. 2-9 to Fig. 2-10.

To emphasize its versatility, in Ref. [86] the same controller is used to

make the converter into a Static VAR Controller.
7.3.1.1 Real Power Controlled by Phase Lock Loop

Through the Phase Lock Loop Control, the PWM converter is
synchronized to the nominal standard frequency of the electric utility system. The
real power is controlled by the phase angle (which has the status of the
proportional channel in feedback) and the frequency (which has the status of the
integral channel in feedback). The reactive power is controiled through the
amplitude of the PWM modulating signal.

7.3.2 Multi-DSP Controlled Current-Source PWM Rectifier
(Part II: Chapters 5 and 6)

In Part I, the hardware implementation is hybrid: a mixture of analogue

and digital methods. In the control of the current-source PWM converter in Pari
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II, the objective is to realize an entirely digital controller based on a muiti-DSP
platform and PAL (Programmable Array Logic) circuit. The multi-DSP platform
has been designed and constructed by a fellow Ph.D. candidate, Ms. Y. Guo [94-
96]. The feedforward, the feedback and regulatory controls of Chapter 6 are

realized by software programs (Appendix C) executed in real-time.
7.3.2.1 Frequency Bandwidth and Computational Delays

A very important conclusion of this research is the necessity to reduce
computational delays by parallel processing so as to secure sufficient frequency
bandwidth in the PWM controller to impiement the Pole-Placement strategies.
Laboratory experience shows that without the frequency bandwidth, the stability

and the active filtering cannot be achieved.
7.3.2.2 Implementation of Dynamic Tri-Logic PWM

A very important contribution to reducing the computational delays is the
use of Programmable Array Logic (PAL). The design of the PAL Gating Logic
Circuit is shown in Fig. B-3 in Appendix B. The program lists of PAL chip
designs are in Tables B-1 to B-6 of Appendix B. The PAL circuits implement the

Tri-Logic SPWM described in Chapter 5.
7.3.2.3 Innovative Feedback Method

Another contribution to reducing the computational delay is the Innovative
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Seedback Method in which the ac side equations remain in the a-b-c¢ frame, thus

avoiding the steps of transformations to the o-d-q frame and back.

The Innovative Feedback Method achieves Active Filtering from the Pole-
Placement strategy which is originally intended for fast time response

characteristics,

74 Suggestions For Future Work

The Bi-Logic PWM has an extensive literature and future advance in the
theory is the range of diminishing returns. The Tri-Logic PWM is still in its
infancy and there is scope for important contributions, especially in the Dynamic

Type.

This thesis has opened up the application of PWM techniques in the utility
environment. Because of switching losses, future research should concentrate on
the lowest possible switching frequencies of the PWM technique. Beside HVDC,
the future work will be on Static VAR Compensators (Shunt and Series Types),

Phase Shifters, Power Conditioners for Storage Systems.



APPENDIX

A

. IMPLEMENTATION OF
VYOLTAGE-SOURCE PWM CONVERTER

Al Introduction

The experimental work, in the research of the PWM-HVDC transmission
system of Chapters 2-4, has been successfully carried out by using two 1-kVA size
bipolar transistor converter bridges to present two PWM-HVDC stations. The
converter bridges have been built in our power electronics laboratory. A detail

description of each converter can be found in Appendix—B of Ref.[89].

For demonstrating and verifying the concepts of the PWM-HVDC
transmission system, .a new design of thé phése lock loop controller, described in
Chapter 2, has been implemented. By configuring the feedback controls the
converter is made to operate either as a DC Voltage Regulator (VR) or as a

Power Dispatcher (DISP). A brief description of the hardware design and

142
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practical implementation of this controller is given here. Figs. A-1, A-2 and A-3

show the circuit diagrams of the controller in detail.
A.2 Sinusoidal Modulating Signal

In the design, the 3-phase Sinusoidal PWM modulating signals, Vin-4, Vin-
B and Vm-C as shown in Fig. A-1, are generated using the so-call "EPROM"
method. Each of the 3-phase sinusoidal waveform templates in one complete
period is sampled equally by 2°=512 points. The samples are then digitized (8-bit
resolution) and stored in three EPROMSs (2764s), one for each phase. When the
EPROMs are addressed by a 9-bit number (40-48), the outputs from the
EPROMs are converted into 3-phase analog sinusoidal waveforms, Vm-A4, Vin-B
and Vm-C, through the D-t0-A converting circuits (consisting of the MC1408s and
LM747s, shown in Fig. A-1). In the experiments, the amplitudes of the analog
modulating signals are kept as constants which correspond to the modulating
index M=0.8. The frequency of the modulating signals is determined by the rate
at which the 9-bit address counter is increased by the VCO (voltage controlled

oscillator),
A3 The PLL Control

The PLL (phase lock loop) control, with the switch S turned to the position
of I shown in Fig. A-2, is used to synchronize the output modulating signals, V-
A, Vm-B and Vm-C, to the utility ac line voltages prior to the closing the circuit

breaker. The utility has the nominal frequency of the 60 or 50 Az standards and
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the autonomous frequency of the converter bridge has to be synchronized to the
utility frequency. The chip CD4046 in Fig. A-2 plays a key role in the PLL
control, which consists of a phase comparator and a VCO (voltage controlled
oscillator). The output pulse signal from the VCO (VCOUT pin) is used as the
clock of a 12-bit binary counter (74LS161s) shown in Fig. A-3. The most
significant 9 bits of the counter (¥3-Y1I) are chosen to address the EPROMs. In
order to obtain the 60 Hz sine-wave output, the central frequency of the VCO is
set at fo=60x2"2=245760 Hz by choosing the values of RI, R2 and CX under the
condition that the VCO input voltage VCOIN=0.5Vdd=2.5 V. The 25 V can be
obtained by adjusting the potentiometer Rf. The phase angle of the ac source
voltage is measured using a Zero-Crossing Detector circuit (consisting of a second-
order filter and two comparators, LM318 and LM319). The output phase signal,
SP, with the duty ratio of 1:1, is sent into the phase comparator on the chip
CD4046 through the pin SIN, and compared with the MSB bit of the counter,
Y1i. The phase error, PE, between signals of SP and Y11 is obtained by filtering
the harmonics and removing the dc offset components contained in the output of
phase comparator, PI, through a R-C low-Pass (LP) filter and an adder circuit.
The error signal PE is used as « negative feedback signal, 4w, to adjust the VCO

output frequency so as to vary the cycling rate of the counter to null the error of

PE.

A phase angle control channel is inserted into the PLL control as shown in

Fig. A-3. The analog phase angle control signal, 4§, is firstly digitalized into a 8-
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bit binary number (X0-X7) through an A-fo-D converter (ADC0804), then added
onto the number contained in the address by a 9-bit binary adder circuit (74LS83s
and 74LS8373), so that the EPROM address (40-48) is equal to (Y3-Y11)+(X0-
X7X7). Thus an instantaneous change in the phase angle of modulating signal
can be implemented. The phase angle control channel is effectively a
proportional feedback channel because the modulating signal phase shift is
proportional to the control signal 46. Normally, during the procedure of closing

circuit breaker, the 46 is adjusted as zero as the converter is not loaded.
A4 The VR/DISP Control

By turning the switch § to the position of 2 after the converter circuit
breaker has been closed, the converter operates as either a voltage regulator (VR)
or a power dispatcher (DISP). In the case of VR, the dc link voltage is measured
using a Hall Effect (LEM) sensor circuit (with the frequency bandwidth 0-100
kHz) shown in Fig. A-2. The error signal, ER, between Vdc and its reference
setting is obtained from the feedback comparator, then amplified and fed to the
VCO and the phase angle control circuits respectively to adjust the control signals
A and the 45, For the case of DISP, the only change needed is the feedback
signal, which is now the signal Idc, whose Hall Effect (LEM) feedback sensor

circuit is shown in Fig. A-2 also.

All of the control circuiis shown in Figs, A-1, A-2 and A-3 have been built

on breadboards.
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B

IMPLEMENTATION OF
DYNAMIC TRI-LOGIC PWM CONTROL

B.1 Introduction

Fig. B-1 shows a photograph of the experimental set-up of a multi-DSP
controlled, I-KVA size of 3-phase, 6-valve, current-source PWM converter system,
which has been implemented for demonstrating and verifying the concepts
described in Chapters 5 and 6. The main converter, shown by the arrow A, has
been inherited from previous researches {69-72] in our laboratory, fere, it has
been reconnected into a 3-phase, 6-valve, current-source PWM converter bridge.
A multi-DSP controller [94-96] and a PC XT'c-oﬁ_lputer have been employed to
perform all the feedback control tasks described in Chapter 6. The controller
consists of three high speed Texas Instrument TMS320C25 DSPs and execute the

feedback calculations in parallel. The control programs are compiled and then
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Figure B-1  Experimental set-up of the multi-DSP controlled 3-phase, current-
source PWM converter system.
A) I-KVA size of bipolar transistor PWM converter bridge, B) PAL
Gating Logic and A/D converter circuit boards, C) Data
transmission cable, D) Multi-DSP controller board, E) PC-XT

computer, F) inductor and capacitor boxes.

the machine codes are download to each DSP by using the PC XT computer. A
new PAL Gating Logic circuit and a four channel A/D Converter circuit have
been built and installed onto the converter, shown by the arrow B, to perform the
functions or the Bi/Tri-Logic SPWM Translation (Section 5.3.2 of Chpater 5) and

the feedback signal sampling. The data are transmitted between the muiti-DSP
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controller and the PAL circuits through a parallel cable shown by the arrow C.

B.2 Converter Bridge Circuit

Fig. B-2 shows the main converter bridge circuit of the 3-phase, 6-valve
Currcat-source PWM converter. A detail description for each of the six switch
units can be found in Ref.[72] (the component parameters in the Base Drive
circuit have been modified here to improve the switching speed). A dc snubber
circuit, éonsisting of R,, C, and D,, is connected across the dc terminals for
protection against L[, /dt voltage. As mentioned in Chapter 5, because of the
ac capacitors, a reverse biased capacitor voltage can appear directly across on a
valve which is receiving a turning ON signal. This valve will be remain turned
OFF until the reverse biased voltage is removed by the proper turning OFF of
other valve. Du:ing this transient period both valves are OFF and the dc snubber
circuit provides the dc link current with an alternate path so as to eliminate the
large inductive voltage across the dc line inductance which can damage the switch

device.

B.3 PAL Gating Logic Circuit

Fig. B-3 shows the circuit of PAL Gating Logic circuit. It receives the 3-
phase Bi-Logic SPWM signals, S-abc (or X, , X, and X, in Fig. 5-1), from the

multi-DSP controller and translates them into the Tri-Logic SPWM signals
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through the PAL chips UI-U4. The output Tri-Logic SPWM triggering signals are

finally sent to each valve through the PAL chips U5-U6.

B.3.1 Bi/Tri-Logic Translation Circuit Programming

Table B-1 is the program list of the design for chip U/I. Its function is to
sample the Bi-Logic SPWM input signals S-abc at each rising edge of the circuit
clock, and then output the signal EQ to indicate that a change has occurred in the
signals S-abc.

Table B-2 shows the program list of the design for chip 2. Its function is
to eliminate very narrow triggering pulses in the signals S-abc so as to protect the
valve from unnecessary fast switching and from the effects of the noise in the
signals S-abe. The data of D1-D6 specify the width setting for the narrow pulse
elimination.

The chip U3 plays the function of The Bi/Tri-logic SPWM Translation and
the U4 determines the shoot-through signals based on the methods described in
Section 5.3.3 of Chapter 5. The details of the designs for chips U3 and U4 are

listed in Table B-3 and B-4, respectively.

B.J3.2 Triggering Logic Circuit Programming

In Fig. B-3, chips U5 and U6 produce the trigger signal for one of the six
valves of the converter bridge. The triggering logic circuits for the other five

valves are exactly identical. The chip U6 adds a short delay time to the turning



n
i
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OFF edge of the triggering signal. Thus there is a short overlap time druing
which both valves are ON as one valve is receiving the turning ON signal and
other is being turned OFF. The object is to shorten the switching transent, The
chip U5 controls the width of this short overlap by choosing the date of OI-06.

The output trigger signal at the terminals OPA and OPC is used directly to
drive the optocoupler in the Base Drive circuit of valve (which is not shown in
Fig. B-2).

All of the PAL circuit designs in Fig. B-3 are implemented by using the
specialized chip GAL16V8-25ns [97], which can be programmed to assume

different function by using ‘OrCAD/PLD’ [98] as the CAD tools. The design has

Figure B-4 The PAL Gating Logic circuit Implementation Using The

Speedwire board.
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been tested on a speedwire circuit board as shown in Fig. B-4. Table B-1 to B-6

show the logic designs

Table B-1 The Program List of PAL Chip #1 Design.

- FAARAAANARASAGANAANAS

* CHIP NAME  : PAL-#1 ' .

*FUNCTION  :laich the bi-logic SPWM Input signals .
B

LYY ey .

PALIERPE indate, sbin, scin,
out: (san, sbn, sen, sann, sbon, scnn, eg),
clogcic clk

aclive-high: "all*

|

|

|

i

|

1

| san = sain

| sbn scn = scin

| sant = san

| =bnn = sbn

| senn = sen

| 8q = (san' & sbn' & scn’ & sann' & sban’ & senn'’}

| # {san' & sbn' & scn & sana’ & sbnn' & scnn )
| # {san’ & sbn & 3cn’ & sann’ & sbnn & senn’)
| # {san’ & sbn & scn & sann” & sbnn & scnn)
| # {san & sbn' & scn' &sann & sbnn' & scnn'} |
| # [san & sb” & scn & sanr osbnan' & senn)
| # [3an & sbn & sen’ & sann o abnn & scan)
| # [san & sba & scn & sann &sbnn &acnn)

Table B-2 The Program List of PAL Chip #2 Design.

FTTTTTTrem . . .
* CHIP NAME  : PAL-#2 *
* FUNCTION : counting the width of Input pules .

|PAL1BRPS in: (g, d[8~1], reset),
| out! [q{8~1], #rf2~1]),
| clock: clk

|

[ aciive-high: “ai®

[

| procedure: raset, ttr{2~1}

| { states:  state1 = OOb,

state2 = 01b,

siated =« 10b

statel, eq? -> stale2
«> stalel
siate2, g7 -> stalel
oq & g[8~1] = =07 -> stated
»> slated
slaled. eq'? -> state)
-> slatad |}
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gl = ({g1" &Mf2=1]=~ =18 eg)
# (dY & Mr[2~1]= =0 ¢ tr[2=1) = =2 # 8]} & reset’

g2 = {{ifa1 &.q2) # (q1' & Q) & t[2~1)~ =1 & eg)
PodZ & Mi{2=1]= =0 # M[2~1]= =2 # 2q]} & reset’

g3 = ({{qla~1]~=0 # Q[3~1)+ =7 # g[3~1]= =6 # G[I=1]w =5) & W[I~1]= u1 & og)
# (d3E& MI[2~1)==0 # ti{2=1]= =2 # eq]}) & reset’

a4 = ({{g{d~1]w =0 # (q[4~1]/ =8 & 4]} & tr[2~1]= =1 & eq)
Fo(d4 & (tr[2~1]= =0 # fi{2=~1]= =2 F eq))) & resat’

g5 = [{[q{5~1]==0 # [g[5~1)/ =16 & g5}) & ttr[2~1] « =1 & eq)
f (d5 & {Br[2~1]= =0 # fr[2~1] = =2 # &q7))) & reset’

q8 = ({g[8~1]/«32 4 qa & tr[2=~1]==1 & eq}
# (dOE QU[2~1]= =0 # t{2~1]= =2 # o)) & reset'

Table B-3 The Program List of PAL Chip #3 Design.

hdAnpsdnddanassaadasun LL1]

* CHIF NAME  : PAL-#3 (version 3} "
* FUNCTICN : bl-logie to tri-logie transformation .
LLLLL] aanasan [T} ARANASERABARRA RN AARRARNA R iR Rl AR

|PAL16APS In: [sa, sb, 3¢, clkin, hoid, sasht, sbaht, scshi),
lo; {clkinv, sarmaj),

oul: gl@-1},

clock: clk

active-low: hold
registors: q{8~1]
samo = {sa & sb & sc) # (3a' & sb" & s¢7)
qf = {(sa &b & hold)
# (same & sasht & sbaht' & acsht’ & hold?
# (same & sasht’ & shah' & scaht’ & g8 & hold'}
# {samo B sashl & sbaht & qB & hold)
# [same & sasht & scsht 8.8 & hold"
¥ [same & sbah! & scahbt & g8 & held’)
¢ same & g8 &gl &qd'& qd &g &qQ1 &held)
# (a6 & halg)
45 =~ (3a° & s & hold]
# [same & sashi & sbsht' & scsht’ & hold)
¢ sama & sasht’' & sbsht’ & scaht' & q8 & hold)
f scma & sasht 8 shshl & gf & hold)
# (same & sasht & seshl 848 & hold)
¢ (same & sbsht & sesht & g8 & hold')
#{same & g8 &q5 & g4 & q3 &g &gt & hold)
# {95 & hold)
4 « (sb & s¢' & hold))
# [same & sasht’ & sbsht & scaht’ & hold)
# [same & sasht” & sbaht' & scshi' & g4 & hold')
# (same 8 sasht & absht & g4 & held')
# (same & sasht B scshl & qé4 & hold)
# (same & sbsht & scsht & q4 & hold)
#(samo & q8' & g5 & q4 & 43 &G2 A qt* & hold)
# (94 & hold)
3 = (50" & & hold)
¢ [same & yaaht’ & sbahi & scsht’ & hold)
# (same & sasht’ & sbshl' & scsht’ & q4 & hokd’)
? (same & sasht & sbsht & g4 & hold?)
# (same & sasht & scaht B qd4 & hold)
¢ {same & sbaht & scaht & g4 & hold)
4 {same & q8' L q5' & qd & qd & Q' & qt' & held)
# {q3 & hold)
2 = (3¢ & sa’” & hoid'}
# (sama & sasht’ & shsht’ & sesht & held}
¢ (same & sashl’ & sbshi’ & scshi’ & Q2 & hold?)
¢ (same & sasht & sbsht & q2 & hold)
# {same & sasht & seshi & g2 & holr?
# (same & sbsht & sesht B g2 & hold)

|
|
I
I
|
|
|
|
|
|
[
i
|
1
|
I
i
|
{
|
|
!
f
|
|
|
|
[
|
|
{
1
|
|
|
|
|
|
|
|
19
|

|

|

|

|
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g

o'

8

|
|
|
|
|
I
|
|
|
1
I

a

# [same & q8' 4 g5 & q4° & g} & Q2 & ql & hold)
4 (q2 & hold)

« {sc' & 3a & hold'}

# (same & sashi’ & sbsht' & sesht & hold)

# |same & sasht’ & sbsht' & sesht' & q2 & hoid’)

# [same & sasht & sbshi & q2 & hold))

# (sams & aasht & sesht B g2 & hold)

# (sama & absht & scaht & q2 & haold')

#(sama g8 & g8 8 qd 8 qd'&qg2 &ql &hold)
# (31 & hoid)

clkiny = 177 elln’

Table B-4 The Program List of PAL Chip #4 Design.

oy ahes

* CHIP NAME  ; PAL-#4

* FUNCTION

: store previous bl-legle Input 3ignals, produce shoot-through signal

[PAL16RPS In: (sann, sban, senn, held),

out! {squ, sa’st, sbfat, scfst, sasht, sbaht, sesht),
clock: clk

1
| active-low: held

| equ = (sann’ & sbnn' & senn' & hold')

|
|
!
|
|
I
;
|
|
|
i
|
!
|
|
|
|
|
|
i
|
|
|
|
|
|
|
|
|
|
|
I

# (sann & sbnn & scnn & hold?}
# lequ & hold)

safst = {sann & equ & hold’}

+ (salst & equ’ & hold')
# [safst & hald)

abfs! » (sbnn & equ & holg!)

# (sbfst & aqu’ & hold'}
# (sbfst & held)

scist = (senn & equ & hold?

# (scist & equ’ & hoid')
# (sctst & hold)

sasht = (sann & sban' B scnn & safst & sbfst” & acfst & equ' & haid)

# {sann & 3bnn' & scnn & safat & shist' & scist’ & equ’ & hold)
# {sann & sbnn' & scnn' & safst & sbist’ & scist & equ’ & hold’)
# [sann’ & abnn & scnn' & safst’ & abfat & scist’ & equ’ & hald')
# (sann' & sbrn & scnn & safst' & sbist & acfst’ & equ’ & hold’)
¢ (sann’ & sbnn & scnn' & safst’ & sbfsl & actst & equ’ & hold)

# [sasht & {(sann & 3bnn & scnn) # (sann’ & sbnn' & scon’) # equ # hold))

sbsht = (sann & sbnn & scnn’ & safst & abist & scist' & equ’ & hold')

# [sann & sbnn & scnn' & safst' & shist & scist’ & equ’ & hold)
# (sann’ & abnn & senn’ & safst & abfst & sctat’ & equ’ & hald)
# (sann' &oabnn' & scnn & safst’ B sbist' & scfst & equ’ & held)
# {sann & sbnn’ & scnn & safst’ & sbist' & scfst & equ® & hold’)
# {sann' & sbnn' & senn & safst & sbist’ & scfat & equ’ & hold')

# (sbsht & {[sann & sbnn & scnn) # {sann’ & sbnn' & senn’) # equ # hold))
scsht = (sann & sban' & scnn' & safsi B sbist® & scist’ & equ’ & hold’)

# (sann & sbnn & scnn’ & safst & sbist’ & scfat’ & equ’ & hold)
# [sann & shnn' & acnn' & safst & sbist & scfst’ & equ’ & hold’)
# (sann' & sbnn & senn & safst’ & sbist & scfst & equ’ & hold)
# [sann’ & sbnn & acnn & safst’ & sbfst’ & schst & equ’ & hold}
# {sann’ & sbnn' & scnn & safst’ & sbist & schal & equ’ & hold')

# {scaht & ({sann & sbnn & scnn) # (sann’ & sbnn’ & scnn’] # aqu # hoid))
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Table B-5 The Program List of PAL Chip #5 Design.

P S e Ty Yy T e L T T S LT T Y )

“CHIP NAME  : PAL-#5 .
* FUNCTION : 6 bils own counter used with PAL-#8 to count the averlap width .
hpppag [T17] -

|PAL16RPE In: (load, hold, d[B~1}},
to:er,
out: q[B8~1],
clock: zlk

active-low: load

|

|

|

|

|

|

| g1 = (1" & load" & keidy

| # (1 & load’ & hold)

| # (1 & load)

] a2 = ({{a1 & q2) # {q1" & q27) & load’ & hold})

| ¥ (q2 & load’ & hold)

| #(d2 & load)

] g3 = {{q[3~1]= =0 # q{3~1]=«7 # q[3~1)= =6 # g[3~1] = =5) & load" & hold)
| # (g3 & load’ & hald)

| # (43 & load)

) a4 = {{a[4=1]- =0 # (q[4~1)/ =8 & q4)} & load" & held)
| # (a4 & load' & hold)

| # (d4 & load)

| g5 » ([g[8~1]= =0 # {q[5-1]/ =18 & gq5}) & load' & hold)
| # (a5 & load" & ko)

| # (a5 & load)

| a8 = {q[8~1]/=32 & qf & load' & hold’}

; 4 {qB & load' & hoki)

| #{dB&iocad)

|

!

or = 177 gl@~-1]= w0

Table B-6 The Program List of PAL Chip #6 Design.

* CHIP NAME ! PAL-#6 *
* FUNCTICN : add a overlag L i8lling edge *

|PAL16RPS In: (s, cr, reset},
out: {gf2~1), held, i, s9),
clocks clk

aciive-fow: 33
register: qf2~ 1], hold, (di, s3
precadure: e, [2~1]
| o.uzel  slatal = Q,
| sate2 = 3,
slated = 2

statel, sa=Q

hold = 1

ldl=0

sa? > slate?

-> stalel
stale2, sa=i

hold = 1

tdi=0

3a'? -> stated

«> siate2
slated, sawi

hold =0

Idi=1

< > stalel

<> gtaled  }
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B4 A/D Converter Circuit

A four-channel A/D converter circuit has been built. The design is shown
in Fig. B-5. The device PCM-78P is a serial output type A/D converter with the
conversion time of 6.2 ps under 6 MHz operating clock frequency. After receiving
a "start" signal from the multi-DSP controller, the four channel input signals are
sampled simultaneously and held by four S/H devices SHC-5320s. Then the four
sampled signals are sent to the A/D converter sequentially through the
multiplexer 4052, The four digital output data froiu:: the A/D are transmitted to
the DSP #3 through a serial port. The whole A/D conversion procedure is
controlled by the PAL control circuit consisting of the chips PAL-ADC-#1 and
#2. A time of 33 us is needed for a complete conversion cycle. Fig. B-6 shows
the implementation of the circuit. Tables B-7 and B-8 list the prograins of the

PAL control circuit designs.

B.S Voltage Sensor Circuit

The broad bandwidth voltage sensor circuit shown in Fig. B-7 is used to

measure the ac capacitor voltage waveform in the feedback control.
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Table B-7 The Program List of PAL Chip PAL-ADC-#2 Design.

10 ] - " LLXTLPTTY
* CHIP NAME  : PAL-A/De2 .
* FUNCTION : AfD control clicutt {2), control analog-multiplexer, generaie sampiing, conv, extciock *
. and frame pulses. -
. clock |y the LSH of the PAL-A/D#1 .

adnaRtnenanen .

PAL16RPE In: (d[B8~1], chann2, resat),
le: {chann1, tlamp},
out: (sh, canv, irm, extelk, sb, sa),
cleck: glx

active-low: sh, reset
temp = 127 d{@~1]= =0
channl = 0770 | to be used as input pin

sh = (d[8~1]= =B2 # d{B~1]= =61 # d[8~1]= =80 # d[8~1)= =50 # d[@~1]= =58 ¢ d{d~1)~ -57
# d{8~1]= =58 # d[B~1]= =55 # I[B~1]= =54 # d[6~1]= =53 # S[A~1]= =852 # d[8~1]= =D
# d[B~=1]= =80 # d[8~1}nmd0 & d[@~1]aud8 # d[B~1]mad] # I[6~1]= ndB & d[B~1] ~ =45}
& rese

trm = (d[8~1]= =035
¥ d[8-1])= =34} & reset’

extclk = (d[g~1]= =35 # d[B~1)w 33 # d[8~1]= =31 # d[B~1}==29 # d[B=1]= 2T
# d[§~1}==25 # d[B~1]= +23 # d[B~1]a =21 # J[B~1]= =10 # d[B~1}= =17
# d[B=1)==15 # d{B~1]~ =13 # d(G~1]= =11 # ¢[B~1]= =08 ¢ d[B~1]= =07
# d[g=1)= w05 # d[B~1) ~ =03) & resel’

sb = [{chann2 & chann! & 35 & sa’ & d[B=~1]==0)
# (chann2 B sb’ & sa & d[8~1]==0)
# (sb & temp’)) & rese!'
sa = ({chann2 & channd & 32’ & d{§~1]= =0}
# (chann2 & sb’ & s’ A d[8~1]= =0)
# {chann1 & sb' & sa' & d[8-1]« =0}

|
|
I
|
|
|
|
|
|
|
|
|
|
|
|
| conv = d[B~1}= =37 & reset’
|
|
|
|
|
|
[
|
|
|
|
|
!
|
|
i ¥ (3a & tomp’)) & reset’

Table B-8 The Program List of PAL chip PAL-ADC-#1 Design.

LLT1T] adda L] L] ans "
*CHIP NAME  :PAL-A/T#3 *
* FUNCTION  : A/D converer control circuit 1), conirof “enable” signal, record stales .

(11} " (11] 111

{PAL18RFS In: (star, sb, 3a, rasat),
out: {anable, g[7~1]},
clocic clik

active-low: stasdt, q1, feset

f ({sb’ & sa’ & g[7~1) = =0} & reset)

mag: q[7-1] -» gq(7~1]
{ n=>n1, n/=0&reset’
n-> 88, n==0& (sb# sa) & reret’

|
|
|
|
|
| enable = stan
|
|
|
|
| n->127, (n==043b'& sa’ & resat’) # roset }
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Figure B-6 The A/D converter circuit implementation using speedwire board.
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Figure B-7 The ac capacitor voltage sensor circuit,
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C

SOFTWARE DESIGN OF MULTI-DSP CONTROL

C.1 Introduction

The controls of the 6-valve, 3-phase, current-source PWM converter, using
the Dynamic Tri-Logic SPWM and the Pole Placement control methods described
in Chapters 5 and 6, have been implemented by a multi-DSP controller. The
controtler has been designed and constructed in our laboratory. A detailed
description of the hardware design of the controller can be found in Refs. [94-96].
A brief descriptions of the software is given in here. The software is designed to

be executed in parallel, in real-time.

C.2 Control Task Distribution

In the Pole-Placement feedback control design of Fig. 6-3 in Chapter 6, the
computation tasks which implement the system feedback configuration of Fig. 6-4

164
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are distributed as follows:

DSP #1: User interface through the serial communication with Personal
Computer. [t allows the user to change and display the control parameters and
the converter status in real-time.

DSP #2: Sampling the dc link current [,(t,); calculating the 3-phase in-
phase and in-quadrature reference waveforms sin(t,-8;) and cos(f-6) for j=a and
b; performing phase lock loop (PLL) control to synchronize the reference
waveforms to the utility ac line voltages; calculating Egs. (6.6) and (6.7) and the
Bi-Logic SPWM timer settings for phases-a and b using the "four timer" method
[93); outputting the 3-phase Bi-Logic SPWM signals.

DSP #3: Sampling the ac line currents i (f,) and the capacitor voltages
vity) for j=a and b; getting i,(4) by doing the dc link current P-J regulation;
calculating the steady-state waveform templates i ,(¢) and v, (t) for j=a and b;

calculating the SPWM timer setting for phase-c.

C.3 Program Flow Charts and Lists

Fig. C-1 shows the flow charts of three DSP’s "main" programs, whose
functions are to initialize the sysiem and then control the flashing of the LEDs on
the multi-DSP controller board to indicate the operating status of each DSP. In
the experiments, the program of DSP #3 is started firstly, then DSP #2 and DSP
#1. After the three DSPs have completed the initialization tasks, DSP #1 sends

an interrupt signal to DSP #2 to start the paralle] calculations. Then it jumps to
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its system monitor program, which is stored in its EPROMSs, to execute the
interfacing function with the PC computer. Having received the interrupt signal
from DSP #1, DSP #2 starts its on-chip timer to control the beginning instant of
each sampling control period in the parallel calculations of three DSPs.

Once LoP #2 receives an interrupt signal from its on-chip timer, in the
interrupt service subroutine "MTIMINT" it sends two interrupt signals to DSP #1
and DSP #3 respectively. Then the three DSPs start the sampling feedback
conirol calculations in parallel. As shown in flow charts of Figs. C-2 and C-3, the
interrupt service subroutines "MTIMINT" and "P3RP2IT" perform the main
feedback control tasks. In order to keep the parallel calculations in-step, after
finishing one stage of the calculation each DSP sends a "ready” signal io the
synchronizing circuit on the controller board. When the synchronizing circuit has
received three "ready” signals, it send a "all-ready" signal back to each of DSPs to
allow them to continue the calculations in next stage.

Although the main task of DSP #1 is interfacing with the PC, it has to
send out the "ready" signals to the synchronizing circuit in its interrupt service
subroutine to keep the synchronizing circuit working properly. The flow chart of
its interrupt service subroutine is not shown here.

The flow charts of the subroutines, which are used to initialize the A/D
and D/A converters, to transmit the sampled data, to measure the ac voltage
phase angle, etc., are not shown here. The reader can easily work out the details

from the program lists shown in Tables C-1, C-2 and C-3.
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Figure C-1

DSP-1 Main

Initialization
i
send interrupt
to DSP-2

f
enable INT

T

Y

jump to DSP

operating system

DSP-3 Main

(d

Flow charts of DSP "main" programs.

"P2RPIIT™:

int. service
response DSP-1

y

context-save

|
Y

set "pl_ready”

'

context-restore

T

DSP-2 Main

Initialization

'

Wait for
“pl_teady”

(b)

PLL control

Y

LED flashing

(©)

control

|

(a) DSP #1

The main

program, (b) interrupt service subroutine "P1IRP1IT" of DSP #2 , (c)

DSP #2 main program, (d) DSP #3 main program.
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DSP-2:"MTIMINT" DSP-3:"P3RP2IT"
Timer :
' Int. Service
e (B
! | Y
context-save :
' E context-save
| |
send interrupts 5 L
toDSP-1&3 / 77 start ext. A/D >
v v
get sin(tk), cos(tk) get idc, find isqo,
& isao feed-forward control
¥ Y
wait for DSP-1&3; (stage 1) wait for DSP-1&3;
exchange data e * / exchange data
Y
get Aisa feed-forward control
find Aipa2 get isbo

Y Y
/wait for Dsp-1&3/ . (stage2) /wait for DSP-1&3/

exchange data / ~ T exchange data
get Aisb | get ipao, ipbo
find Aipb2 | get data from A/D

L ¥
wait for DSP-1&3;/ _ _ (stage 3) _  /wait for DSP-1&3;
exchange data exchange data

| |

Y Y
get Avca, Aipa2 moving average
find ipa filterring of Idc

exchangedata / ~ exchange data
v

@ continued on next page

Figure C-2 The flow charts of interrupt service subroutines for parallel

¥ v
/wait for Dsp-l&sy <. (Stage d) / wait for DSP-I&S/

processing controls. (continued on Fig. C-3)
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continued from last page

DSP-2:"MTIMINT" DSP-3:"P3RP2IT"
v v

get Aipb2, ipb adjust amplitude of
find ipc triangular carrier

4

v
wait for DSP-1&3; (stage 5) wait for DSP-1&3;
éxchange data ~ * / exchange data

|

_ A 4

v
get timing const. find timing const.
for phases a and b for phase-c

i A
wait for DSP-1&3; (stage 6) wait for DSP-1&3;
exchange data oo > / exchange data

output timing const.;

save data at time tk '

context-restore context-restore.
I T

=

save data at time tk

Figure C-3 The flow charts of interrupt service subroutines for parallel

processing controls. (continued from Fig. C-2)

For more details about the compiling, linking, loading and executing

procedures, please see the Refs. [99,100].



Table C-1 The List of DSP-2 Control Program.

* Name : DSP-2.ASM .
* Function : parsltel processing with DSP-1.ASM and DSP-3.ASM. .
. starl dsp1 and d¢p3 at the beginning of each control period, measure ldc or Idcref .
- using the A/D on the DSP board. .
*inpwt : interrupted by DSP #1 for staiting parallel p ing. .
" data from DSP #3 and PC passing through global memory. .
* Quiput : 3-phase Bl-Loglc SPWM Irigger signals to PAL clrcuit. -
. dala required by DSP #3 1o global memory. .

LELL) an LLTLL} hadaan ARAS

Aditle
DRA equ
DXR .equ
TiM -equ
PRD aqu
MR equ
BCODE .equ
VINTQ aqu
VINT1 equ
VINT2 AqU
VTINT aqts
VRINT equ
VXINT equ

KPSYNC equ
DETFC oqu
PHOBAK aqu
SCOUNT  .equ
INSIDE equ
FCOUNT equ

'DSP2 PROGRAM'

0321Fh

3 *- page 0 (0000Ch-0007Fh) -+

; == for Inkalizing Interupt veclors -+

; *- page 4 (00200h-0027Fh) -*

; conlrol output

; sign; triangle rising and falling
; tlangle caier magnitude

; frequency refarence

: phasa error in PLL at time kT

; sign: new phase eror is measured
; proporional gain of PLL

; frequency adjusting output

1 back-up of main timer constant
; lime-pointar; kT

; slgn: time pointar has been Increased
; LED Rashing time control

; control for closing lnnar loop

: sign: starting signal is sent from DSP-1
; Ide(kT)

; sin(kT-di}

1 cospT-c)

+ sin{kT-120-d1)

; cos(kT-120-d1)

; sin(xT + 1.5

; cos{kT+ 1.5d1}

s sin(d-120+ 4,5t

3 cos(KT-120+1.541)

: lsa[(-1)Ty

3 Isb{fe-1)T)

3 Veafx-17)

: Vb 11T}

3 [isal(n-1) T} - isa(kD)] /2

; [isb((e-11T} - isb (k) ]/2

1 [Veal(n- 1T} - VeahTi]/2

i [Veb((he1)Ty - Veb{kT)/2

i 3:30{kT}

sdota 1salwT)

; detta”1sbykT)

: defta_Vea(q)

: dena_WchkT)

BAOUT

GDATP2
GPANDEX
GPUNDEX
GP3IDA

GKPIDC
GKIDC
GISTEP
GSWITCH
GIREF

GLACA
GIACE
GVCAPA
GVCAPB

GvsQ0
GISQ0
GIACAD
GIACBO
GVCAPAD
GVCAPBO
GIPAD
GIPBO

GSIND
GCO30
GSIN120D
GCOS5120D
GSINA
GCOSA
GSIN120A
GCOS120A

equ
.equ
.equ
.aqu
equ
.equ

.equ
equ
equ
.equ
.equ
aqu
aqu
.squ
equ
.equ
.equ
.equ
equ
.equ
equ
.equ
equ
equ
equ
equ
.aqu
equ
.equ
aqu
aqu

.equ
aqu
aqu
.aqu

equ
4qu
equ
aqu
.equ

equ
.equ
.equ
equ

.equ
equ
equ
-y
Aqu
equ
.equ
equ

-1
.equ
equ
equ
equ
aqu
aqu
equ

00224h
00225h
00226h
00227h
00226h

0022Bh

0022Dh
0022Eh
0Q22Fh
©0230h
00231h
00232h
00233h

sva(KT)

s vb{kT)

i hs_4'va

; ks_1*delta_lsa+ks_2*della_Vea + ks_3*delta_Ua(k-1}
s ka_4*vb

; ks_t*defta_isb +ks_2*delia_Vcb +ks_3*dehta_Ub(k-1}
; UalkT)

3 Ub(KT)

; Ua(le-))T)

; Ub({k- i)

sisaotlUa

sisbotUb

iisco+Ue

; Sma

; Smb

s Sme

: SPWM timing constant of phase &
; SPWM liming constant of phase b
: SPWM liming conslant of phase ¢
; state feedback galn K1

; stala feedback galn K2

; stale teedback gain K2

: slate feedback gain K4

; constant

; dlata for D/A output

; pointar of D/A oulput gala

; *- global memory ;age #2568, 0BOOON>] -"
1 sign: display data in D2P-2 or DSP-3
; inclax of DSP-2Z's data to be displayed
; index of DSP-3's deta lo be displayed
; DSP-2's cala 10 be displayed

: pe-contiolled vasibles

; propodtional gain of ouler loop

; intagral gain of outer loop

; command for step change of igcrel

: command for closing Innet keop

: Ideret

; exchanged data: from DSP-2

; exchanged dale: to DSP-3

MOYINGD dSA-1ILTNW A0 NDISEJ JAVMILAOS O XTANIddF
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GADCIDC  .equ
GPRDBAK .equ
GIASKSN  .equ
GTAAMGN  .equ
GIMPC .equ
GCOMSTC  .equ

DEGI0 equ
DEGE0 .aqu
DEGSQO equ
CEG150 equ
TWOF .equ
HALFDA AgU
OHEHAFDA _aqu
ICTRMT  .equ
SINTABLE .equ
COEFF equ
FOUMT .equ

T T Y Y Y T Ty Y Y T Y R Y TP Y T T Y Y P Y PR YT P P LT P Py YA

Inttialization

T L L L T T T L Ty Yy Yy T Ty Y T T T Y T T VY Y PP YY)

001380
00200h
QQ4EChH
0Q00OFh
00017h
08800h

00300h
05848h
00DO0h

sect PRANM”

START DINT
S55XM
LDPK

LALK
SACL
LALK
SACL
LALK
SACL

SACL

; *- constants .*
;DEG20=105

; DEGBO=210

s DEGEO =315

; DEG150=525

s TWOPI = 1260
DA=15

; 1.5DA

3 JO0T YOOXK NXIOX JOOK
: pointer of sin-lable
i 2*coeH (coefficient]
3 Irequancy limit

point to date page 0
- initialize interrup! vector -*
Interrupt vector for Into

interrupt vetor for nt2.

interrupi vectar for on chip timer
nterrupt vectar for AfD (serial port)
interrupt vector for DJA (serlal pot)

H
3
H
.
H
3
i
i
H
.
:
H
H
.
H
'

load *branch” operating code

E poiInl to vestars addrass set by EPROM

; load Interrupt vectors

enable intd only

+ 1/{60%42} = 3988x100ns
; start main limar

§ eaggggee

L

2

C

LACK

SACL

ART 003400

000G4h
0000Gh
255 -
.+

255

07421h

3 *- initialize addressing register -*
: ARQ is used for A/D infialization
s AR1 s used for SYNCINT stack

T ARR is used for MTIMINT stack

i AR is use for A/D initialization
; ARS Is used {for DACUTIT stack

1 ARG is usad {or ADININT stack

1 ART Is used for P2RPTIT stack

1 *- clear registars -*

; using AR4

; cleanng working azea

v

*- A/D Inilialization -*
using ARJ for load codes

load first DA intiializafion code

v
v
N
.
.
i
*
]
1
'
.
.
b
i
.
’
H
.
.
.
'

; - point to data page 4 -¢

; Initialize SMARK

E twrn cn 3 LEDs 00000111(7-0)

1 roset PWM imers  111100x0(15-8)
; switch A/D corverter ta channel 0

5 prepated for starling PWM timers

inttialize tlang!e edge sign

; Irequency reference = 60 Hz

sat the galn of PLL

; backup PRD
3 - initislize stale fesdback gains -*
i

SOCE HO0D0C MO XXKK
R0 KHOL KN KRN
1

+ MIOOC XK MOKK MUK

b ONGOCE MO0 NHNK KR

 +. Initialize coeficients -*

.
’
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SACL SQR22 ; 5623 = 65536x16368xksqn (2} /14745 /sqr{3} MPY KPSYNC. i gain*pherr
: *- load PWM timing constants -* SPM 00002h H
LALK 330h H S5PH DETFG H
SACL AINSTA H 3 *- autput limit -*
LALK 00202h : LAG DETFC H
SACL CONSTB H BLZ NEGFC ; it detfc>0 then
LALK 0QF0ah H POSFC SBLK FCUMT s if |detfc| >lciimil then
SACL CONSTC i BLZ ADDFO H detfe ={climi
LALK 3 set LED fashing time control counter LALK FCLIMT :
SACL FCOUNT H SACL DETFC H
3 *- inilialize global mermory -* 2] ADDFO H
LARP 00004h H NEGFG ADLK FCLIMT ; elsaif detfc <0 then
LRLK ARA,08000h ; point lo global memory BGZ ADDFO 1 if jdetfc] >1climit then
LALK 0O000H ; clear working area In global memory LALK FCUMT ;i detfc=-fclimil
RPTK 255 H NEG ;
SACL '+ ; SACL DETFC H
RPTK 255 H H
SACL S H ADDFOQ LALK 05E3Fh : " fe =B0Hz-dalfc -*
H suB DETFC H
LALK AR4,GKPIDC H SACL FRANC H
LALK 00300h ; Kpide = 0000 X000 20008 001X H
SACL ‘4 ; gkpidc = kpide LALK COEFF,0Fh 3 *- find 42x10/lc
LALK 00068h + kiidc = M. 20008 2000¢ 00 RPTK 12 :
SACL . ; ghiidc o klidg SUBC FRQGNC H
H LOPK 00000h H
LALK AR4 GVSLC ; *- sel ac sourca vollage amplitude SACL PRD ; load main liming data to FF.0.
LALK 03CgFh + 2%05qr1{3] *70v] = X000 300X 30K, 3K IOOK LDFPK 00004h H
SACL * H SACL PRDBAK ; backup PRD
; *- sel curtent raforance -+ i
LRLK AR4 GIREF : CLASGN LACK [eeses] ; clear NEWPHE sign
LALK 02000h 3 ldCred = )00t XXX HOLX NKXH SACL NEWPHE H
SACL . H EINT H
H FLASH LAC FCOUNT ; chack fiashing count
LALK AR4,GPROBAK . BGZ ADJEND ;
LAC P H LAC SMARK + if fcount =0 then
SACL '+ ; gprdbak = prabak XORK 0003Fh ; change LEDs
LAC TASIGN v SACL SMARK H
SACL . i girsign =trsign ouT SMARK,OF R H
K LALK 00200 ;  fcount =200
BINY ; enable intercupl SACL FCOUNT H
WAITP1 LAC P1READY i wail lor a siarting sign ADJEND B ADJIFRQ ; do loop
WNTP‘ s AAAE A ARt R A SRR AR AT AR RAANARRSPASRRR RS rRapnanbdnsbbdinsannssarsadendedbbdbbAdibanaS
LACK 00020h H * Sutvoutine 1 MTIMINT response fo the Main-timer intsifupt call
LDPK 00000 H * Function : start DSP.3 and DSP-1 to do parallal calculation
SACL MA ; enabla xint anty . sampling idc, state faedback control, get spwm timing data
H * Outpu : bi-logic spwm trigger signals
LACK 00003 H * Call  PWMATNI
SACL DXR 3 stant DA inftialization * Affect : AR2 is used lo save curtent registers
H . AR4 is point 1o global memary.
LDFa 000Hh H . Tempi-8 aie used.
ElNT H enabls ir\!en‘upt dteditbosnnnsvansvadsdeandidibhddin aswrad sansans
AR AN AR A R AR A RS A A R4 A AN b AN s ANl sagRaAcansraNRAESanRERSend RN sact SMTIMINT
. Main Locp - 7 - save current regisiers -
* Function 1 PLL regulation and LED flashing control . MTIMINT LARP 0ora2n 1 point to AR2
* Input : NEWPHE, PHERR s ADRK oL0a1h H
- FROQNC, PRDBAK, FCOUNT . 38T 4 H
4B E N aaaiiatiniaetiataat e iaaaertedtuneanasieasrenantas 38T .. :
SACH .- H
ADWFRQ  LAC NEWPHE i SACL . H
FLASH M SPM 00000n H
. '+ new phase eror has been testeg -* SPH 4 .
DiNT ; cisenable intermypt 5P 'y H
LT PHERR i lkoad phase error 1o T register MPYK ooo01h H
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FSTUO2

PNEXTO

NEXTO

NEXTWTO

NEXTWT1

NEXTWT2

NEXTWT2

NEXTWT4

NEXTWTS

NEXTWTE

NEXTWTT
SINTAR

ouT
ouTt

.4
SMARK.OEN
SMARK,0Eh

00004h
SCOLMT
000TEN
TWOP!
NEXTO
TWOPI
SCOUNT

00001h
INSIDE

SMARK
OFFTFh
SMARK
SMARK.OFh

N
.
'
'
'
3
}
i
’
1
i
'
.
'
3
'
'
'
v
'
.
'
’
'
1
]
]
.
v
'
.
H
H
H
.
'
*
.
.
H
'
H
N
.
.
]
.
.
]
]
H
.
.
.
»
3
s
1
H
i

point to AR4

interrupt DSP-3
interrupt DSP-1

*- KT =T +dT -*

; satINSIDE

*+ sol "busy” signal ta sync. circulf -
rase| bit7 ol port F

; ¥+ gel phasa angles -*

; save (kT-da)

; save (kT-120-da) + 80
save [KT-120-da)

; save (kT-da) +B0

gave (KT +1.5%dn)

; save {KT-120+ 1.5%de} + 90

save {kT-120 + 1.5*dn}

save (kT +1.5*da}+ 80
*- look up sin{x} table -*

get sin(wi-da)

get cosfwi-da)

SDATAD

FIACAOQ

WAIT_1

FAVGIACA

FDETIACA

FICTRLA

SAGH

SIN120D
SINTABLE
SIN120D
COs1200
SNTABLE
Cos120D
SINA
SINTABLE
SINA
COBA
SINTABLE
CQSA

SINI20A
SINTABLE
SIN120A
2051207
SINTABLE
COS120A

AR4 GSIND
SIND

AR4,GIACA
IACA_A,15
15
AVGIACA

.

IACA_A

AVGIACA,15
1ACAD,15
DETACA

ICTRLA, 15
DETIACA, 14
ICTRLA,1

; get sinfwi-120-da)

; gel cos(wt-120-da)

get sinfwl + 1.5d4)

; gel cosfwl + 1.5da)

gel sinfwi-120+ 1,5dn)

i gel cos{wi-120 + 1.5da}

*- transfer to global memary «*

¢ getisao(kT) -*

3 XXX KROOE MO000 XXX
H
+ K000 000 1000 K008

i
7 MK XXX H00E XXX
3 * sel “roady” to sync, circuit -+

clear BIO

ssl bit7 of poit F for “ready”
*. voit for “ali-rendy” from vyne, clicult -*

1eset bit? of pord F

ARA polnt lo GIACA

avglaca =(iaca +iaca_aj/2

;laca_a=lnca

; *- gel delta-isa -*

T X00C 200, M MXNX NXNX

YYVY YYWYVYY YYyy (3116}

3 BO0OC 000X XK HXKK
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LMT1
CHKUP1

CHKLCW1

FDETIPAL

FDETIPAP

SDATAA

WAIT_2

FAVGIACS

FDETIACE

LAC
BLZ
SBLK
8LEZ
SACL
B
ADLK
BGEZ
LALK

NEG
SACL

MPY
LTP
SACH

MPY
L

ICTALA
CHKLOW1
ICTALMT
FOETIPAI
ICTRLMT
{CTRLA
FDETIPA}
ICTALMT
FOETIPAI
ICTRLMT

ICTRLA

ICTRLA
KS 1
DETIFALZ

DETACA
KS 3
DETIPA_A
KS 4
TERP1
TEMP2

AR4,GSWITCH
.
SWITCH

AR GSINA
SINA

AVGIACB,15
ARA GIACBO
=15
DENACE

IKTRLB. 15
DETIACS, 14
CTRLB,1

+ *-oulput limit «* LMT2
; CHKUFP2

v

H

h

; CHKEOW2
{ Ictilatks_4 FOETIFEI
E DO0CE NN KX XINHH XXX

; deliacarks_? FOETIPEP
$ detipa_a*ks_3

| YYYY YOY.Y YYYY YYYY

i

v

1 load switch

;lransfer dala Io DSP-3

i WAIT_3

i

;i

; FAVGVA
FDETVA
FDETIPAZ
; avgiach = {iach + iach b} /2

liach _beined

P FiPA

E 000K 0K RO RN

' YY¥Y WYY WYY .

¥
o 0000 XX 0000 0000

ICTARLMT
ICTALB

ICEALB
KS 1
DEi"BL,2

DETIACE
K3 3
DETIFB B
KS 2
TERP3
TEMP4

AR4 GVCAPA
VCAPA_A,15

18
AVGVCAPA

VCAPA_A

AVGVCAPA
AR4,GVCAPAC

DETVCAPA
TEMP1
TEMP2
DETVCAPA
000020

00000
DETWPAP,1

AR4,GIPAD
IPA

00000
DETPA

SWATCH
OFFOON
TSPA

MO MO R MR XRK K

; AR4 poinl back lo gveapa

; avgvcapa s fvcepa +voapa 8)/2
veapa a=vcapa

KACA YOOOK YO KX ALK

using add since ks_2<0

FOOCH WX A WM KRR

:load ipa

, intialize detiga

; *- test integral contro! seeten -*
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ADDIPAI

TSPA

ADDIPAP

TOTIPA

WAIT_4

FAVGVB

FOETVR

FDETPB2

FIPB

ADOIPBE

LAC
ADD
BACL

LAC

DETIPA
DETIPAI
DETIPA
SWITCH
OOOFFh
TOTIPA
DETIPA
DETIPA
IPA

DETIPA
IPA

SMARK OFh
WalT 4
SMARK
GOFFIFh
SMARK,0Fh

AR4,GVCAPB
VCAPB_B,15

.15
AVGVCAPD
VCAPB B
AVGVCAPB
AR4,GVCAPBO

TEMP3
TEMP4

DETIPRP,1
ARA,GIPBO

DETPE
DFFOOh

DETIPE

SWITCH
QOOFFR

*- adding Integral control In -*

*- test proportlonal control switch -+

*. pdding propartlonal control In -*

*- get outpul of Ipa -*

AR4 point back ta GVCAPB

avgvcapb = {veapb +veaph b}f2
w.apb_b-vanpb
*. gat detvcapb -*

using add since KS_2<0

load ipb

initialize delipb

*- test integral cotrol switch -*

*- acding Integral controd in -*

*- tasi proportional control switch -*

ADDIPBP

TOTIPB

FIPM

WAIT_5

FDATA

FDATAA

FDATAB

WAIT &

BZ
LAC
ADD
SACL

SACL

TOTIPB

DETPB
DENPBP
DETWB

IPB
DETIPB
)

1PA
IFB

IPC

IPB
IMPC

AR4,GIMPC

SMARK,OFh

IPR
IPA
IMPB
IPA
IPG
IMPA

AR, GTRAMGN
.

TRAMGN
PROGAK

IMPA
TEMP1
SUBARTN1
CONSTA

IMPB
TEMPY
SUBRTN1
CONSTE

impb =Ipt-ipa

simpa =lpa-pe
*- calculating spwm timing data -

load triangle magnitude
; load period variable
1 * find timing constant for phase A -*

save liming cata of timer B.
.yl for data of imet C -*
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LASTP
OUTTIM

JUMP1

JUuMmP2

DATP2

DATP3

RECOVW

£§88E88EE K5

525

SACL

AR4,GCONSTC
CONSTC

CONSTA.0Ah
CONSTB,08h
CONSTC,0Ch
SMARK,08h

00003h
INSIDE

00000h
00002h

*- output liming constants to PWM timer -*
disenable all Interrupts

star the PWM timers,
and set/resel iigger register.

raleassa the trigger register,
- preparing for next peried calculations -+

ARA polst 1o global memory
send prdbak to global memary
change the triangle edge sign.

send trsign to global memory

if present ona s rising edge, then
prepare for outputling falling edge

{ready for Q=110
elea prepare for outputling raing edge

(raady fo; Q=0/1)

; feount =fcount- 1

*- outpul dala 1o DfA, for dabugging only -*
testing which DSP’s dala will be displayed

*. display DSP-2's data -*

1 point 1o Index

lsad beginning address of varibles
snve address

load dala to be displayed lo
working reglster of DJA

*- digplay DSP-3's dala -*

; load data to be displayed from DSP-3
: to working reglster of DJA

; clear sign of inside
E - recover previous reglsters -*

; point 1o AR2

*- get timing constant of phase C from DSP-3 -+

L7 4 H

MPYK 00001h :

LT . H

MAR . H

1PH . H

ZALS . H

ADDH . H

LST . H

LST1 .. :

EINT :

RET H
CeNReMMANSIRSRIERRRS e RaNNIdaAERRIRS . . . . et eaasasabasanaa
* Subroutine : SUBATN1 called by MTIMINT .
* Function : calculate |he timing constant using ‘lour timer method', .
* Input + mudulating signal (vm) in 'temp?’, pediod length in T register -
* Cutput < timing constant in ACC .
L Y L T Y T P P T Y T L P Y L T LIS L LI T I oTrrrrTTY™
SUBRTNY BLZ NEGSGN H

LACK 00000h ;#vm>0then

SACL TEMP2 3 sel TEMP2=0

B FRACT H
NEGSGN  ABS s Avm<0 then

SACL TEMP1 ;v |um|, set TEMP2a1

LACK DOOTih H

SACL TEMP2 H
FRACT LAC TEMP1 B

sua TRAMGN H

BLZ oD H
NFRACT LAC TASIGN ; it [vin]>tamgn then

r4 SIGNO ; il isign=dsing then

SIGM1 LAC TEMP2 H vm <0 then

az PROMAX i
PROMIN LACK h H data = prdmin

8 CORRECT H
PROMAX  LAC PROBAK H elsa data=pidmax

B CORRECT H
SIGNS LAC TEMP2 :  elsaif vm<O Ihen

BZ PROMIN H data=prdmin

B PADMAX ;  olse data=pramax
DIVID ZALH TEMP1 :

RPTK 10 H

SUBC TRAMGN H

SACL TEMP1 5 QUOL =N X300 X0 3000

LAC TEMP2 H

Bz ADDTRA H

ZAC : Hvm<0 than

stg TEMP 3 quotequat

SACL TEMPY H
ADDTRA  LAC TRSIGN 3 fatch irlangle edge sign

¥4 MINUS H

LALK 0080Ch ; f irslgn =rising then

ADD TEMP1 7 accs={i+quol

B MPRDOZ ;
MINUS LALK 00800h ;efse acc=1.qusl

suB TEMP1 H
MPRDO2  SACL TEMP1Y 3 seva (1« f- vmfamgn)

MPY TEMPY s PBRD*{1 + /- vmjfiramgn} /2

SPM 00002h H

SPH TEMP1 :

LAC TEMP1 H
COARECT ADLK 00100h ; add offse?, since hardware design

RET ; acc=timing constant
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endha L] a 1] SAAMdbAAddddidbhbdddARaddnn
* Subroutine : SYNCINT response to INT2, the synchronizing inferrupt catl -
* Function : measure phasa ernor batween ac source and sin-lable polnter. .
* Affact : SYNCTT1 and SYNCTT2 are used *

AAAMAAAE R b hAbbARNARARA I ARAAdRRASbdaNgRe LLLLIIEES s

.Sect “SYNCINT™
; *- save cument reglsters -*

SYNCGINT  LARP 00001R 1 point ARY
ADFK 00001h :
85T 4 H
S5T ‘3 H
SACH L H
SACL .y :
SPM 00000h H
SPH *+ :
SpPL *t i
MPYK 00301h H
SPL . H
RESPON  LDPK 0000Ch ;
LAC ™ : sampling TIM
LDPK h '
SACL SYNCGTTH ; save TiM to syncttt
LAC INSIDE i It sampling after main timer intemupt
BNZ ADDOO ; then do not medify PHERR
LAC PRDBAK + elsaif PRO-TIM-20h> 0, then
sue SYNCTT : do nol madity PHERRA
SUBK 00020h ;
BGEZ ADDOO H
ADDD LACK 0005Ah ; alse do modify to PHERR
SACL SYNCTT2 :
8 N H
ADDCO LACK 00c3Ch H
SACL SYNCTT2 S
NORMAL LT SYNCTTY slcad TIMto T
MPYK 0001Eh : TIM*30/PARD
PAC H
RPTK 15 H
SuBeC PRDBAK H
ANDK OFFFFh H
NEG .
ADD SYNCTT2 H
ADD SCOUNT 3
SBLK 630 : normalize PHERR with pljf2
BLz PLUS H
SBLK 630 '
8 STORE :
PLUS ADLK 630 H
STORE SACL PHEAR ; save phass emor
LACK 00001 ; sel new phase eror sign
SACL NEWPHE H
RECOVS Mi\H . i 4 recover previous feglsters -*
L ‘e H
MPYX 0CO01h H
LT .- :
MAR . H
LPH .- H
ZALS .- :
ADDH . .
LST .- M
LST1 .~ v
EINT : enable inlermupl
RET H

AR AR AAAR AR AR AR AR AR AAAR A AR AR AR A A AR and ARl R AGA R AR AR A A A MR T AR ANAAS AL AR R A haAh

* Subroutine : DAQUTIT response to XINT, DfA DAX empty Intetiupt calf

* Function ¢ Initiatizing AfD converter by sending data to DRX in ihe lollowing saquence;
. 02244h 00003h 00205h 000030 01E3IER 00003h 0QOEXR Q000N £OO00N

-
.
"
a
a

ARQ = 00280h

secl “DAOUTIT

DAQUTIT  LARP Co0ash
ADRK 0J00th
85T %+
SST "t
SACH *+
SACL .

BBINT LARP 000030
LAG b
LDPK 00000h
SACL DXR
CMPR O2h
BBNZ AECOVD
LALK DA20UT
SACL VEINT
LALK 03FFBh
TELW VHINT

FINISH LACK (Q03Ch
SACL IMR

RECOVD LARP Qo0ash
ZALS .
ADDH ..

LST ..
LSTY *-
EINT
RET

aaasaeAn Aannhidasainsaansenindidadadinannni

3 *- save culient registeis -*
; point 10 ARS

paint to AR3
{ARJ}-> DRX and ARJ = AR3-1

1

'

.
.
'
.
'
i

{if AR = AR then finish

E *- 1o use D/A for debugging -*
; ¢hange intermupl vector for

; D/A oulput subioutine

sel anable for RINT TINT INT2
*. racover ptevious registers -*
point back 1o ARS

enable interrupt

AR R AR AN RN A AN RGNS A a AR A AU AN SRR A AR SAR R PR A ARG A AR

* Subroutines : DAOUT2 response ta XINT, /A DAX empty intermupt call

* Funetion : aftet initialization of AD, to sand daia to 1he DXR for dabugging .

* input : DADATA variable to ba displayed :
seasssanasns ranne

RasAbaidddndduabdaanAad

DAZOUT LARP 00005h
ADRK 000A1h
85T “+
SST *y
SACH “+
SACL .

SENDDATA LAC DADATA
ANDK OFFFCh
LDPK DO0O0h
SACL DXR

RECOVDA LARP 000a5h
ZALS e
ADDH .-

LST -
5N .-
EINT
RET

: *- save current ragisters -*
; point to ARS

) load dadata

. send data o DXR
- recovel previous registers -*
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assss nendssasans

LTI LT ET TS PPTY)

* Subtoutine : ADININ response 10 RINT, DRR full interrupt call.

* Function sample iha ldc.
* Ouiput ; ADCIOC and GADCIDC

I L L T T Y T L L L L L T T T PP T T TNV LT

sect “ADININT

SR RRI I RN LA AS TR RRERARS

; point to ARS

: point to ARY

: {idc Is connected to channel 1 of A/D}

*load ki

H
; conskiering Ihere is a inverter circuit in AfD

; send dala 1o ADCIDG

; send 1o global memory
; point back 1o ARG
i *- recover pievious registers -*

*. save curreni registars -*

s20. gnable inlarnupl 40

ADININT  LARP 00006h
ADRK 0000 th
88T1 4
55T "+
SACH e
SACL “0,7
LCH1 LDPK 0000Ch
LAC DRR
tDPK DO004h
KEG
SACL ADCIDC
LRLK AR7,GADCIDC
SACL *08
RECOVA  Z2ALS .
ADDH "~
LST ..
LST1 b
EINT
RET
ann []

* Subroutine : P2RPAIT response lo DSP-1 Interrupt call from int0

¢ Function : sat ihe sign to ask DSP-2 to atart tho paralle] processing.
L1} L] dnpasnans L1}

sact "PeRPUT

P2RPUIT LARP 00007h
ADRK 00001h
88Tt t
38T 4
SACH 4
SACL .
LACK 00001h
SACL P1READY
RECOVP ZALS s
ADDH .-
LST .
LsT1 .-
RET
.and

’
.
1
'
'
H
N
]
2
i
H
[
*
'
.
»

1+ *- save cufient registars -*

: point to AR?

sat sign of PIREADY

4+ anl of filg *4*

*- tecover pievious reglsters -*

Table C-2 The List of DSP-3 Control Program,

ankddbppradaa

sdadAdpidaneandn

*Name + DSP-3.ASM .
*Function . Parallel processing with DSP-2 ASM and DSP-1 ASM -
- measure is4, Isb, vcapa ang vcaphb using the A/D In PAL circuits bax -
Sthput : Interrupted by DSP #2 1o stadl each sampling contiol calculatics ¢

.

*Output : transfer inter-medium resulls and liming constant of phase-C 1

dvasaen asaessaasan

[TITITPYTTTYYYY

.23P 92

T T e T T e T P T T T L T LT Ty

ditte ‘DSP-3 Program”

DAR _aqu
DXR .equ
TIM aqu
FRD equ
IMR .equ
BCODE .equ
VINTO £qu
VINT1 equ
VINT2 .equ
VTINT .equ
VAINT .equ
VXINT oy

SMARK aqu
FCOUNT  .equ
ADINNO .equ
ADINDAT1  .equ
ADINDATZ  .equ
ADINDAT3 .equ
ADINDAT4 .equ
WCERR aqu

INTERR equ
SIND .equ
COsSD equ

SIN120D aqu
COS120D  .equ
SINA &qu
COSA equ
SIN120A .equ
COS120A .equ

SQR23 oqu
1800 .equ
LACBO .equ
VCDOo equ
VCQO .equ
VCAPAD .aqu
VCAPBO  .equ
IPDO .eau
IPQJ oqu
IPAD .equ
1PBO .equ
ADCIDC equ
IDCREF equ
iNVa2 equ

THAMGN  .equ
PROBAK  .equ
TRSIGN .equ
HIG1 1122 .equ
HIG1~1221 .equ
HIF171221  .equ
TEMP1 .equ
TEMP2 aqu

00223h
00224h
00225h

00227h
002258h

+ - page 0 {O0000h-0007F; -+
. (sew dap-2.a3m}

1 “- page 4 [00200h-0027Fh) -*

P

1 |sqo(K) = 000¢ 0083 K00t YK

3 TACho (K) = 30000 )XKX XM 3000(

3 VEdo(k) =000t 0000 KN.XX XX

1 veqo(k) = 0000 20000 KX.KX XX

+ YCAPAO (k] = x00C HO00t KX NK KXIXK

1 veapba (k) =000 300600 00X 1000

3 Ipdo{ij =000t 10L.XH WENX K000

i Ipqo(i) = 000t 104100 KKK 0000

1 |pR0iq =000 J00KK JEHX 00

3 Tpbo (k) =000 306,200 X0t M

; do link cufanl KXt XX.Kx 000t KHXX
i 1de relerance oo XK xxxot <XMx
i 5ave data of "1/42

3 trangle magnitude XXX NxXK X008 KxxX

1 leedlocward control paramaters
H
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TEMP3 .equ
TEMP4 equ
DAOLUT Jequ
AVG2IDC  .equ

SUMIDCL  .equ
SUMIDCH  .equ
MAVGIDC  .equ
SUMIAL  .equ
SUMIAH .equ
AVGIA aqu

AVGVCB  .equ
SWAVG &qu
MIDC_1 .equ
MIDC 42  .equ
1ACAT equ

VvCAl .equ
VCA_42 .equ
VCE_1 equ
vCH 42 oqu
GDATP3 equ
GP2INDEX .equ
GPAINDEX  .equ
GPaDA aqu

GISTEP equ
GSWITCH  .equ
GIREF equ
GIACA aqu
GIACB aqu
GVCAPA  .equ
GVCAPR equ
GVSQO aqu
GISQ0 aqu
GIACAD equ
GLACBO aqu
GVCAPAD .equ
GVCAFBO .equ
GIPAD .equ
GIPRO equ
GSIND equ
GCOSD equ
GSIN120D  .equ
GCOS120D equ
GSINA QU
GCOSA oqu
GSINtI20A  .equ
GCOS120A .equ

00228h

o022Bh
O22Eh
0022Fh
0023Ch
03231h
D0232h
00233h
00234h
00235h

00237h
00235h

D&01Bh

08027h

; saving data 1o be displayed
1 awitching hammonic filler ouiput of Idc

4
1 42 points sum of [de
1 moving average fitter outpul of ide

; 42 polnls sum of Isa
; mewing average fiter cutput of Isa

42 poinls sum of Isb
maving averaga filter oulput of isb

3 42 polnls sum of
: moving average fiter outpul of veapa

; 42 puints sum of vcaph

; moving averaga filter outpul of veapb
3 sign: Temoving oltset in sensor

42 polnts Ide

1 42 palnts isa

H

: 42 points Isb

; 42 polnts veapa
i 42 polnts veapb

E *. global memory (page No.258, >08000h) -*

1 pi<onbolled variables

; exchanged dala: 10 DSP-2

; exchanged dala: from DSP-2

GADCIDC  .equ 08038h
GPRDBAK .equ 0g03gh
GTRSIGN  .equ 0802Ah
GTRAMGN  .equ 6803B8h
GIMPC .equ 0803Ch
GCONSTS  .equ ©08030h
; *- conslants -*
IDCINLMT  .equ 06000h b RN KIOME KKK KM
1ISOOLMT  .equ 01AD0h +OXKNC RXX.K KA00E XMXN
TRAMIN Lequ 01400h T XN LI KX HOKK
mhdady ddaal dasddans AAbAARARARALALARAGARRAAARARNRAdbRRRIAR
s " initinfization .
abssnaa ) s anan . . T I
sect "PAINM®
START DINT H
SSXM H
LDPK 00000h ; paint lo dale page O
; * initial interrupt vectors .4
LALK PARP2IT ; intetrupt vector for PARP2IT
SACL VINT2 H
LALK ADININT 4 interrupt vactor for AfD
SACL VRINT H
LALK OFFach ; get branch operating code
SACL BCODE H
LALK QAFFOh + gel firs! vector address
ADDK 00004h H
TBLW BCCDE ; load branch Instruction code
ADDK 0C001h ; ace =03FFSh
TaLwW VINT2 H
ADDK 00032 3
TBLW BCODE H
ADDK 00001h H
TBLW VRINT H
H
LACK 00014h ; enable AINT INT2
SACL IMR H
; = inniallze ARX -*
LALK AR1,00280h + AR1 is used for PARP2IT stack
LALK AR2,002A0h + ARZ i3 used for ADININT stack
LALK AR4,00200h H
LARP £0004h ; point to AR4
LACK 00000h ; clear working area on chip
RFTK 255 H
SACL ‘4 H
APTK 255 B
SACL S H
LDPK 00004h ; 4 point lo page 4 -*
LALK 000380 ; initialize SMARK
SACL SMARK H
out SMARK,0Fh : lum on 3 LEDs ->0011100G{0-7)
LALK 0F200n : 5ot LED Hashing time ¢0-irol countar
SACL FCOUNT :
LACK 00001h H
SACL SWAVG ; 52l sign of
; *- inmalize system matnx -*
LALK 01CCDn D hig1(2,2) = |- 8] { = 1BC) = kK Kaax SAK KRAS
SACL HIG1 1122 ;
LALK o5000n ;s higv1,2) =2.5{ = xl}
SACL HIGT 1221 :
LALK O2E53h Lk (1,2) = 0.0V 13 e we) = yyyy nmrx
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SACL

LALK
SACL

LALK
SACL

LALK
SACL
LALK
SACL

EINT

KF1_1221

0742th
SQR23

0618°h
INVa2

02000h
IDCREF
00702h
1SQO0

1 3623 = 6553a8x16368xsqrt{2) /14745 /5q11(3)
142 = y.yyyy 30000 I000C H000K 30K

+ Hdered =000t 100006 100Gt 1000¢

just used lor first slep calculation

N
"
H
.
H
H
.
.
.
3
v
'
N
*
’

*- anable Internupt -+

LY T Ty Y R Y Yy Y Y T Y P Y Y TY P YT YT T T P TI T v Y T

* Funclion : conlrof the LED kghts Aashing

Main program

L L L T LT T e T Y T T L Lt L L Rty

; *- LED light flashing eontiol -*

FLASH LAC FCOUNT ; load fashing time control count
BGZ ADJEND H
3 if feouni =0 then
LAC SMARK H
XORK D003Fh +  Intarchange lights
SACL SMARK H
ouT SMARICOFh H
LALK 00200h ;  selfcoumt
SACL FCOUNT v focount=200
ADJEND B FLASH i doloop
shprdn L]
* Subroutine : PARP2IT.ASM respanss to DSP-2 intarmupl call
* Function : parallel processing with DSP-2, sampling 1sa, isb, veapa and waph
LTI
sect “P3RP2T
i *- save currenl regjisters -*
PIRP2T  LARP 0oo0th 1 point to AR
ADRK 00001l H
88T1 *+ H
88T 'y H
SACH ‘4 H
SACL *0,4 : point 1o AR4
BAP3 [+11) SMARK.0Ch + starl A/D on PAL circuit box
LALK AR3ADINDATY i AR3 polnl 1o firsl A/D date_In address
LACK 00000h H
SACL ADINNO : clear A/Q input count
LAC SMARK 3 *- sat "busy” signal to syne. clrcult -*
ANDK QFFIFh H
SACL SMARK H
ouT SMARK . OFh H
EINT H
L]
LRLK AR4,GADCIDC H
LAC . H
SACL ADCIDC 1 foad [de
; *- moving average filtesing of idc -*
LALK ARAMIDC 1 H
LAC “15 H
ADD ADCIDC, 15 H
SACH AVG2IDC 1 avg2ide u fide(k) +ide(k-1)) /2

[YLTITILL
a
a
CTLTIIITY)

UREF

FERROR

npc

FISQO

CHKUPZ

CHKLOWe

SOIsQO

FVCDO

FVCOO0

FIPDO

FIPQO

TESTIA

ARS,GIREF
IDCREF
IDCREF
AVG2IDC
IDCERR
INTERA
IDCERR, 14
INTERR
ARAGKPIDG

iDCERA
AR4,GKIIDC
.

INTERR
ARAHIGY_1221
.

15Q0,4

1500
CHKLOW2
1ISQOLMT
SDISQO
ISQOLMT
1500
sDISQO
1SQOLMT
SDISQO
1SQOLMT

1500
AR4,GISQO
1SQO

.

1500

HIGI 1122
veDa
1500
KIF1_i227
AR4,GVSQO0
*15

Veoo
vCao
IPDO
vCDo
INv4z2
1500
PO,
ADINNO

load idcret

[ idcam =ldcref-avg2ide
*. integra! control -*

interr = Inlew « idcen
*. propottional control -+

idcermKp

intermuki

1 15q0 =-{idcermxKp + inlermKi)
1+ - limiter

if isqo<isqoimt {isqgo> =0) than
no change
; alse sgo=lsqoimt

it lsqa>-Isqoimt {isqo <0} then
no change
elsa isqo=-Jsqolmi

*. sand isqo fo global rmemaory -*

vcdo=higt({1,2}*isqo

vejo - higl(2,2)| *isqo-| 2*vsoq]

Ipdo =Hi1{1,2)*vcqo

1 ipqo =« | Kif1{2,1){ *vcdo + Isqo
Ewnmng for AJD Input iaca
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RAMZIA ZALS

SIACA LRLK

WAT 1 BIOZ

FOOSD ALK

FSIND MPY

FVCAPAD  MFY

SVCAPAC LRIK

ECOS1200 LRLK

FSIN120D MPY

FVCAPBD  MPY

TESTIA
ADINDATY
ADINDATY

SWAVG
SIACA

SUMIAL
SUMIAR
ARAJACA_42
1,12
ADINDAT1,32
SUMIAL
SUMIAH

SUMIAH
SQR23
AVGIA
AR4,GIACA

ADINDAT1
AVGIA

SMARK.OFh
WAIT 1

SMAFK
OFFTFN
SMARK
SMARK_OFh
AR4,GCOSD
cosDA
VCDO
SIND,1
cosb
veoo
SIND
SOR2S
VCAPAQ,2

AR4 GVCAPAD
.2
ARA,GCOS120D

C0O81200,1
vCeDO
SINI200,1
CO51200

consldering thete is & inverter in sensor
s tost if nead to remove sensor diift -+

- 42 polnts moving average fillering -*

sumizh = suminh-inca(k-42) +iaca{k)

avgia =sumiah/42

iaca«jaca-avgla
*. sat “ready” o sync. circuit -*

clear BIO

sat blit7 of poit F {or ready
. wait for "ali-ready” from sync, circutt -*

resat oit? of port F

sqr2dxcosd

OEIO IO X0 2000¢

sqradxsiad

voapan = $3r23x fredoxcosd-veqoxsind)
OO X000 JOLX KO

send wapao to global memory

sqr2dncos120d

sqr23usin1 20

S\'CAPBO

FiBO

SlACBO

TESTIB

[pitbal]

SIACE

WAIT_2

FCOSA

FSINA

FIPAC

Le
LTS

SACH

LALK
SACH

MPY

NEG
SACH

LALK
SACH

SUBK

vCao
SIN120D
1SQO
VCAPBO,2

AR4,GVCAPBO
2

SIN120D
INW42
IACBO,4
AR4,GIACBO
0.4

ADINNO
00002h
TESTIB
ADIND~T2
ADINDAT2

SWAVG
SIce

SUMIBL
SUMIBH
ARAIACE 42
.12

ADINDAT2,12
SUMIBL
SUMIBH

SUMIBH
SQR23
AVGIB
ARAGIACH

ADINDAT2
AVGIB

veapbo = sqradxfvedaxcos 120d-veqorsin 20d)

sand vcapbo lo global memory

; iacho = s 23xsin120dxisqo
3 AGCH 18 30000 20008 KXMX XXNX

; send facbo to global memory

V
H
H
H
; *- wailing for lack -*
V
V
H
v

load iach

;considering there is a invedar in sensor
*. lest it need to remove sensor drift -*

*- 42 points moving average fillering -*

sumlbh =sumibh-jach(k-42} + lack ()

avgib=sumibh/42

lach =iacb-er.gib

$qr23xcosa
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SIPAQ

FCOS120A

FSIN120A

FIFBO

SIPBO

TESTVA

SVCAPA

WAIT 3

FLiIAVGIDC

Lip
LTS

sug

SACH

SACH

BIOZ

ZALS

1PQOD
SiNA
SOR23
IPAD.2

ARAGIPAD
"2
AR4,GCOS120A

CO8120A,1

IPDO
SIN120A,1

COS120A
PQO
SIN120A
INv42

AR4 VCA_a2

=52
ADINDAT3,12
SUMVCAL
SUMVCAH

SUMVCAH
AVGVCA
ARAGVCAPA

ADINDAT3
AVGVCA
L]

OFF7Fh
SMARK
SMARK,OFh

SUMIDGL
SUMIDCH
AR MIDC_42
12
0CIDC,12

ipao =sqr2dx{ipdoxcosa-ipqoxsina)
J00CK 10K XK I000KL JOOOK

; sand Ipao lo global memory

sqredxcos120a

sqr2dxsini2oa

ipbo = sqr2dx(ipdoxcos120a-[pqoxsini20a)

send Ipbo lo global memory
*- waiting fot veapa -*

*-{as1 i need to ramove sensor drift -*

*- 42 points moving average fittering -*

sumvcah = sumveahwcapa(k-42) +veapalk)

avgven =sumvcah/42

*- 42 poinls maoving average fitlering for ide -*

TESTVE

AMZVE

SVCAPB

WAIT 4

TIMES0D5

STRAMGN

SACL
SACH

MPY
PAC
SACH

LAC
SUBK

ZALS

SUMIDCL
SUMIDCH

SUMIDCH
MAVGIDC

ADINND
00004h
TESTVB

SWAVG
SVCAPB

SUMVCBL
SUMVCBH
AR4VCB_a2
.12
ADINDAT4,12
SUMVCBL
SUMVCEH

SUMVCBH
AVGVCH

AR4,GVCAPB
ADINDAT4
AVGVGB

SMARK
Q0080h
SMARK
SMARK,0Fh
WAIT 4

s
OFF7Eh
SMARK
SMARK 0Fh

MAVGIDG
TRAMIN
TIMESQS
TRAMIN,15
TRAMIN, 14
TRAMGN, 1
STRAMGN

MAVGIDG, 15
MAVGIDC, 14
TRAMGN, 1

AR4,GTRAMGN
LR}

AR4,GPADEAK
bk}
PRADRAK

TRSIGN
PRDBAK

3 sumidch = sumidei-ide(k-42) + idc (K
§ 300K X0 X0 KN KIOOC

; mavgidc =sumideh /42
§ YO0 NX.00 MO M0

i waiting fof vcapb -+

3 *-tost if need to ramave sensor dnft -*

*- 42 point moving average filtering -*

sumvebh = sumvetbh-veapb(k-42) + veapty (k)

1 avgveb = sumvebhj42

i veaph =vcapb-avgvch

i *- ot trangle magniude -

*- minlmal imiter -*

tramgn = 1.5xiramin

iramgn = 1.5xmavgide

sand tramgn to global memary

loi.d PRDBAK

load TASIGN
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WAIT_S

FINDDATGC

NEGSGN

FRACT

NFRACT
SIGN1
PRDMIN
PROMAX
SIGNO

ADDTRA

MINUS
MPRDO2

CORRECT
SCONSTC

*- get timing constant for phase G -*
load impe
it impe>0 then

set temp2=0

it impc <0 then
impe = |Impe], set temp2=1

if |Impe| »tramgn Lhen
It trsign =tising then
if impe<0then
data =prdmin
alsa dala=prdmax
eiself Impe <0 Llhen

data=prdmin
alse data = prdmax

QUL = X500 X300 MIOOC X000

; if impe<0 then
quot=-quol

: feteh triangle edge sign.

if trsign ~iising then
acc=1+tempt

; sise ace = 1-lemp1
H

5 save (1 + - impc/in n)
:PHD‘(H +{!~ lrnpcfi:nrn%n]jz

add offset, sirce hardware design
acc a liming constant

send constc 1o glabal memaory

SACL SMARK ;
out SMARK.OFh :
WAT 6  BIOZ WAIT 8 ;
LAC SMARK :
ANDK OFF7Fh :
SACL SMARK :
out SMARK,OFh ;

; *- dala shifting -*
MOVIBC  LRLK AR4MIDC 41 ;fori=42102
a0 -

RPTK 3 Ide(i) =idc{i-1),

2] % s .- H

LALK AR4 MIDC 1 H

LAC ADCIDG T H

SACL . ; [de{1) =adclde

LAC SWAVG ; if need to ramove sensot drilt then

BZ LASTR :

; *« do the same work tike shifting idc on iac and veap -*

MOVING  LRLK AR4VCB_41 H

RPTK 168 :

DMOV .- ; shift whola group of iac and veap data

LRLK AR4JJACA 1 :

LAC ADINDATT H

SACL ¢ ; laca[1j=iaca

LALK AR41ACB 1 H

LAC ADINDATZ H

SACL . ; iacb(t}-iach

LRLK AR4,VCA 1 H

LAC ADINDAT3 ;

SACL . ; veapa(l) =veapa

LAWK AR4.VCB 1 H

LAC ADINDAT3 H

SACL . ; veapb(1) =vcapb

LAC SWAVG ;

ADDK 0000 1h ; Swlvg =swaag + 1, until swavg =0
LASTP LAC FCOUNT ; fcount = feount-1

SUBK 0000 1h H

SACL FCOUNT H

3 *- uutput 1o be displayed dals 1o global memory -*
LRLK AR4 GP3INDEX + point to Inctex
kAmLK 00200h 1 load begin addiess of varables
L] .

SACL DAOUT 7 S8y addresy

LAR AR4,DAQLT ;

LAC . ; load the data to be displayed

LALK AR4,GP3DA H

SACL * ; then send it to global memaory
RECOVF LARP 00001h 1 %- [pCover previous registers -¢

a8 . ;

ADDH " H

LST .~ H

LS . H

EINT ; enable interrupt

RET H

P P e T T e R LY L T bt L bbb bbbtttk

= Subroutine : ADININTASM. 1esponse 10 A/D data-in interrupl call

* Function : ransfefting 4 input cata from DAA 10 global memcry
* Aftect : AR2 is used to save current Seid, ARJ is used to senct dala 4
* Output + ADINND .

- P T T P T T T R R TR AL L Ll L Ll ALl h bbb bbb

sect “ADIMINT
; *- save cument registen -°

IddV

+
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FDININT - LARE 000020 i pointlo ARZ Table C-3 The List of DSP-1 Control Program.
8571 . :
S8T LES R
SACH tt H T T PP PP,
. :
SACL 03 : "Nape  ; DSP-1ASM .
LAC ADINNO N * Function :interupt (int0) sendce subroutine cooperates with DEP-2 and DSP-3, to send the .
ADDK 000a1h : . '{eao‘y"_ signals to the sync. circuit all the tlime, .
SACL ADINNG ! adinno =adinno+1, Indicate one more data in . The main lasks of communicalion with PG are performed by using the utiiities wrote in :
LDPK 0O0A0h ; point to page 0
U\gK DRAR B
LD 0CO04h i e .
SFA > DDR =000 3000 X003 1000¢ Aile ‘DSP-1 program
SACL *+,02 ; save data to global memory IMA -equ 00003h : page 0 (00000h-DOO7Fh)
3 *- i8COVer pravious registers -* SMARK -equ 000500
! BCODE Jequ 00078h
RECOVA  ZALS - : VINTO e OOTAR
ADOH - : -Equ
LsT :~ .: P T T TR T T T T L T T T T T P T P T P PP TP P P PP
LSTY - i . initializalion :
‘Eilé'rrr lenable Intefmp‘ CAANAR A A A AR AR S AR A A A AN A RN A AR AR N AN R A AR A A A A AR A A A A A PP AN A B R R RO
H
end L oot and of fle =+ STaRT sect PINITI :
LDPK 00000h : poir' to dale page O
T *- .ottinlize internupt veclor -4
LALK PiAP2IT H
SACL VINTO ;
LALK OFF&0h i load bianch operating code
SACL BUODE H
LALK Q3FFoh ; load first vactor address
TBLW BCODE 3 start to load interrupt veclors
ADDK 00001h ;
TALW VINTO H
LAC MmN :
ORK 00001h ; sat enablas mark {or intd
SACL IMR H
H
out SMARK,CEh ; *-sand a Interrupt signal lo DSP-2 asking -*
i lor starting paralisl processing
LACK 00G40h i EPROM enter addross Is pushed on Ihe top of stack
PUSH H
EINT i snable Interupl
RET i lump to the EPROM mondor programe
dbppdsasbanssddbipdddaansaanndhhnebdddannonddpddppddddapindannading adhda
* Subioutine 1 PIAP2ITASM response to the DSP-2 Intarrupt call. N
SRARNSAAAARAAR R IR R RdAMR AR AR auRARARE ARARRRRSENEAR ITTTTTN] AARBAARARRSSA
sect “F1RP2IT"
3 *- save currant reglistars .*
P1RP2IT LARP 00005h H
LALK ARS,00300h H
S8TH ‘& H
S5T “+ H
SACH ¢ H
SACL "+ '
LAC SMARK H
SACL . H
LOPK 00ceah i point fo paga D
LALK 00008h H
HHDD1 SUBK 0000 1h i *+ do-loop wailing -*
BGZ HHDD1 H
RXF H
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WAIT 1

HHDD2

WAIT 2

HHDO3

WAIT_3

HHDD4

WAIT_&

HHDDS

WAIT_S

SMARK
00080h
SMARK
SMARK.QFh
WAIT 1
SMARK
QFF7Fh

SMARK
SMARKOFh
00008h

00001h
HHDD2

SMARK,0Fh

00008h
00001h
HHDDA

SMARK
000ach
SMARK
SMARK,0Fh
WAIT 2
SMAAK
OFFTFh

SMARK
SMARK.OFh
00008h

00001h
HHDD4

SMARK

SMARK.OFh
WAIT 4
SMARK
OFF7Fh

SMARK
SMARK OFh

00001h
HHDDS

SMARK

SMARK,0Fh
WAIT 5

N T LT T T L L L T T R R P P

cleas BIO

sel “ready” signal 1o sync, circuit
walt for "all-ready” signal from sync. circuit

rasat “ready” signal

*. second waiting -*

- thisd walting -*

*- fourth walting -*

5o Bifth waming -*

HHDDS

WAIT 6

RECOVE

SMARK
OFF7Fh

SMARK
SMARK,OFh
p0008h

00001h
HHDD&

SMARK
00080h
SMARK
SMARK,OFh
WAIT 8
sMafk

OFF7Fh
SMARK
SMARK.OFh

'
i
]
i
'
'
i
'
'
i
'
.
.
'
.
i
.
'
'
'
'
+
'
1
)
.
.

i *- sixth waiting -*

; *+ recover pievious registers -*

enable Inerrupt

i **= end of file ***

TOULNOD dSCILUTOW 40 NDISEQ FUVMAIL0S O XIGNIJJF
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