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AB8TRACT

The phase angle control of the Two-Level Sinusoidal Pulse Width

Moduiation (SPWM) strategy has been studied in Part 1 of this thesis, and applied

to a new voltage-source type PWM High Voltage Direct Current (HVDe)

transmission system. The PWM-HVDC station exercises direct control over the

voltage phase angle, the amplitude and the frequency at the ac terminaIs using the

phase angle lock loop (PLL) control of the SPWM. The paralIel connection of

multi-terminal PWM-HYDC stations can be achieved through simple local

feedback control. The feasibility studies for the system, based on !aboratory

experiments and numerical analysis, are reported in the thesis.

In Part Il 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 cl1annelled. The Pole Placement control 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 1­

KVA size laboratory model with a real-time controlIer using three TMS320C25

DSPs. The tluee DSPs operating in paralIel are necessary to compute the

feedback algorithms with minimum delays so as to ensure sufficient frequency

bandwidth.
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RÉSUMÉ

La première partie de cette thèse fait l'étude de la commande du déphasage

obtenu par la Modulation Par Largeur D'impulsion Sinusoïdale (SPWM) à Deux­

Niveaux. Cette technique est implantée pour assurer l'asservissement cl' HVDC de

type source de tension. La station PWM Haute Tension éontinu (HYDe), muni

d'un contrôleur en boucle fermé du déphasage du SPWM, exerce un contrôle

direct sur l'amplitude, le déphasage et la fréquence de la tension aux terminaux.

On pourrait étendre ce type de commande à des stations PWM-HVDC multi­

terminaux branchées en parallèle par un simple contrôle local en boucle fermée.

Les études de faisabilité de ce système, basées sur des expériences de laboratoire

et des analyses numériques, sont documentées dans cette thèse.

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 à chacun des courants

t.riphasés du convertisseur une commande indépendante et linéai re, de façon à ce

que la boucle fermée dynamique puisse être canalisée. La méthode du Placement

de Pôles a été appliquée avec succès en util.isant d'ure part une stratégie de

contrôle numérique en temps réel. Et d'autre part le filtrage actif. Les résultats

ell:périmentaux sont obtenus d'un modèle de laboratoire d'ure puissance de /-KVA

avec un contrôleur en temps réel utilisant trois DSP TMS320C25. Les trois DSP

TMS320C25 opérant en parallèle sont nécessaires pour le calcul rapide des

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

ii
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CHAPTER

ONE

INTRODUCTION

1.1 Historical Perspective

Power Electronics began with the vacuum tube diode which made ac 10 ùc

rectification possible [1]. The advent of thyratron [1], with the gate-tltm-on

capability, introduced an element of controllability. By ùelaying 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 (HYDC) Transmission System [2], the Statie VAR

Controller (SYe) [4,5], the cycloconverters [3] .

1
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By the mid-1960s, the solid-state thyristors, i.e., 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

tu rn-on capability but have to be turned OFF by the reversaI of the anode­

cathoJe voltage. Apart from line-commutati.ln, this voltage reversaI can also be

achieved by a force-commutation circuit which tums-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 inverter source is a fixed de voltage or de current, the

amplitude control can be achieved only by Pulse Width Modulation (PWM) [12],

that is by controlIing 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-tum-on and gate-turn-off capabilities [13].

In this thesis, these power switches will be described under the generic term,

"Valves". Sorne examples of these valves are: Bipolar Power Transistors (BJT)
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[14], power Metal Oxide Semiconductor Field Effect Tram"tDrs (MOSFET) [15].

IllSulated Gate Bipolar Transistors (IOBT) [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-Tum-off Thyristors (OTO) [17], the Statie Induction Thyristors (SITH) [18],

the MOS-Contro/led 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 harmonies so as to reduce the motor ll'rque

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 iIlustrates the Bi-Logic PWM. As the two logic J':";els are fixed at

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

+1 -l---,

•
-1 -

Figure 1-1 Two-Level or Bi-Logic PWM.

'---_.
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components are left to the choice of the switching angles (ll> (l2' ••• a,v. A good

part of the literature is concerned with different algorithms for determining the

switching angles. They can be classified as the Static Txpes 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 fundv mental and the critical harmonies of interest. The angles

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

EPROMs 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 Dynarnic Type of PWM strategies can cope with the

transitions from one steady-statf, to another steady-static operating regime. The

Sinusoidal PWM (SPWM) method [12], which is used in this thesis, is an example

of tile 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 signai. 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 T)l>e of Fig. 1-2 and the Current-
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Figure 1-2 The 3-phase, voltage-source PWM power converter topology.
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• 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 direction of valve current flow. They are

nearly (but not exactly) the circuit theory duals of each other. As such, they have

almost complementary characteristics. For example power reversai on the dc side

of the bridge is accomplished in the Voltage-Source Type of Fig. 1-2 by current­

reversai (dc voltage unidirectional), and in the Current-Source Type of Fig. 1-3 by

voltage reversai (dc current unidirectional).

1n the pe,st, the Bi-Logic PWM contro;s 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 couId 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, il is necessary to use the

Three-Level or Tri-Logic PWM [23], as illustrated in Fig.1-4. The PWM Logic

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

Figure 1-4 Three-Level or Tri-Logic PWM.•

+1

o

-1

r- - r-

ai a2 aJ a, as
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began researching on the Tri-Logic PWM. Up ta this thesis, the Tri-Logic PWM

strategies had been based on the Static Type. Because of the la!~ start of the Tri­

Logic PWM, the Current-Source Type PWM bridge converter is relatively

backward with respect ta its voltage-source dual.

In parallel with the research in modulation te<:hniques and bridge

topologies, there have been active interests in applying classical amI 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].

Ali the historical development occurred in a period of transition from

analogue ta digital circuitry. Ta avoid the need for repeated component retuning

because of their aging and thermal drifts, the trend is to digitize whcnever

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 too slow for the PWM converter applications and real·

time digital feedback controis were reduced and Iimited to the "Iook-up table"

approach. Recently, very fast Digital Signal Proc:essors (DSPs) with facilities for

parallel conneclion have appeared in the market. This offers the opporlunity 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 harmonie

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 Motar 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 tumed their attention to PWM rectifiers.

The early research on PWM rectifiers based on the Graetz bridge, began around

th~ end of the 1970s [9,10,54-57]. As the gate-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 \Vere

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 ta: (i) waveform distortion limit, (ii) loss of waveform control Iimit 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 50 as to compute the converter

ac terminal voltages required for the line current to be in phase with the ac

voltages - 50 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 tht PWM controller must

be a virtual linear amplifier having the frequency bandwidth to channel control

information signaIs, be il feedforward, feedback or active filtering signaIs.

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 signaIs, 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 harmonie

cancellations remove the low order switching harmonies 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 Voltage Direct Current (HVDe) Transmission System in

Part 1 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 ta

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 inverter~ for variable speed drives, which were

clairned 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 ta 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 harmonie 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-Source 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 signais 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 Eleçtronics 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 l, 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 l CHAPTERS 2,3 and 4

1.3.1 Bi-Logic PWM - TheOl"y

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 contrais. 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 contraI. The phase angle contraI and

the frequency contrai are not entirely independent because frequency is the lime

derivative of angle. In the highly inductive, electric power utility enviranment, the

phase angle contraI is the lever for contralling the real ac power.

1.3.2 Bi·Logie PWM - Application

The application of the phase angle and frequency contrais forms the bulk

of Part l which is essentially a feasibility study [74-76] of a next generation

HYDe Transmission System based on the Voltage-Source Type PWM converter

of Fig. 1-2. The phase angle and the frequency contrais play a pivotai raIe in the

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

As the existing thyristor HYDC 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 !iule in the way of precedents to follow. Tests using 1­

KVA size laboratory modules (reported in Chapter 3) have proven the soundness

of the concepts. The experimental research is foliowed by the parametric studies

[77) 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-HYDC station is economically not

infeasible.

The research has used laboratory-size modules to prave the superior

performance characteristics of the Voltage-Source Type PWM-HYDC over that of

the existing thyristor !ine-commutated HYDe. Its praven capability for multi­

terminal operation with local contrais only cannot be equalled by the thyristor

HVDe which requires centra!ized control and, in consequence, vulnerable remote

communication links.

1.3.3 Bi·Logie PWM - Implementation

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

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

converter station inta either the De 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 Statie TXVe.

Chapter 5 presents the first definitive Dynamic Txve [78]. It is based on a

linear transformation of the Bi-Logic PWM signais. 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 signais 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 ail 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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commands of the blse drives and whose inputs come from a multi-

DSP platform,

(ii) 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 ta realize a versatile range of performance characteristics.

The experiences sought in the research work are:

(1) programming of the PAL chips to implement the Dynamic Tri-Logic

PWM and the Decoupler Pre-Processor. The details are described

in Appcndix B.

(2) real-time programming of the Multi-DSP platform ta control the

"

hardware as a Current-Source PWM Rectifier. (see Chaptcr 6)

(3) implementation of a "pole-placement" strategy in real time for fast

response and active filtering. (see Chaptcr 6)

The implementation has also given opportunity for the exploration of an

innovative feedback scheme which has been proved experimentally as very

promising in Chaptcr 6.
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TWO

PWM·HVDC TRANSMISSION SYSTEM

2.1 Introduction

There are three attributes in the sinusoidal waveforrn:

(1) the frequency,

(2) the phase angle,

(3) the amplitude.

When the waveform consists pules of two levels (+1, -1), the three attributes are

encoded in the pulse widths. So far, the Pulse Widtll 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 a11 the three attributes can be brought to bear

to solve significant engineering problems. The application example chosen here is

the High Voltage Direct Current (HYDC) Transmission. In including the third

attribute, namely: phase angle, into consideration, one needs to be reminùeù that

it is not an entirely i.ndependent 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 pllised

waveform must be synchronized ta 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 minù the

turbo-generator stations which have to be synchronized to the lItility 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 HYDe

transmissions can operate with PWM and if PWM can control the frequency and

the phase angle, then the real power can be contro11ed in the same manner as 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

contro11ers [80] .
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The generator voltage of the turbo-generatm is an ":\ctive" voltage induced

by the rotation of the magnetic flux from thf; field excitation. The ac voltage of

the 'loi tage-source PWM-HVDC CODverter station is likewise "active" in the sense

that it is supported by the dc link voltage. The dc link voltage cornes 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, il 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 de power. W!'.en the voltage·source

PWM·HVDC converter station operates as a rectifier/inverter. the ac power is

converted to/from the de power.

The ail important characteristic of the voltage·source converter is that the

de voltage is unidirectional so that the bi-directional power reversibility appears as

the reversal in the direction of the de current flow. This property l11akes the

voltage-source PWM·HVDC converters ideally suited for multi·terl11inal

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 de

link voltage produces on the ac side terminais, pulsed voltage waveforms, whose

fundamental Fourier Series harmonie 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 HYDC 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 HYDC 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,

Iike its mercury-arc predecessor, can be turned on with a delay phase angle. Il is

properly turned off only after its current has fallen to zero with reverse bias

voltage ac[()~s 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 controIs may require additional static

y AR 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 tàe 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-\, the force-

commutated semi . nductor 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 "ecause they

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

f-,
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i c
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: ,,
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.~~]IT~l Vtr (t)

Vma(t) Vmb(t) Vmc(t)

PWM-HVDC converter bridge.

Figure 2-1 Simplified circuit topology of 3-phase, voltage-source, boost type•
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Convener 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/d(

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 dc link voltage, Vdc , across on

the dc capacitor, Cdc ' For proper switching operation, the voltage Vdc shodd be

kept large enough to ensure that ail 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 reversai cf the direction of the

local average dc link current, I del • 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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features in the force-commutated voltage-source PWM converter station are

worthy of note:

(i) The ac fundamental terminal voltage vpj(t) is an active voltage supportcd by

the dc link voltage. This contrasts sharply with the conventional HYDe

which does not provide active ac voltage support at their terminais. 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 HYDe terminal.

(ii) The power factor angle can be varied over the 360 0 range [32,35].

Operation with unity power factor, even leading power factor is not a

problem.

(iii) 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, {dcl '

consists of high frequency pulses which can be filtered out efficiently by the

dc link capacitor, Cdc ' 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.

(iv) On the dc link side, the converter station operates with a unidirectional

voltage, power reversaI is accomplished by reversaI 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 Sj

By choosing the switching ON-OFF durations to follow sorne 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 ta 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 vtr(t) and a sinusoidal modulating signal Vmj(t) (j=a, b, c for the three

phases). The intersection points of the IWO waveforms are used as the instants for

sending the ON-OFF gating signaIs 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 Sj is defined as Sj= +1 in Fig. 2-3(b), and gating signal is sent

ta 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 Sj =-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, vp/t), with respect to the neutral point N. It can be expressed

as a function of the dc link voltage, Vdc(t), and the three phase switching

functions, Sj(t):
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•
Figure 2·3 (a) Sinusoidal PWM strategy.

(b) Switching function.

(c) Line·to-neutral ac terminal pulse waveform voltage.
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1 ( _'b'C)volt) = - 3 S.(t) - L Sk(t) Vdc(t) ,
p, 6 J k

j = a, b, c (2.1)

Note that Sk (k=a, b, c) 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 vp/t) 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 vmj(t). Il is weIl known [81] that for the case of

balanced three phase sinusoidal modulating signaIs, the fundamental Fourier

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

j = a, b, c (2.2)

•

V" is the peak value of the triangular carrier waveform. The important feature is

that the ac fundamental terminal voltages, vp/t), have the same frequency and

phase angle as the sinusoidal modulating signaIs vmj(t). Thus for constant V" and

V';lc , the voltages Vpj(t) can be seen as the outputs of a 3-phase linear power

amplifier with the modulating signaIs vm/t) as input signaIs.

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 signaIs
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2.3 Control of Voltage-Source Type PWM-HVDC Converter Station

Based on the voltage-source type PWM converler 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 signaIs vmc ' lùc and Oc,

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 Recul Gilly

Memories (EPROM's). In the laboratory implementation, the allgular period 0­

21T is divided into 29 =512 segments. Corresponding to the binary address K, the

Kth memories of the A, B, and C EPROM's contain the values of sin(21T[K/512J),

sin(21T[(K/512)-(2/3)]) and sin(21T[(K/512)+(2/3)]), respectively. As the counter

number (modulo 512) increases from K=O 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.

2.3.1 Voltage Amplitude Control

Since the dc link voltage Vdc 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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Figure 2·4 Schematic of voltage·source PWM-HVDC converter station with

• contrais on voltage amplitude, frequency and phase angle.
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signais in the SPWM functions. The amplitudes of the modulating sinusoidal

signais are introduced by multiplying the outputs of the DIA converter l'rom the

A, B, and C EPROM's by the amplitude command signal, vmc ' through the

electronic multipliers. The modulating waveforms are compared with the

triangular carrier waveform which is also generated by the DIA output of the

triangular carrier EPROM with a constant peak value. In the laboratory

implementation, the carrier EPROM contains the discretized l'orm of 18 isosceles

triangles in the same period of 512 counts.

2.3.2 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 l'rom

the Voltage Controlled Oscillator (VCO), belongs to the channel in which the

frequency is controlled. When the frequency command signal Cùc increases or

lowers the pulsing rate of the VCO, the basic sinusoïdal waveforms generated by

the EPROM's will be cyc\ed 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 Cùc provides this degree of independent control.

Since the address number K=O, 1, 2 ... 511, corresponding to the period
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8= 0-211" of the sinusoidal modulating signais, the counting rate of the number K is

associated with the angular frequency Cù. The binary counter performs the

function of an integrator. The phase angle 8m of the waveforms generated by the

EPROM's of Fig. 2-4 is related to signal Cùe by:

(2.3)

•

Tu 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 Cùe 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, Le., both initially have the same frequency

Cùe =CùTn in Fig. 2-5(a) and the same voltage phase angle 8m =8Tn in Fig. 2-5(b). CùTn

and 8Tn 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

frequer.cy 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 advanceà 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.

2.3.3 Voltage Phase Angle Control

The other component of the binary ù::!dress K in Fig. 2-4 cornes from the

direct phase angle shift control. The voltage phase angle shift command signal,

•
(Je' 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 (Je' 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 ilIustrates the initial states of the converter station and the utility

alter synchronization. A step input 8c is then introduced in the converter-while

keeping Wc constant. The phase angle 8", of the sinusoidal waveforms generated

by the EPROM's is shifted instandy. Together with Fig. 2-5, one sees that the Wc

and 8c are two independent channels of integral and proportional controls for the

phase angle 8.. :

•
(2.4)
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2.3.4 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 setting

terminal and an additional terminal by which a feedback signal can be added.

The reference signais are vmREn (J,RU and C<J'REI' and the feedback signais are Llvm•

- -v = V + L1vme mREF nu:

(2.5)

•

VmRU is the reference setting by which the amplitude of the fundamental terminal

voltage of the converter station is adjusted 50 as to be equal ta the utility linc

voltage. C<J'REI' is set at the nominal synchronizing frequency (60 or 50 Hz).

lnitially, the frequency difference is introduced through the terminal LlC<J, to

synchronize the converter station to the utility prior to closing the circuit breakers.

(J,RU is initially set equal ta zero. The synchronization condition is achieved

through the amplitude and frequency adjustments. The circuit breakers are closcd

when the voltages across the breakers are zero: Once the circuit breakers are

closed, the LI(J, and LlC<J, terminaIs are used as the Proportional and Integral (P-l)

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 Automatie Covemor System [79]. The voltage

amplitude can be used in reactive power control as is done by the Field Excitation

Systelll [80]. In addition, the duties of Power System Stabilizer [79] for dynamic

enhancement can also be incorporated through the feedback terminais. 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

.. -.- - -.",... -,-' -,

-'-

De
snTEM

E ., ,,

,
D .',

1 :,
Vdc :

* :,
,
,

-in
,,
\A

'"V}-w.~.--..r'Î\..~...r-.rv1

AC
UTlLITY SYSTEM

• Figure 2-7 Vc!tage-soll:'~e PWM-r:VDC converter station cr nected to an ac

litility system.
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Thevenin equivalent voltage vTn ilTn and the Thevenin equivalent impedance

RT,,+jX7;,. A black box with the control inputs ,j8, and ,j"" and a feedback

measurement box labelled Mf is now used to represent the more detailed

schematic of the PWM-HYDC converter station of Fig. 2-4. The ac terminais are

A, Band C, and the dc terminaIs are D and E. The impedance JXI. is the local

inductance, i.e., the leakage inductances of transformer and some additional

inductance, at the ac terminais of the PWM-HVDC converter station. As the R'/i,

and the JXI. are usually very small compared to the jX7'n ' they are neglected to

simplify the mathematical equations. Il is assumed that the dc side has a

sustained dc voltage Vd" 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 8n=8Tn-8m , while keeping the ac terminal voltage

amplitude vpj constant by simply fixing the reference setting vmllEF • This is

ilIustrated through the phasor diagram of Fig. 2-8, where the voltage amplitude of

the PWM-HVDC converter station vpj is made equal to the amplitude of the

Thevenin voltage IV7'"I. Assuming RT,,=O and JXL =0, the voltage drop JX7i,li,,1 is

the closing side of the voltage triangle subtended by the phase angle 8". The

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

•
that the power transferred and subsequently converted l'rom ac ta dc is:

p = 3 1vrn Il iip1 1

Xrn

(2.6)
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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 8m •

Figs. 2-8(a) and (b) show that for negative and positive values of 8n=8Tn-8m' the

PWM-HYDC 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, vTn ~Tn 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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2.4.1 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 Ihe ac

system and the dc system will hang together. Negative feedback is a classica!

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 (je and indirectly after integration through wc' Thus the terminais

LI (je and LI Wc in Fig. 2-4 will be used for introducing the proportional feedback and

integral feedback respectively. Based on the design objective, the feedhack loops

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

a dc voltage regulator.

2.4.2 De Voltage Regulator

Il has been tacitly assumed previously that the dc link voltage Vde exists

which is obtained by charging the dc capacitor, Cdc , connected on the dc link in

Fig. 2-4. It is because the dc link voilage exists, that the active ac terminal

voltage vpj(t) 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:

(2.7)

where Idcit) is the dc load current and Idcit) is the dc pulse waveform output

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

(2.8)

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

period:

(2.9)

The dc voltage regulation loop is shawn in Fig. 2-9(a). It is based on measuring

the dc link voltage Vdc(t) and after comparing it with the voltage reference VdcREF ,

the error:

(2.10)

•

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

and indirectly through the inputs <18c and <1Cùc sa as to null the error €Vdc(t).

In order to maintain the dc link voltage at the constant reference value

VdcREF , it is required that the DC Voltage Regulator has ta be able ta convert the

same amount of real power ta replace the power which has been drained by other

converter stations placed across the de link 50 as to ensure that the local average
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current I deI is balanced with the load current I de2 :

(2.1 1)

This means that the phase angle of the ac terminal voltage em is adjllsted by the

negative feedback lIntil the power from the ac utility satisfies the power demand

Vd!de2' 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 ta dc power (or vice versa) is always jllst

sufficient ta make up for the dc output power leaving (or entering) the dc

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

A

B

C

0--'

VR<.r

<>-

D

E
(b)

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

representation of (a).
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Regulator, il is automalically a power slack. The right amount of ac power is

converted by the OC Voltage Rcgulator to satisfy the power requirements of

other converter stations connected on the dc liuk. When ail the other converter

stations are assigned to rectifier function, the OC Voltage Regulator automatically

assumes its raIe of an inverter.

2.4.3 Power Dispatcher

Fig. 2-1O(a) shows the feedback loop configuration for the implementation

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

A

~
D

B

C

MI E
Pn

LI Wc L18e Ca)PnREF

+ CONTROLS
+ é

Pn

(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, PnREF • Rectifier or inverter role is

designated by the positive or negative sign in PMU' The real power Pn passing

through the converter station is measured by the transducer of box Mf in Fig. 2·

lO(a) and after comparing it with the reference, the error:

(2.12)

•

is used as a negative feedback signal to the proportional input of .:IOc and the

integral input of .:1 <Ùc ta increase or to decrease the terminal voltage phase angle

00' until the error Ep" is nu lied.

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 white

keeping the terminal voltage amplitude constant.

As the frequency reference setting <ÙCREF 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-HVOC Transmission System

Since the voltage-source type PWM converter stations maintain

unidirectional voltage in the face of bidirectional power flow, their dc terminaIs

can be connected in parallel 10 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 (OISP) 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 terminais of the PWM converter stations are connected

in parallel 10 a dc grid. A number of ac utility system can be integrated through

the dc 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

#]. 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-area ac system united by a dc grid through parallel

connections of DISP and VR.
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the local contrais 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 "2" have

decided ta sell or purchase fixed schedules of power Pl' Pj , P~ and Ps 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 "2" can exchange power through the

five converter stations through the dc grid. The power balance (neglecting ohmic

losses) is always satisfied:

(2.13)

•

As already mentioned, the DC Voltage Regulator is a power slack. In

maintaining the assigned reference voltage, il 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 ail times.

The dc voltages at the D and E terminais of the Power Dispatchers, differ

from those of the DC Voltage Regulator by the voltage drops across the dc line

resistances. The capacitors acrass the D and E terminais of each DISP station

filter out the current ripples. The charge across the .:apacitor of each DISP

station also supports the dc voltage which through the PWM switching of the

valves becomes the active 3-phase voltages on the ac terminais 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 Ioop (PLL)

technique.

On the ac side, the PWM-HYDC converter station has direct and

independem control over the fundamental Fourier Series component of ilS ac tine

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 gcnerator station. On the dc side, the PWM converter stations are connected in

paralleI. 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 l-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.

Il should be pointed out that this thesis has focused on the voltage phase

angle control only. In consequence, Pa~t 1 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 a 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 HYDC

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-HYDC 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 HYDC transmission system.

The tests were p,:rformed on two identical l-kVA size, bipolar transistor

laboratory models of the v;:!tage-source type PWM converter 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 olher 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 jXTn • The effect of

the length of the transmission line was studied by varying the values of the

inductive reactance jXr". The dc link voltage was set at 110 Vdc by the reference

control VdCflEf> in the DC Voltage Regulator. The power was varied by changing

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

Sending

VR DISP

Receiving

•

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

Regulator (VR) and a Power Dispatcher (DISP) situated at lIÙd­

point of transmission line.

3.2 Synchronization Tests

The union of the converters in Fig. 3-1 to the ac sources is possib'e 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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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 terminais 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 jXTn in Fig. 3-1. Measurements of dc link

voltage across the Voltage Regulator were plotted, shawn in Fig. 3-2, against the

çhase angle drift, 6, introduced by the phase shifting transformer. There was no

\.., • T"cdange ln v de' ::limilar result~ were obtained when the phase angle shifting

•

transfor~er was transferred to the Power Dispatcher side. The power remaincd

constant in spite of the voltage ohase angle changes. Referring ta Fig. 2-8, one

concludes that when the phase angle of voltage vTn is changed the converter

voltage vpj will follow it in arder to maintain a fixed phase angle 0n' This

insensitivity ta the voltage phase angle drift of the ac utility system is a propcrty

of the feedback through the frequency (,Je channel which essentially is an intcgral

feedback loop.

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

Voltage Regulator (VR) is depicted in Fig. 3-3 and Fig. 3-4 respec\ively. The
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120

60

(Va< =35 V""" VdcREF=1l0 V. Lrn =0.01362 H, !de =3 A)

Figure 3·2 OC link voltage of OC Voltage Regulator (VR) as a function of

voltage phase angle {j introduced by a phase shifting transformer

between ac source and converter.

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

syste.~ or f"Olll 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 adjustmem of the

frequency reference setting, WN,u, in Fig. 2·4. Fig. 3·3 and Fig. 3-4 show that

when a frequency difference cxists, the converter continues to remain

synchroni7ed by virtue of a non-zero feedback voltage <1 wc' This implies that the

error in the rc:gula!or loop cannot be zero and this is confirrned by the sloped
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(V) Vdc

61

60

58

(V"" =20 v,,,,,, VdcREF=60 V. Ln.=0.01362 H, I",,=1.9 A, Kp=0.2, K, =8.3)

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

frequency deviation.

(Watt) Pn

(V"" =20 V""" VdcREF=60 V. Ln.=0.01362 H, /dc=/.5 A, 1(,,=0.1, KI =25)

Figure 3-4 Power output of Power Dispatcher (OISP) as a function of

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

The Kp and Ki given in Fig. 3-3 and Fig. 3-4 are proportional and integral

feedhack gains in the <l8c and <l (,.lc channels respectively.

3.3 Real Power Control

The DC Voltage Regulator was assigned a constant reference control

voltage, VdcfŒF=110 Vdc. The power was varied through the reference setting,

fil/le,., of the Power Dispatcher. The de power and the voltage phase angle were

measured experimentally. Fig. 3-5 shows the de Hnk power plotted against the

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

(Watt) Pn
500 0 - __

Figure 3-5 DC Hnk power versus voltage phase angle characteristics.

o : XTn=2.5 ohm

o : XTn=5.0 ohm

t>. : XTn=7.5 ohm

15

-700

-300

100 en
r--_r_-..._---r----,-"77.,-1-'-''-'''-,~--_r_-..._-_,.._-_,

60 (Deg.)-75

•
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on the weil known formula of the real power, Eq. (2.6), whel1 the transmission

line impedance, the sending and receiving end volta;.. magnitudes and phase

a'1gle are known. The switching losses of the valves account for tht; 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

results:

(1) Real power control is accomplished by the voltage phase angle contro\.

(This follows the same practice as in the ac generator station.)

(2) 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 fdcl that reverses direction.

(3) The Dc Voltage Regulator is a power slack. In order ta ensure that the

capacitor voltage is charged at the present reference voltage, the OC

Voltage Regulator converts the power necessary to replace the amount

taken by the Power Dispatcher.

(4) There are active ac voltages at the terminais of the converter which are

supported by the dc link voltage from the capacitar cbrges, and therefore

there is no voltage droop or collapse as in conventional HVDe.
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(5) As the ac transmission distance increases, jXTn increases. From Fig. 3-5

one sees that in order to 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 jXTn = 7.5 ohm, one sees that ± 75

degrees have been recorded as experimental points which lie within the

steady-state stability Emit.

By situating the back-to-back PWM-HVDC !ink midway between the

sending and receiv;ng ends of a long weak ac transmission system, il is possible to

double the power capability of the ac lines. The experimental peints at ± 75

degrees for jXTn =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 Reguiator 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 using their local feedback controls orny.

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

Regulator, when a step reversai of d..:m:,nd from a negative (inverter) to a positive



•
CHAPTER 3 EXPERiMENTAL TESTS OF PWM-HYDC 57------_._------

(rectifier) value was applied to the power reference setting, PnREr , of the Power

Dispatcher. Initia!!;' the DC Voltage Regulator operated as an rectifier (positive

dc link current Id,J and then it changed to inverter operation (negative dc link

current Ide]) in response to the power step change in the Power Dispatcher. Thus

it operated as a power slack and ensured that the demands of thc Powcr

Dispatcher were satisfied promptly by the local voltage regulator t'ecdback 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 cnrrent. Fig. 3-6(c)

shows the voltage phase angle, en. which controls the power change during the

(a)

(b)

(c)

(d)

•
Figure 3-6 Transient waveforms in DC Voltage Regulator during power

reversai: (a) fnndamental harmonie voltage, (b) ae line enrrent,

(e) voltage phase angle, (d) de link enrrent.
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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, f dc1 , immediately at the converter output terminal.

The ripples of f dc1 have been filtered by the dc link capacitor so that the output dc

current, f dc2 ' 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 muiti-terminal (3-station) HYDC operation was

performed. Based on the circuit of Fig. 3-1, in the beginning, the Power

Dispatcher (OISP) was assigned to deliver a fixed amount of inverter power. The

OC Voltage Regulator (YR) 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 OC

Voltage Regulator, (c) the ac current and (d) the dc link current of the Power

Dispatcher (OISP). 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 th~ dc link. From Fig. 3-7(c) and (d) one

observes that the Power Dispatcher fulfilled ils assigned power in spile 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 ils rectified

power so as ta accommodate the step power demand of the third station.
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•
(a)

(b)

(c)

(d)

Figure 3-7 Transient waveforms in multi-terminal experiment: (a) ac line

current and (b) dc link current in DC Voltage Regulator (VR);

(c) ..c line eurrent and (d) de link eurrent in Power Dispatcher

(DISP).

The HYDC converter station should be able to survive fault conditions.

One kind of fault, the diseonneetion of one ac phase, has been tested successfully

on t~e DC Voltage Regulator and on the Power Dispatcher. This occurs either

through the accidentai 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 phasf;s 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)

(d)

•

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 rernaining phases increased so as

lo make up for the same power as before the fault. The currents continued to

have near sinusoïdal waveforms,

3.5 Summary

Through the experimental tests under steady-state, transient, and faulted

conditions. the significant advantages of volt(ige-source type PWM converter

station in the HVDC applications have been demonstrated in this chapter. The

next charter continues the research on the system parameters and concludes that

the voltage-source PVVM-HVDC system is not economically unreasonable.
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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, Cdc> 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 1s critical that they are

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

In addition, the parametric studies have been pursued to get an idea as to

what carrier frequencies, fIT' 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 HYDC appiications.

It should be stressed that the OTO's used in present high power Starie VAR

Compensation (SYC) 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 & 0 to perfect the OTO's, the Mers and the SITH's within the 20

year period.

In HYDC 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 OTO's and the

other gate-turn-off valves will also have to be connected in series to achieve the

same high voltage 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 "bail-park" figures required of the

cl/mponent sizes are not astronomically large so that the manufacturers will

seriously consider the PWM-HYDC system as economically feasible.

4.2 System Model for Parametric Study

• The voltage-source type PWM-HYDC converter station used for the
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PWM Converter

Figure 4·1 Converter station eonneeted to ae utility system and de system used

for feasibility study.

parametrie studies is iilustrated in Fig. 4-1. In Fig. 4-1, the VI. and Xli' are the

Thevenin equivalent voltage and impedanee representing the ae utility system.

The reae'anee XL includes the leakage reaetanee of the transformer with

additional reaetanees whieh may have to be added. On the de side, the XcI and

Xc2 represent the eapacitanees direetly conneeted aeros" the eonverter stations.

The de transmission Hne is represented by the impedance Rdc +jXdc •

The box "F" eonneeted on the bus in Fig. 4-1 represents the ae filter bank

whieh prevents the harmonie eurrents from being injected into the ac utility

network. The ac filter can consist of th~ shunt L-C elements which arc tuned ta

the switching harmonics so as to "short-circuit" the harmonk currents. il can he

the same type of filter whi:h is used in conventional HVDC [2,62,63] except that

the harmonie 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:

(4.1)

The ratings are defined under the condition that the PWM-HVDC station is

operating with modulation index M=1.0 and the reactance XL =0.0. Thus for the

schematic of the converter station connected to the ac utility system as shown in

Fig. 4-1:

VTh ; vb! ; 1.0 p.u.

Vb2 ; vpj ; 1.0 p.u.

V
dc

; 1.0 p.u.

(4.2)

In Eq. (4.2), vb! and Vb2 are fundamental Fourier Series component of the voltages

on the primary and the secondary side of the transformer, and Vpj 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:

1
XTh ; ; 0.333 p.u.

S.C.R.
(4.3)

•
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 vTn and v b!
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in> xjX L

,.-----"7

// l),j

Figure 4·2 Phasor diagram of fundamental Fourier Series ClJmponent of

voltages.

will be:

(4.4)

As the Vb1 and Vb2 are not equal, il is necessary that the turns ratio of the

transformer must be chosen such that:

Vb2BASEn = (4.5)

•

The transformer secondary voltage, vb2' and the fundamental Fourier Series

voltage on the ac terminal of the converter station, iipj, are related as vb2=iipj=1

p.u. under the condition of the modulation index M=l.O and XL =0.0. When

M';'l.O, iipj can be presented as vpj=M irJ per unit. Table 4-1 lists tlle per unit

values used in the study.
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System parameters ehosen for feasibility study.

Per Unit Values of Fig. 4·1

XTn =0.333 p.u.

Xdc =1.0 p.u.

XC] =1.0 p.u.

Rdc=O.OS p.u.

•

4.3 8izing XL by AC RM8 Current

The nns (root-mean-square) value of the ae line eurrent is used for rating

the bridge valves, the transformers and the reaetanee XL' The ae tine eurrent ean

be obtained by using the superposition principle in whieh eaeh harmonie

component of the eurrent is the tine harmonie voltage divided by the tine

impedanee at the harmonie frequency. The nns eurrent is generally used for

rating sinee it takes into aeeount of the fundamental eomponent and ail the

harmonies of the eurrent in the computation of the heating of the eomponent.

For meaningful eomparisons, the results from the harmonie ealculation will

based on the same power rating condition. As the fundamental Fourier Series

component of voltages and eurrents are the "useful" part of the pow(:r-transfer,

their steady state values are adjusted to ensure 1.0 p.u. power to be transferred to

the eonverter station as the values of XL and M are varied in the parametrie

study.
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On the secondary side of the transformer, the power transmitted across XI_

is:

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

(4.6)

(J
= M cos( (Jn2 +...!!! )

2
(4.7)

The two equations (4.6) and (4.7) permit Vb2 and (Jn2 to be solvel! for a

specification of M and XL' The magnitude of the fundamental Fourier Series

current of the transformer secondary, t,2' is:

(J (J
• ( (J +_nl ) . nI

Vpj sm n2 2 - vb2 s/nZin2 = ----_-=::-:_------'=­
XL

(4.8)

•

The converter station is controlled by using the Bi-Logie SPWM scheme.

The harmonies of the ac terminal voltages are determined by the choice of the M

and frr' 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 frr' Il 1s desirable that frr is low as it reduces switching losses of the

valves. It 1s 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 choosil'.g M =0.8 for the rated operation, an over-voltage

capability up to M ~ /.0 is permitted.
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Having used Eqs. (4.5) to (4.8) to solve for the fundamental Fourier Series

component of voltages and currents which will transfer 1.0 p.u. power through the

converter, it is a straight forward exercise to evaluate the Fourier Series harmonie

voltage based on the modulation index M and the triangular carrier frequency flr'

The inductive rt:actance XL is used as a common abscissa in the study. The

concern l-~re is that XL should not be excessively large. It should be stressed that

Xl. includes that transformer leakage reactance which lies in the 0.15-0.20 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

•

2.00

...., 1.75
::i
~

E.... 1.50

~ 1.25::::>
t..l

1.00
0

......... j\lntlanlt~

......... nns 1,,-211.
--- Ims 1,,-91.

M=O.9

i i

Q05 Q10 Q15 Q20

Impedance XL (p.u.)

Figure 4-3 Fundamental and nns converter ac current as a fum:tion of XL'
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Fourier Series component of the convert~r ac phase current which is required to

rectify 1.0 p.u. power from the Thevenin :::quivalent voltage source, for M=l.O,

XL =0.0 and f,,2=1.0 p.u. . In order that the same power is transferred for a lower

converter voltage associated with the use of a smal!er modulation index M. a

bigger În2 is required. Likewise. for the same M, a larger current is nceded to

deliver the same power when XL is incr·eased. The large current is required tu

compensate for the large voltage drop across XL so as to be able to deliver the

same power.

The nns values of the converter !lC output current inc1ude al! the switching

harmonic components. As XL increases, the filtering effect is apparent and the

nns values converge towards the fundamental component. Fig. 4-3 also shows the

difference between using a carrier of frequenciesflT=9xfo and f,,=21xJ.,. Here f"

is the line frequency, 50 or 60 Hz.

As a guide to the cost of XL> Fig. 4-4 graphs the VA rating of XL based on

the formula VA =0.5XLxÎ;2rms and in Fig. 4-5 the cost reference factor based on

the formula Cost-Reference-Factor=XLxÎn2rmsxvmax •

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 vmax during PWM switchings.



•
CHAPTER 4 PARAMETRIC STUDY 70

1.0

0.8

-- /,,=9/0

- - /" =21 Jo
M=0.6

M=0.7

M=0.8

M=0.9

a
O+----~--~--~---~-

0.05 0.10 0.15 0.20

Impedance XL (p.U.)

Figure 4·4 VA of XL as a function of XL-

Figure 4·5 Cost Reference Factor (XL xin2rmsxvma,) vs X,•.

2.5+-
0
----.------,---- ,

0.05 0.10 0.15

Impedance XL (p.u.)

M=0.7

M=0.8

M=O.9

,
0.20

M=0.6,,,,

-- 1r,=9!o
..-- Ir,=21 ! 0

4.5

3.5

5.5

•



•
CHAPTER 4 PARAMETRIC STUDY 71

4.4 Total Harmonie Distortion

Based on the ae line eurrents, in2 , and the SPWM switehing funetiù,i~, Sj'

the eurrent injeeted by the eonverter into the de side of Fig. 4-1 ean be ealculated.

A description of one method has appeared in [83,84]. The voltages and eurrents

in the de sidc are solved from cir("~it theory and Fourier Series analysis.

One measure for harmonie appraisal is. the Total HamlOnic Distortion

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

(
" )1{2

THDY<k = L V';k x 100%
k·I

(4.9)

where Vdck is the magnitude (per-unit) of the ktlt Fourier Series harmonie voltage

across the capacitor Xc!, Also, the Total Harmonie Distortion factor for the

converter de output current, THDldc' is defined as:

(4.10)

•

It is important to keep the factor THD/dc within certain limit ta 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 de

voltage and eurrent respeetively. In Fig. 4-6, one sees that for flr =9xfo , one just

misses complying with the required 5% in the practical range of 0.15 <XI.' At the
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Figure 4·6 Total DC Voltage Harmonie Distortion factor vs XL'
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higher carrier frequency of flT=21 xfo , the 5% is easily salisfied. The Total

Harmonie Distortion factor of the dc 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 contribule towards makillg Ihe

voltage-source PWM·HYDC a practical proposition.

With further refinement in the dc capacitor design, il should be possible 10

use a carrier frequency which is as low as flT=9xfo' For economic design M

should be as high as possible. If the equipment is overraled to have excess r/lls

currenl carrying capacity, M can be varied to have a range of voltage magnilude

conlrol.

4.5 VA Rating and Switching Losses

Any challenges to the conventional HYDC system must firsl address the

problem of operation under the very high voltage and current ralings of the

HYDC environment. Present HYDC systems, which are commonly in the

thoùsands of MVA and hundreds of KV range, operate by connecting thyristors in

series. Before PWM techniques can replace the line-commutated HYDC

converter station, considerahle expense and research will have to be devoted to

mastering the technology of series and parallei connections of the force­

cornmutated switching valves. Amongst the problems which have yet to be solved

are: (1) reducing the switching losses associated with high frequency operation 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 technique using GTO's has already been operational at the MVA levels

required in electrical traction, industrial drives, UPS and static VAl{

compensators, etc. A1though there is still a leap from a few megawatts to the

hundreds of megawatts range required of HYDC, il 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 aI:,1lications 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

kVde/200 Ade) 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 he achieved by series and parallel connections of the dc

terminaIs of the voltage-source (boost) type PWM converter modules of Fig. 2-1.

Il has been shown that the voltage and current stresses in steady-state and in
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transients are fairly equitably distributeJ 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 .::ttes 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 1 of this thesis has been concerned with advancing the application of

the Pulse Width Modulation technique to the Voltage-Source type bridge

converter. As a resear.::h area, the field is weil 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 ail these

applications is that the PWM converter interfaces with the power utility system

which bas its frequency to which thé converter must be locked in synchronism

through the Phase Lock Loop. Once in synchronism, the phase angle is advanced

or retarded 50 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 environrnent.

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

technique and its applications will be described.
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Ff'fE

DYNAMIC TRI·LOGIC SPWM CONTROlLOF
3-PHASE CURRENT-SOURCE CONVERTER

S.l Introduction

Although many converters in the past had been labelled as PWM

controlled Current-Source bridge conveL;.;rs, they had never lived up to the

daims. Aiter the definitive work of Hombu, Ueda and Ueda [40,41], one knows

now that because the PWM strategy in use had been the Two-Level or Bi-Lùgic,

the valves could not have switched in the manner as wished by their designers. A

re-exarnination of their experimental results reveals very poor waveforms which

have little resemblances to the intended sinusoids. Hombu, Ueda and Ueda

[40,41] established tha: the Three-Level or Tri-Logic PWM should be used and

indeed the experimental waveforms show remarkable improvements.

77
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Unfortunately the syntheses of the Tri-Logic PWM signaIs 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 med 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 ail the modulation index levels are stored in EPROMs. 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 ID

contrast il with the "Statie" 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.

Il is stated in Part 1 that the Two-Level or Bi-Logic PWM techniques are

in an advanced state of development so that the remaining area of research bas

been in the phase-angle control. In contrast, the Three-Level or Tri-Logie PWM

concepts are at the infancy stage. For this reason, this chapter is devoted to a

systematic mapping of its characteristies.

Section 5.2 discusses the peculiarities of the 3-phase current-source bridge
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converter and why it is more difficult ta 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-Logie PWM will operate

the valves of the bridge-converter in the manner prescribed by Bombu, Ueda and

Ueda [40,41]. The truth table, Table 5-2 is another proof tha: 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-Logie PWM carry over to the Tri­

Logic PWlvl. In particular, the Sinusoidal PWM (SPWM) is chosen for the Bi­

Logie PWM because it has the "Dynamic" properties sought for. Essentially, the

"local average" of the Bi-Logie 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 signais of the inputs.

However, there is the problem that the translation formula in Eq. (5.2),

"scrambles" the Bi-Logic signais. For this reason, it is necessary to prepare the

inputs of the Bi-Logic SPWM signais 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 signais.

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 V..]ve

simultaneously ON, so as ta 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 CUITent-Source PWM Converter and Contr~1 Difficulties

The top part of 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 Ldc and its resistance Rdc 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 lU

master. This is due to the fact that on both the ac and dc sides of the converter,

the circuit components are originally ail inductive elements. During switchings in

the PWM mode of operation, it is not possible to meet the current continuity

constraint, i(L)=i(t+), in each of the inductive elements, Land L dc ' Here Land

t+ are respectively the ti:ne 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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•
Figure 5·1 Current-source PWM converter with Dynamic Tri-Logic PWM

trigger circuit and Decoupler Pre-Processor.
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terminais of the converter to act as current buffers and harmonie filters. The

presence of the capacitars brings out at least four difficulties which have \0 be

recognized and surmounted.

The first diffieulty arises from the capacitor voltages whieh allow only one

of the three upper valves (Ua' Ub , Ue ) and only one of the three lower valves (La

, Lb' Le ) of the eonverter bridge to conduet at any time instant. As shown by

Japanese researehers, Hombu et al. [40,41], the usual Two-Level or Bi-logie

PWM strategies, whieh have been developed for the voltage-source converter over

the past 20 years, eannot be used. The eonverter input currents, ipa(t), ipb(t) and

ipe(t), must be the three level (+Ide' 0, -Ide) type of waveforms. Il is necessary to

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

The second difficulty is again due to the capacitor voltage which can apply

a reversed anode-to-cathode voltage across on the valve 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 ;s a

brief non-eonductioTl period. The resultant destructive L de dIde(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 difficulty cornes from the resonance between capacitor C and the

inductance L in the ac lines. The resonance frequency must be chosen ta avoid
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forced-resonance from two sources: (i) the 5th, 7th and higher odd harmonies

from the ferromagnetic nonlinearity of the ac source, (ii) the switching harmonies

of the PWM converter. For high power applications, the switching rates of the

valves have to be lowered 50 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 equation

dimensionality by one. By comparison with the voltage-source topûiogy, the

current-sourcc 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, fùL, and the

charging current through the capacitive reactance, 1/fùC, 50 that the converter

inje;:ts the right amount of ac currents for unity power factor operation. However,

this compensation is for the 60 Hz 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 noise introduced by the

differentiator, to secure the same stable operating region as hysteresis control of

the voltage-soarce 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

d2/dr operation ta fultïi the Cd/dt operator ta compute the current for charging

the capacitor.

5.3 Dynamic Tri-Logic PWM

To overcome the tirst difficulty, this sectinn 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 ta conduct al 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 cUP'ent-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.

ADynamie 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 signais 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

dose 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

HYDC 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 shawn in

the functional blacks in Fig. 5-1. The stages of signal processing are added in

arder to make the local average values of the converter terminal currents, Îpa(t),

Îpb(t) and Îpc(t), ta he the linearly amplified forms of the control input signaIs,

Spa(t), Spb(t) and S",,(t).

In Fig. 5-1, the Decoupler Pre-Processor stage prepares the input modulating

signais in anticipation that 3-phase ac circuit is one of two possibil'ties: (i) wye

connection, (ii) delta connection (which will be shawn later in Figs. 5-6 and 5-7

respectively). The aim is to ensure that each of three input modulating signais

contrais the ac currem in the phase assigned ta il.

The output signais of the Decoupler Pre-Processor, Sma(t), 5mb(t) and

S",c(t), are then encoded into Bi-Logie PWM signais, Xa(t), Xb(t) and Xc(t) by the

SPWM strategy, using triangular carrier signais, S"a' S"b and Srrc .

The Bi-Logic PWM signais, Xa(t), Xb(t) and Xit), are next translated into

Tri-Logic PWM signais, Ya(t), Yb(t) and Yit), which will be used finally ta 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.

5.3.1 Tri-Logic PWM States, YK(t)

The Tri-Logic variable, Yk(t) (subscript k=a, b, c for each of the 3 phases),

is defined to have three possible values: +1, 0, ·1. Thus the kth phase output

current of the converter, ipk(t), is:

where IdC<t) is the dc line current.

(k = a, b, c) (5.1)

•

Table 5-1 lists ail 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, Uk, and the Lower valves, Lk. Uk=1 and Lk=I denote that Uk

and Lk are switched ON. Uk=O and Lk=O denote the OFF states. In the state

designations #1, #2, .... #6, IdC<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), ail the three ac terminal lines do not carry any current.

No current is admitted from the dc side ta the ac side. The dc link current, !d,(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
Designation

Tri-Logic Upper Valve Lower Valve

•

#1 0 +1 -1 0 1 0 0 0 1

#2 +1 -1 0 1 0 0 0 1 0

#3 +1 0 -1 1 0 0 0 0 1

#4 -1 0 +1 0 0 1 1 0 0

#5 -1 +1 0 0 1 0 1 0 0

#6 0 -1 +1 0 0 1 0 1 0

#0, #D 0 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 1

5.3.2 Biffri-Logic PWM Translation

As shown in Fig. 5-1, the Tri-Logic variables Yk(t) are obtained from the

Bi-Logic variables, J0(t) (j=a, b, c for each of three phases). Each Bi-Logie

variable has two possible values: J0(t) = +1 or J0(t) = -1, which are generated from

the Sinusoidal Pulse-Width-Modulation (SPWM) function blocks whieh accept as

their inputs, the modulating signais, Sm/t), and the triangular carrier signais, Saj'

The Bi-Logie PWM variables, J0(t), are translated into the Tri-Logie PWM
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variables, Yk(t), through the block of Bi/Tri-Logic Translation which is based on

the Iinear mapping:

Ya(t) 1 -1 0 X.(t)

Yb(t)
1 0 1 -1 X/t)- -
2

Yc(t) -1 0 1 Xc(t)

1or Yabc = - [ C ] Xabc- 2 -

(5_2)

(5.3)

Table 5-2 lists all the Y =8 combinations of the three Bi-Logie PWM

variables, J0 (j =a, b, e), and their eorresponding Tri-Logie PWM variables, Yk

(k=a, b, cl, based on Eq. (5.2). The important faet emerging from Table 5-2 is

Table 5-2 Truth Table of BijTri-Logie Translation

State
Designation

Bi-Logie Tri-Logie

#0, #D, #E, #F +1 +1 +1 0 0 0

#1 +1 +1 -1 0 +1 -1

#2 +1 -1 +1 +1 -1 0

#3 +1 -1 -1 +1 0 -1

#4 -1 +1 +1 -1 0 +1

#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 c::-mplete list in Table 5-1. When :he

valve switchings are based on Table 5-1, they fulfB the constraints of the current­

source PWM converter operatiùn, whkh is that oruy one Upper and oruy one

Lower Valve can comluct simu1taneou. ly. Thus the translation based on Eq. (5.2)

al!ows the current-source PWM .cOilverter 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 Ihis knowledge from Bi­

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

Fig. 5-2 illustrates how the three Tri-Logie signaIs, Yk(t), are generated

from the modulating signa!s, Sm/!) (j =a, b, c). In this exarnple, the modulating

signaIs are balanced 3-phase sinusoidal waveforms. Fig. 5-Z(a) shows how the Bi­

Logic PWM encoding is done by the SPWM strategy. The same triangular carrier

is used for ail the three phases ta prolince the Bi-Logie variables shown in Fig. 5­

2(b), (c) and (d). The three sequences of Tri-Logic signaIs Ya(t)=[Xa(t)-Xb(t)1/2,

Yb(t) =[Xb(t)-Xc(t)l/2, and Yc(t)~[Xc(t)-Xa(t)l/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 Hnes 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 Hnes.
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Table 5-3 Sequence of Tri-Logic States

Sub-Period
Identification

Contiguity
Interpretation

(#0)
Sequence in Sub·Period

•

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-

NoA #D -4-0-4-5-0-5-4-0-4-

No. 6 #F -6-0-6-4-0-4-6-0-6-

5.3.3 Singi~ Switching Tri-Logic State Transition

Il is apparent that the transition from one Tri-Logic state ta the next Tri-

Logic state must be executed by one "single switching action" which consists of

turning OFF of one of the Iwo valves which have been ON ai1d turning ON of a

new valve ta form the next state.

Two Tri-Logic states are called "contiguous" when the transition from one

state ta the other can be effected by a single switching action. For example, the

Tri-Logic state (+ 1, -1, 0) or #2 as shawn in Fig. 5-3 has four contiguous states.

Two of them consist of keeping switch Lb unchanged and making the changes in

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

By examining the contiguity of aU 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 osciUating transitions involving

three Tri-Logic states, one of which is #0 or (0, 0, 0). The choice of which of the

three sllOot-through states (#D, #E, #F), is determined by the contiguity

requiremp.nt embodied in Fig. 5-4.

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

,-------, No.2 Sub-Period

i XI Ub
X1

i
1 Lb 1

! x X!, ,, ,
1 lE i

:-Yi:m-rmw~i;: No.3 S.'-P'riod
XX,X x XX, ,

i #D ! #2 1 13L._. _._._._._.~._._._._._._._.~._._._._._._._.

i fH'! x~"OPP
: X x: 0 :valve is ON
1 16 i
!._._._._._._._.J

•
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 tlIe interpretation of the #0 or (0, 0, 0) state. This interpretation allows

La and Le to be in the OFF states and Lb to be in the ON state all through this

sub-period when the signaIs Yk(t) cali 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 Ua ON, Ub and Ue OFF throughout this sub-period.

The transition between sub-periods oecurs 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 nenvork of contiguous states of Fig. 5-4, it is seen that the line-to-line
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transitions in Table 5-3: #2 to #3, #3 to #1, #1 to #5 ... are all contiguolls

transitions.

The block of PAL Gating Logic circuit in Fig. 5-1. receiving the procession

of the Tri-Logic PWM signais, issue the switching instructions to the six valves of

converter bridge. Its design has to take into account of the featmes embodied in

Table 5-3 and Fig. 5-4. Essentially, it must be able resolve the ambiguilY of the

#0 state, that is whether #D, #E or #F should be used. It must recognize the

arrivai of Sub-Period Identification state of Table 5-3 and use the Contiguity

Interpretation of the #0 state to implement the shoot-through gating signaIs. The

details of the design for the PAL Gating Logic circuit will be described in

Appendix B.

5.3.4 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 modlliating signais Smj(t) (j=a, b, c). The

property of the linear amplifier is derived from the stage of encoding the

modulating signais 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, St'!. samples

the value of the modulating signal Smj(t) 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 J0(t).

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 J0(t)

can be shawn ta be [81]:

U=a,b,c) (5.4)

where PStr is the peak value of the triwgular carrier Strj, and ~(t) consists of the

switching harmonies of the carrier and the sidebands. It is assumed that the

carrier frequency of Strj is sufficiently high 50 that the frequency spectrum of ~(t)

is in the high frequency end of the spectrum 50 that it can be fiItered by the

inductances and the capacitances of the converter. Thus ~(t) in Eq. (5.4) can be

omitted. Thus the ~(t), defined as the local average values of the Bi-Logic

SPWM signais J0(t), is:

U=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:

•
where

A = Id«t)

2 PStr '

(5.6)
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In the control design, the term A can be made to be constant through an atLxiliary

feedback loop, which makes the PSIT proportional to the Idc(t). This is ta keep the

gain of the Tri-Logic PWM converter function constant regardless of the variation

of dc link current Idc(t). Thus the currents ~k(t) (k=a, b, c) are the linearly

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

Smit ).

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 [Cl

matrix in Eq. (5.2) the ideal current sources, AxSma(t), AxSmb(t) and AxSmC<t), are

connected in delta.

5.3.4.1 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 signais. For

exampIe, the spectrum of the Tri-Logic PWM signal Ya(t) is based on applying Eq.

(5.2) to the spectrum (complex numbers) of the signais Xa(t) and Xb(t). Fig. 5-5

(a) and (b) show respectively the spectrum (magnitudes) of the Bi-Logie PWM

and Tri-Logic PWM for the case: SPWM modulating index M=0.8, triangular

carrier frequency=21x60=1260 Hz. In Fig. 5-5(b), aIl the harmonics at integral

multiples (n=1,3, ...) of the carrier frequency (1260 Hz) are eliminated. One set
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of the sideband harmonies (2x1260±2x60 Hz) is aiso eliminated.

5.3.5 Decoupler Pre-Processing

•
Beeause of the form of the [e] matrix in Eq. (5.2) the ideai eurrent-souree

amplifiers, AxSma(t), AxSmb(t) and AXSmc(t) are eonneeted in delta as shown in
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Figs. S-6 and S-7. Thus there is need for a Decoupler Pre-Processor block located

as shown in Fig. S-l, so that the input control signais, Spa(t), Spb(t) and Spc(t), can

control the local average values of the converter ac terminal currents ~,,(t), ~b(t),

and ~c(t) directly.

Il is proposed that the Decoupler Pre-Processor consists of a

transformation by a 3x3 constant matrix [D] which relates the input control

signais Spabc =[Spa(t), Spb(t), Spc(t)f to the modulating signais SMabc by the

equation:

SMabc = [ D ] SPa/x:-- --

Substituting Eq. (S.7) into Eq. (5.6):

-
i Pobe = A [ C ] [ D ] SPahi:-- --

The desirable result is:

-
iPobe =A Spobe

Thus, it is required that [D] =[Cl-l .

(S.7)

(S.8)

(S.9)

The determinant of matrix [Cl in E'l. (S.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. (S-

9) can be achieved if the rank is increased. This is done by first defining:

•
[D]=.![C]T

3

Substituting Eq (S.10) into Eq. (S.8), one has:

(S.10)
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where ~= [So(I), So(t), S,(t)]T and So(t) =(Spa(t)+Spb(t)+Spc(t»/3.

1" -. _. _. _. -. _. _. _. - ._. _. _. _. _. _. - '-'-,

,

(5.11)

5mb

ipc-..

wye-connected
3-phase ac .................... _ _ AC equivalent

·éircuit of converter

[D]-matrix
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Removal
zero sequenc·e

1/3
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- rt'\
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+
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Figure 5-6 Decoupler Pre-Processor for wye·connected 3-phase ac.•
Decoupler Pre-Processor s~
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5.3.5.1 WYE-Connected 3-Phase AC

The result of Eq. (5.9) is possible when Sa =Q 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. Irye-connected 3-phase ac line circuits. The input

control signais, Spa(t), Spb(t), Spit), pass through a first stage which removes the

zero sequence component. The intermediate signaIs, bearing a prime, satisfy

Sa(t) = (S;a(t) +S;b(t) +S;c(t»/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,

~k(t), is completely controlled by the control input signaIs, Spj(t)., independently.

Since there cannot be a zero sequence current f10wing in this isolatcd

neutral, Irye-connected circuit, setting Sit) = 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, ~k(t), are related to the three ac phase

currents, iu(t), iv(t), iw(t), by the equation:

•
-
iPahc = [ C ] iuvw-- --

By subtracting Eq. (5.6) from Eq. (5.12), the result is:

(5.12)
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[ C ] ( iuvw - A SMabc ) = a (5.13)

As the 3x3 matrix [Cl in Eq. (5.13) has a zero determinant, it is necessary

that:

(5.14)

(5.15)

before il/(t), Ut), iw{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 signais Spit) 50 that Eq. (5.15) can be

AC equivalent, ,S-;:;: O_-S;~O o,oo's:oo,oo'ëircuit of converter

i
u
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Figure 5·7 Decoupler Pre-Processor for delta-connected 3-phase ac.• Decoupler Pre-Processor Spa Spc
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satisfied. However, if there exists a zero sequence current, io(t), which circulates

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

The extent of decoupled control attainable is:

(5.16)

•

5.4 Summary

This chapter has presented the Dynarnic Tri-Logic PWM strategy which is

translated from any 3-phase Bi-Logic SPWM signais. The Tri-Logic PWM fits the

operational requirements of the 6-valve, 3-phase, current-source PWM converter.

In the irnplementation of the switchings of the valves as controlled by the

Dynarnic Tri-Logic PWM, the state transition involving a single switching

operation only is perrnitted. The Dynarnic Tri-Logic PWM provides the converter

with the characteristics of linear amplifiers, 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 Dynarnic Tri-Logic PWM

strategy. The digital controller is based on multi-DSP in parallel for the

computation of Pole-Placement algorithms.
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CiIAPTER

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

difficu~ties 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 ta solve the remaining control difficulties

caused by the ac capacitors. These are: (1) the stable operating region which is

too linüted, (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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In applying the Pole-Placem'-;i1t method, the following illnovat;ve

approaches have been followed:

(1) The 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 !hree independent linear amplifiers.

(2) The emire 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 ta 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 algorithrns 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 1-KVA size, 6-valve (Bipolar Transistor), 3-phase, Current-Source

PWM Converter was constructed. The digital controller used, was a multi-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) OC-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 signais, Spj(t) (j =a, b, c).

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

L R

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

converter. (j=a, b, c)•
c

ipj
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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 ~it). 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, ~P)=AxSp/t), using a linear combination of the current and the voltage

feedback signaIs 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-q frame, to be

followed by an inverse transformation back to the a-b-c frame again, the

computation burden is less. Furthermore the d-q frame equations are not

decoupled.

In the circuit of Fig. 6-1, by choosing the ac line current, i'j(t), and the

capacitor voltage, veit), as the system state variables, the state-space description of

the circuit is:

..È..isj(t)
R 1

0 VSjCt)--
[iSjCt) ]dt L L (6.1)=
VCjCt) +

1 ip/t) + L• d 1
-vc/t) - 0 C 0
dt C
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The output is:

(j = a, b, c)

Removing the input term vsj(t) by subtracting the steady-state operating values

from Eq. (6.1), the smail perturbation variable model is:

(6.2)

[

Ji, (t) ]
Ji .(t) = [1 0] .if

'J Jvc/t)

or

Jy/t) = [C] J~(t)

(j = a, b, C )

where, the small perturbation variables are defined as:

(j =a, b, c )

Ji'j(t) = i,j(t) - i,jo(t)

JvcP) = vcP) - VCjo(t) ,

- - -
Jip/t) = ip/t) - ipjo(t)

(j=a,b,c) (6.3)

•

and, i,jo(t), VCjo(t) and ~jo(t) are the steady-state operating values of the ac Une

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

From Eq. (6.2), one sees that the first row element in the vector [B] is zero

sa that the ac line currents, L1i,/t), cannat be directly controlled ~y the input

variables L1~it). The adjustment of the ac line current is delayed by one arder

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 terminais 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

Rand L of the line. Dunng the transient period, in order to compensate for the

Ldi,it)/dt voltage drop across the line inductance, the converter current ~j(t) has

to include the capacitor charging current component which must be contain the

second derivative Cd\(t)/dr. However, this task is difficult to implement as the

d2/dr operator introduces noise and cannot be used in the control circuit.

Auother control difficulty is shown by Fig. 6-2 which plots the open-Ioop

frequency response of L1y(s)/L1u(s) from Eq. (6.2) for the converter paramelers

listed in Table 6-1 of Section 6.6. Sinre 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 5th, 7th and other odd harmonies from the ferromagnetic
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Figure 6-2 Open-Ioop frequency response of the system showing L-C

resonance.

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

converler, the resonance will cause serious low order harmonie 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:

Il can be seen that on the S-plane, the resonance performance corresponds to one•
R

±j
2L

(6.4)
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pair of the low damping poles being located near the imaginary axis. The

damping factor (=RJE/2JL is low, as the ratio of R/L is smail 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), il is known thOlt the system of Eq. (6.2) is completely controllable for ail

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 contro\. As

defined by Eq. (6.3), the state vector .Il 5.(t) in Eq. (6.2) is the "e"or" between the

ac line current and the ac capacitor voltage and their de5Îred steady-state

waveforms. By using the state-feedback technique, the .Il 5. (t) can be made

converge to the origin Olt a faster rate determined by the Placement of the Poles.

When the error .Il 5. (t) =12 , the ac line currents and the capacitor voltages are

tracking their desired waveform templates. In maintaining .Il 5. (t) =12 , the

harmonic distortions which arise from the interactions with the L-C resonance

frequency are suppressed, and the converter operates virtually as an Active Fi/ter.

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 Disc~etization 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 dT, for the sampling instants tk=kdT (k=l, 2, 3·.. denote the

sampling sequence), the state at the next sampling time tk +] is given by [91,92]:

.1 !t(t.,]) = [G] .1Ytk ) + [H 1.1 U/tk )

.1lJ(tk ) = [C] .1Ytk )

(6.5)

G = [ e [A].lT H] ] ,

o 0 3x3
[

H2 ]H=
1 3x] ,

C=[IOO]]x3

It is assumed that there is a delay between the sampling instants (tk ) of the

feedback signal and the time needed to compute the control signal. This

assumption is embedded in:

•
m.lT

J e[A]'ds [B]
o

(6.S-a)
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(l·m)<lT

H2 = f e[AI'd\- [B]
o

(6.5-b)

where mâT, (05,m5,l), 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 c1osed-loop control as

implemented for phase-a. The inner state feedback loop, which is enc10sed by the

dotted line box of "feedback", ;s 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-foTWard''.

At the kth sampling instant (t=tk ), the ac line current, i,a(tk ), and the

capacitor voltage, Vca(tk), are measured, and the state variables â Xa (tk) are

calculated, using Eq. (6.3). The control input variable Spa(tk ) consists of two

components:

Çao(tk) is computed from the feed-forward loop in order to meet the unity

power factor requirement of the line CUITent i,aCt). The control will be described•
-

Spa(t') = i paa(t.) + .d Üa(t.) (6.6)
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• Figure 6·3 Pole Placement control scheme.
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in the next section, Section 6.4.3.

L1Ün(tk) represents the state feedback control based on the Pole Placement

control law:

(6.7)

where, the KI' Kz and Kj are the gains of the state feedback loop which are

designed ta 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 L1T>=397 J.LS,

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:

(6.8)

•

is an Integral tracking control loop with the gain K4, which is chosen to minimize

the error between the ac line current, i,a(t), and its waveform template, i,ao(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) =A xSpa(t), described in Section 5.3.4, is chosen as A =1, so that the feedback

control signal L1Üa(tk)=L1Ua(tk ). Denoting tk by k and [KI Kz Kjl by KI_j, and

substituting Eqs. (6.8) and (6.5) into Eq. (6.7), L1Ua(k+ 1) ( or L1Ua(tk+1) ) can be

solved as:
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IJ. Ua(k+1) = K4 [ YaCk) - [C] ( [G] IJ.Xa(k) + [H]IJ. Ua(k) ) ]

- K1_J([G] IJ.Xa(k) +[H].1Ua(k) )

= IJ.Ua(k) + KI-J/)A.a(k)
(6.9)

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

phases are:

[ 1J.~(k+1)] = [G H ][J~(k)] + [0] W.
IJ. U.(k+1) 0 0 IJ. U.(k) 1 J

J J

j=a, b, c

where, the state feedback input U'J is:

[
JYk)] [J~(k)]W = -K = S S

j s IJ.UP) [1 2] J~(k)

j=a, b, c

and SI = KI_J([l]-[G]) - K4 [C][G]

82 = 1 - KI _3 [H] - K4 [C][H]

(6.10)

(6.11)

It can be shown that if Eq. (6.5) is completely controllable, Eq. (6.10) is also

completely controllable. The gain vector KS=-[SI 52] can be solved by applying

•
Ackennann's formula [91,92]:

where,

(6.12)
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- [G H][G] = 0 0

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

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

(6.10). Thus the state feedback gains K4 and K1_3 can be found from Eq. (6.11):

[
[G] -[1]

K - K K
s - [ 1-3 4] [C][G]

Therefore,

[H] ] _ [ 0 0 0 1]
[C][H]

(6.13)

[
[G]-[1]

[ KI K2 K3 K4 ] = (Ks + [ 0 0 0 1 ] )
[C][G]

[H] ] -1

[C][H]
(6.14)

•

As the system mode! 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 ail 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 signaIs, Sma(t), 5mb(t) and Smc(t), 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 LIR, in the control design, the desired closed-lcùp system poles

have been chosen by substituting as large as possible the value of the resistance R

into Eg. (6.5), and ûsing corresponding eigenvalues as the ideal closed-loop

system pole positions.

6.4.3 Dnity Power Factor Feed-Forward Control

To achieve unity power factor control, the steady-state converter terminal

current, Çao(lk), has been determined from the steady-state solutions of Eq. (6.1)

when the ac source voltage vso and the system parameters Land C are known.

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

Assuming the a-phase ac supply voltage is:

vS<I (t) = vsosin (wt - B.) (6.15)

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

where, Ba is a phase angle and vso is the peak value of ac voltage source. The

quantity, l~o(tk)' is the instantaneous peak value of the ac 3-phase Hne current

templates. Substituting Eqs. (6.15) and (6.16) into Eq. (6.1), for constant value of

isu(tk), the steady-state solution of the capacitor voltage template, Vcao(tk)' is given

by:

• Ycao(tk) = (Yso - R Îso(t.)) sin (wtk - B.)

- wLiso(t.)cos(wt.-B.)

(6.16)

(6.17)
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Therefore, the steady-state converter terminal current, ~"O(tk)' can be obtained

through the equation:

i_(tk) = isao(tk) - C :r Ycao(tk)

= (1- u?LC) isc(tk) sin (wtk - °0 )

- wC(vso-Risc(tk»)COS(wtk-Oa )

As shown in Fig. 6-3, the current amplitude iso(tk) cornes 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 10 nul! the

error between the dc link current Idc(t) and its reference setting Ider,r' When this

error appears, it is used 10 adjust the magnitude of the line current command

iso(tk). Through Eq. (6.18), iso(tk) adjusts ~ao(tk) in magnitude and in phase anl)e

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 (wtk) and cas( wtk), are from the sinusoidal waveform

generators which are synchronized with the ac voltage sources.

Only the a-phase control implementation is shown. The band 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

Th'~ 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, the 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~l, 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 harmonies in the ac circuits (up to the 7th harmonie in

our design), the lowest triangular carrier frequency used to encode the bi-logic

PWM signaIs in Fig. S-l of Chapter 5 should satisfy with the formula flT?(3x7)fo

Hz (Jo 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 50 that it falls within the frequency bandwidth of the equivalent linear

amplifier. Although the L-C resonance frequency interacts with the low order

harmonie sources, the state-feedback control loops can react fast enough 50 as to

ensure il~ (t) =Q. 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 Eqs. (6.5-a) and (6.S-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 surfers 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 =1 in Eqs. (6.S-a)

and (6.S-b)) had led to system instability. Therefore, the control command was

executed as saon as the numerical computations were completed. The

computational delay was: m =0.2 in Eqs. (6.S-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-q 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



•

•

CHAPTER 6 MULTI-OSP REAL-TIME CONTROL Ul

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 impiement the Tri-Logic

Gating. (see Appendix B).

6.5 MuIti·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 50 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 MultÎ-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 Instrument TMS320C25s) operating independently in paralle!. Each of

DSPs has its own local program and data memories, and operates at 40 MHz

dock frequency. The operations of the three DSPs are synchronized by using the
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•,,,,
i
:

Sync A/D

Xa -- x.-x
~7 C

DSP#3

Global
Memory

DSP#2

DSP#l

A/D

Multi-DSP Controller o PC

•
Figure 6-4 Hardware configuration of current-source PWM converter with

multi-DSP controUer.
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interrupt signaIs and a hardware synchronization circuit (which is not shown in

Fig. 6-4). Ouring real-time operation, th~ parameters for the calculations and

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

The outputs of the Multi-OSP ControUer have to be converted into base

drive signaIs ta activate the valves of the converter which operate under the Tri­

Logie SPWM strategy described in Chapter 5. This is accomplished by the PAL

(Programmable Array Logic) Tri-Logic Gating hardware circuit whieh is connected

between the current-source PWM converter and the Multi-OSP ControUer. Il

transforms the Bi-Logic SPWM signais, Xa(t), Xb(t) and Xc(t), which are generated

from the Multi-OSP ControUer, into the Tri-Logic PWM signais based on Eq.

(5.2). Il has also the duty to store temporarily in the memory the Tri-Logie state

sequence and then from its historical context to choose the shoot-through state

(#0, #E or #F of Table 5-3) automaticaUy. This depends on the programmed

logie, which has been designed to fulfil the requirement of state contiguity

embodied in Fig. 5-4 of Section 5.3.3. Ils output trigger signais 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 signais of the new Pole Placement control

strategy a, 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 de 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 CI phase reference, a

software implemented Phase Lock Loop (PLL) produces the in-phase and the in­

quadrature sinusoidal reference waveforms, sin( 6)tk ) and cos( 6)tk ), 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 seriai communication channel, by which the control program codes can

be down-Ioaded to each of the DSPs and the control parameters can be modificd

and displayed during the real-time control.

In order to shorten the computational delay time m!JT in Eq. (6.5), ail 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 signais 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 ail 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 contraIs 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 ResuIts

A l-kVA size laboratory model 'Jf the bipolar transistor current-source

PWM converter bridge using the rnuIti-DSP controlIer, as shown in Fig. 6-4, has

been constructed. Tests have been conducted for the verifications of the proposed

Dynamic Tri-Logic PWM trigger rnethod, 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 Pararneters

• C=30 MF

6JL=2.5 ohm

R=O.8 a/lin
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connected. On the ac side, the circuit L-C resonance frequency is chosen to be

357 Hz which is close te the 5th harmonie.

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 21 per modulating signa! period. In the multi-DSP controller,

the sampling frequency is chosen to be twice of the triangular carrier frequency,

60x21x2=2520 Hz (sampling period liT=397 J..lS). In each sampling period, the

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

Synchronization signal

Stage 1 2 345 6 7

•

~- Control output delay, 68.5 J.lS ---1

1------- Control step, 397 J.lS -----

... 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 OSPs.

Stages 1 2 3 4 5 6 7

DSP#2 JO.3 J.IS ZO J.IS 5.0 J.IS 6.6 J.IS 8.1 J.IS 10.0 J.IS 4.0 J.IS

DSP#3 14.6 J.IS 19.2 J.IS 9.0 J.IS 4.4 J.IS 3.5 J.IS 6.5 J.IS 3.0 J.IS

calculation stages. The active computing times executed in experiments are

shown in Fig. 6·5 and Tab!e 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. Il is seen that the control computational delay time

mL1T:s0.2xL1T is achieved.

6.6.1 Active Filtering Test

•

Fig.6-6 shows the steady·state operating waveforms of: (a) the ac Hne

current, (b) the capacitor voltage and (c) the tenninal 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 L1Üa(tk ) =0 in Eq. (6.6).

Typically the ac voltage source in the Power Electronics laboratory of McGill

University contains the 3rd and the 5th harmonie. They cause the severe 5th

harmonie distortions in the ac Hne current and the capacitor voltage waveforms
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(a)

(b)

(c)

•

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

(a) ac line current, 5 Am,,; (b) capacitor voltage, 67 V,m,; (c)

converter terminal pulse current, ipj(t).

( dc line current fdc =10 A, and load RdC+Rroad=9 ohm)

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

the 5th harmonie.

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 KI =-0.8289, K2 =0.0459, Kj =0.3876 and K4=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 r =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 harmonies 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 feedbaek control:

(a) ac line current, 5 Am,,; (b) eapacitor voltage, 67 Vm,,; (c)

eonverter terminal pulse current, ip/t).

(de line eurrent fdc=JOA, and load RdC +R1oad = 9 ohm)
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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 (e) the de link current, when the converter de link current reference,

Idere!, has a step change from 8 A to !l A. The de link current regulalOr

proportional gain Kp.de =O.I9 and integral gain K[.de=O.02. As can be seen, lhe

(a)

(b)

(c)

•

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:

(a) ac line current, from 3.4 Am" to 6.4 Am,,; (b) capacitor

voltage; (c) dc link current, from 8 A to 11 A .

( dc resistance load Rde +R1oad = 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, curre;tt-source type PWM

converter suitable for ail power conditioning applications. The research has

focused on a specifie 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 harmonies, and (iii) regulating the de current.

The main difficulties have been identified in Chapter 5. The new control

strategy: the Dynamie 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 contro11er.

The predictions of ils performance have been verified experimenta11y in a l-kVA

laboratory converter.

The investigations of Chapter 5 and the present chapter a110w the fo11owing

conclusions to be made:

• (1) The high quality, unity power factor, 6-valve, 3-phase, current-source type,
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PWM rectifier can be controlled entirely by software algorithm

implemented by multi-DSPs. The key ta the success consis:s of achieving a

sufficiently broad frequency bandwidth channel to convey the conIrol

feedback information. This requires: (i) the use of high-speed DSPs to

execute the algorithm concurrentIy ta minimize the compulational delay

time in the real-time control, (ii) the use of a sufficiently high triangular

carrier frequency in the SPWM strategy.

(2) The research has proposed and proven a new control design based on

applying the Pole Placement state feedback technique to the inner ac line

CUITent control loop in each of the ac phases. The new design succeeds in:

(i) improving the time response, (ii) actively filtering out the line

harmonies.

(3) PivotaI to the success is the Dynamic Tri-Logic SPWM method and the

Decoupler Pre-Processor which can be used in ail 6-valve, 3-phase, current­

source converter bridges. The ability of the PWM strategy to operate as a

linear amplifier with respect ta the control inputs is an important assel.

This is because the CUITent-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 TheOl'Y

7.1.1 Two-Level or Bi-Logic PWM (Part 1: Chapters 2, 3 and 4)

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

because of its mature state of development, there is !ittle raOiTI for contributions.

1. Nevertheless, Part 1 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 ComroUer is the Integral feedback.

3. Using the Phase Angle and the Frequency Controls, the PWM cnnverter

can be synchronized to another system (such as the electric power utility

system which has a nominal 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 ta fulfil regulatory functions. The two

regulatory functions, demonstrated experimentaUy in the research of this

thesis, are:

(i) de voltage regulation,
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(ii) de power regulation.

4. In the electric power utility system, the Phase Angle and Frequency

Controis affect the rea! 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 il has only been recently recognized that the Current-Source, 6-Valve, 3­

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

5. 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.

6. Since the Tri-Logic PWM signais are generate,l by a linear transformation,

then the preferred Bi-Logic PWM signais are those which have linear

output-to-input relationship with respect to the modulating signais. 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 signais are the linearly

amplified modulating signaIs. Thus the Tri-Logic PWM signais are also

linear transformations of the modulating signais.

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

compensate for the non-diagonal linear transformation equation of Eq.
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(5.2), sa that the local average of the Tri-Logic PWM signal of any of the

three phases is linearly proportional ta 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.

Ali 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 fUllctions.

The linear transformation of Eq. 5.2 includes the switching harmonies. As

the carrier and sideband harmonics of the Bi-Logic SPWM are known, the

carriers and sideband harmonics of the Tri-Logie PWM are predictable, as

shawn in Fig. 5-5.

Advances in Engineering Applications

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

Current-Source PWM Rectifier.

7.2.1 HVDC Transmission System (Part 1: Chapters 2, 3 and 4)

1. The conceptual study in Chapter 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 HYDC

Transmission System. The ability to connect the dc sides of the converter

stations directly in parallel, in the face of power reversais, is particularly

attractive in multi-terminal application. The existing line-commutated

HVDC system requires mechanical reversing switches for power reversais

in multi-terminal connections.

2. The concepts are proven to be correct in Chapter 3 in tests using l-KVA

size converter modules. Of special interest, is the successful reversai of

power in the multi-terminal connection while using local control in the

individual converter station. The existing HYDC 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 "bali-park"

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

The laboralory and Ihe feasibitity 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

buitt. Tests show that the demanding performance characteristics are ail

met:

(i) Regulated de link current,

(ii) Unity power factor operation,

(iii) Near sinusoidal ac current,

(iv) Active Filtering to remove ac source harmonies,

(v) fast response.

7.3 Advances In The Implementation 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 1: 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

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

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

make the converter into a Static VAR Controller.

7.3.1.1 Real Power ControUed 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 controlled through the

amplitude of the PWM modulating signal.

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

ln Part l, the hardware implementation is hybrid: a mixture of analogue

and digital methods. In the control of the CUITent-source PWM converter in Part
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II, the objective is to realize an entirely digital controller based on a multi-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~l to B-6 of Appendix B. The PAL circuits impIement the

Tri-Logic SPWM described in Chapter S.

7.3.2.3 Innovative Feedback Method

Another contribution to reducing the computational delay is the Innovative
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Feedback 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.

7.4 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 HYDC,

the future work will be on Static VAR Compensators (Shunt and Series Types),

Phase Shifters, Power Conditioners for Storage Systems.
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A

IMPLEMENTATION OF
VOLTAGE-SOURCE PWM CONVERTER

A.1 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 l-kVA size

bipolar transistor converter bridges to present two PWM-HVDC stations. The

converter bridges have been built in our power electranics laboratory. A detail

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

For demonstrating and verifying thf; concepts of the PWM-HVDC

transmission system, a new design of the phase lock loop controller, described in

Chapter 2, has been implemented. By configuring the feedback contraIs the

converter is made to operate either as a DC Voltage Regulator (VR) or as a

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

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

show the circuit diagrams of the controller in detai!.

A.2 Sinusoidal Modulating Signal

In the design, the 3-phase Sinusoidal PWM modulating signals, Vm-A, Vm­

Band Vm-C as shown in Fig. A-l, are generated using the so-call "EPROM"

method. Each of the 3-phase sinusoidal waveform templates in one complete

period is sampled equally by 29 =512 points. The samples are then digitized (S-bit

resolution) and stored in three EPROMs (2764s), one for each phase. When the

EPROMs are addressed by a 9-bit number (AO-A8), the outputs from the

EPROMs are converted into 3-phase analog sinusoidal waveforms, Vm-A, Vm-B

and Vm-C, through the D-to-A converting circuits (consisting of the MC140Ss and

LM747s, shown in Fig. A-l). In the experiments, the amplitudes of the analog

modulating signaIs are kept as constants which correspond to the modulating

index M=0.8. The frequency of the modulating signaIs is deterrnined by the rate

at which the 9-bit address counter is increased by the VCO (voltage controlled

oscillator).

A.3 The PLL Control

The PLL (phase lock loop) control, with the switch S tumed to the position

of 1 shown in Fig. A-2, is used to synchronize the output modulating signaIs, Vm­

A, V/n-S 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 Hz 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 YCO (voltage cOl/lrolled

oscillator). The output pulse signal from the YCO (VCOUT pin) is used as the

clock of a I2-bit binary counter (74LSI6Is) shown in Fig. A-3. The most

significant 9 bits of the counter (Y3-Yll) are chosen to address the EPROMs. ln

order to obtain the 60 Hz sine-wave output, the central frequency of the YCO is

set at fo =60x212 =245760 Hz by choosing the values of RI, R2 and CX under the

condition that the YCO input voltage VCOIN=0.5Vdd=2.5 V. The 2.5 V can be

obtained ~y 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, LM3I8 and LM3I9). 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,

Yll. The phase error, PE, between signais of SP and Yll is obtained by filtering

the harmonies and removing the dc offset components contained in the output of

phase comparator, Pl, through a R-C low-Pass (LP) filter and an adder circuit.

The error signal PE is used as " negative feedback signal, il w, to adjust the YCO

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, ilô, is firstly digitalized into a 8-
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bit binary number (XO-X7) through an A-to-D converter (ADCOS04), then added

onto the number contained in the address by a 9-bit binary adder circuit (74LSS3s

and 74LS373), so that the EPROM address (AO-AB) is equal to (Y3-Yll)+(XO­

X7,X7). 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 ,d 6. Normally, during the procedure of closing

circuit breaker, the ,d 6 is adjusted as zero as the converter is not loaded.

A.4 The VR/DlSP Control

By turning the switch S 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 Vde and its reference

setting is obtained from the [eedbaek eomparator, then amplified and fed to the

VCO and the phase angle control circuits respectively to adjust the control signais

,de..> and the ,d6. For the case of DISP, the only change needed is the feedback

signal, which is now the signal Ide, whose Hall Effect (LEM) feedback sensor

circuit is shown in Fig. A-2 also.

Ali of the control circuhs shown in Figs. A-l, 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, l-KVA size of 3-phz.se, 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 lal:-oratory. Here, it has

been reconnected ioto a 3-phase, 6-valve, cùrrent-source PWM converter bridge.

A multi-DSP controller [94-96] and a PC XT computer have been employed to

perform ail the feedback coNrol ::'sks 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

149
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•

Figure B-I Experimental set-up of the multi-DSP controlled 3-phase, current­

source PWM converter system.

A) l-KVA size of bipolar transistor PWM converter bridge, B) PAL

Gating Logic and AjD 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 AjD Converter circuit have

been built and installed onto the converter, shown by the arrow B, to perform the

functions or the BijTri-Logic SPWM Translation (Section 5.3.2 of Chpater 5) and

• the feedback signal sampling. The data are transmitted between the multi-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

Currut-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 haye been modified here to improve the switching speed). A dc snubber

circuit, consisting of Rs ' Cs and Ds ' is connected across the dc terminaIs for

protection against Ldcdldc/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:jng 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 signaIs, S-abc (or Xa , Xb and Xc in Fig. 5-1), from the

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

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

B.3.1 BifTri-Logic Translation Circuit Prugramming

Table B-1 is the program list of the design for chip UI. Its funclion is 10

sample the Bi-Logic SPWM input signaIs S-abc at each rising edge of the circuit

dock, and then output the signal EQ to indicate that a change has occurred in the

signaIs S-abc.

Table B-2 shows the program list of the design for chip U2. Its function is

to eliminate very narrow triggering pulses in the signaIs S-abc so a~ to protect the

valve from unnecessary fast switching and from the effects of the noise in the

signais S-abc. The data of DI-D6 specify the width setting for the narrow pulse

elimination.

The chip U3 plays the function of The BijTri-Iogic SPWM Translation and

the U4 determines the shoot-through signais based on the methods described in

Section 5.3.3 of Chapter 5. The details of the designs for chivs U3 and U4 are

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

B.3.2 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 tuming
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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 tuming ON signal and

other is being tumed OFF. The object is to shorten the switching transent. The

chip U5 contraIs the width of this short overlap by choosing the date of 01-06.

The output trigger signal at the terminaIs 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).

Ali of the PAL circuit designs in Fig. B-3 :!or':' 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 8-4 The PAL Gating Logic circuit Implementation Using

Speedwire board.
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been tested on a speedwire circuit board as shawn In Fig. B-4. Table B-1 ta B-6

show the [agie designs

Table B-1 The Prograrn List of PAL Chip #1 Design.-:::.._------
.........................u ..

• CHI? NAME : PAL·I'
• FUNCTION : 181ch the bl·logle SP'NM Input slgnals
..........u .

1PALt6RPa Iodate, sbln, sein),
1 out: (san. sbn, scn, sann, sbnn, scnn, oq).

clocle clk

aclive·hlgh: 'alr

san .. saln
sbn scn .. scln
sanr • s.an
r.bnn .. sbn
scnn .. scn
eq • (san' & sbn' & scn' & sann' & sbnn' & scnn')

, (san' & sbn' & scn & sann' & sbnn' & scnn 1
# (san' & sbn & scn' & sann' & sbnn & scnn')
# (san' & sbn & scn & sann' & sbnn & scnn 1
,. (san & sbn' & scn' & sann & sbnn' & scnn;
# (san & sbn' & scn & sanr .. sbnn' & scnn 1.
# (san & sbn & scn' & sann Do sbnn & scnn;
# (san & sbn & scn & sann & sbnn & acnn l

Table B·2 The Prograrn List of PAL Chip #2 Design.

• CH!P NAME : PAL·#2
• FUNCTION : counllng Ihlt widlh 01 Input pul".....................................................................................................
lPAL1BRPS ln: (Itq, d[6-1J, resell,
1 out: (q{6-1I, ttr(2-111,
1 clock: clk

1
1actiw-hlgh: "all"

1
1 ptoc&dute: rMet,lIr(2-1j
1 {slales: stalel - OOb,
1 stale2 • 01b,
1 stBle3 - lOb
1
1 slalel.
1
1 stale2.
1
1
1 slatlt3.

1
1
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ln: (sa, sb, se, elkln, hold, sasht, sbsht, scsht),
la: (elklnv, same),
out: 'l[6-1I,
elock: elk

•

ql .. ((ql'&t1r!2-1] •• ' &oq)
, (dl & (ttrI2-1]" -0 , nr[2-1J" ·2 1 ~111 St t~t'

q2 .. (({(ql & q2) , (Cl" & q2'J) & tlr[2-1]" .. , St ~i
, (d2& mrI2-1l- -0' tlr[2-1J ••2' eq111 & reset'

qJ .. (({qla-l] .. -0 , ClI3-ll" .. 7 1 <lIJ-ll" -6 , q[a-ll· .. 5) & tll(2-1J .... , & eq)
, (da & (ttr[2-1]" -0 , 111(2-1]- ·2 , 1XI111 & rnor

q4 .. (({q{4-1J ... O' (q[4-1l/-S&q4)) &tlr[2-11-.1 &eq)
, (d4 & (I11{2-1]- "0 , nr{2-1]- ·2 , oq11) & flllSolll'

q5 .. (({ClIS-Il- .. 0 , (qIS-lll-1B & qS}) & ttt[2-11" ., & eq)
, (dS & (ttr[2-1]" "0 , "tI2-1]- .. 2 , eq1ll & r~'

qe .. ((q(6-111-32 & c:l8 & nr!2-1] .... ' & Kil
, (de & (ttr[2-1J-·O' "rI2-11- -2 # Kl1)) & rMel'

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

.........................................................................................................

.. CHI? NAME ; PAL·la (vel"!lion 3)

.. FUNCTlON : bl·logle ta tri.logle transformation.....................................................................................................
IPAL16RP6
1
1

1

1
1 aeli~·low: hold
1 reglslllrs: q{e-Il

1
1samll • (sa & sb & sc) , (sa' & sb' & sc')

1
1 'l6 • (sa & sb' & hold1
1 ' (same & alUht & tbshl' & scsht' & holdi
1 , (same & sashl' & sbshl' & sesht' & q6 & holdi
1 , {same & 3alIhi & sb~ht & 'l6 & hardi
1 , (same & sasht & sesht & qe & hold1
1 , (same & tbshl & setht & q6 & hold;
1 , (same&qB &q5 &q4'&q3'&q2'&ql'&hold1
l '(qe&hole!)
1q5 • (sa' & sb & hold;
1 1 (same & sasht & sbsht' & scsht' & hold1
1 (... same & sasht' & sbsht' & scsht' & qB & hold;
1 '. ,kme & talht & sbshl & qe & nold1
1 1 (same & sasht & sesht & qB & hold1
1 1 (same & sbsht & scsht & qB & hold1
1 1 (same & qB & q5 & q4' & 'l3' & q2' & ql' & hold1
1 , (q5 & hold)
1q4 • (sb & sc' & hold1
1 , (seme & sasht' & sbsht & sesht' & hold1
1 , (same & sasht' & sbsht' & scsht' & q4 & hold1
1 1 (same & sasht & sbshl & q4 & hold1
1 ' (same & sasht & scshl & q4 & nold1
1 , {same & sbsht & saht & qol & nold1
l , (semo & 'l6' & 'l5' & q4 & q3 & q2' & ql' & holdi
1 1 (q4 & noie!)
1q3 • (sb' & te & holdi
1 , (semo & suht' & sbshl & SCShl' & hord1
1 1 (same & sasht' & Ibsht' & sesht' & q4 & hold1
1 , (same & suhl & sbsht & q4 & hold1
1 1 (same & sasht & saht & q4 & hOrd;
1 1 (samo & sbaht & sesht & q4 & holdi
1 , (same & q6' & q5' & (14 & q3 & q2' & (Il' & hold1
1 1 (13 & hold)
1(12 • (sc & sa' & hold')
1 1 (semo & IaIht' & sbsht' & KShl & hardi
1 , (same & sasht' & sbsht' & &CIht' & q2 & holdi
1 , (samo & sunt & sbsht & (12 & hold'
1 , (samo & suht & sesht & q2 & ho~)~

l , (same & sbsht & scsht & q2 & holdi
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ln: (sann, sbnn, scnn, hold),
out: (equ, satsl, sb"t, scfst, sashl, sbsht, seshl),
clcck: clk

•

,. (same & qS' & qS' & q4' & q3' & q2 & ql & hold1

1 ,. (q2 & hold)
1CI' .. (sc' & sa & hold')
1 ,. (same & sashl' & sbsht' & saht & hold'l
1 ,. [same & sasht' & lObshl' & seshl' & q2 & hcld')
1 ,. (same & sashl & sbsht & q2 & 1'101d')
1 ,. (same & suhl & sesh! & q2 & hold1
1 ,. (same & sbsh! & scsht & q2 & hold')
1 ,. (same & qS' & qS' & q4' & q3' & q2 & ql & hold1
1 ,. (Cll & hold)

1
1 clklnv ~ 1 77 clkln'

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

• CHIP NAME ; PAL·'4
" FUNCTION : store prevfous bl.logle Input slgnall, produce shoot-lhrQugh sIgnal...""."" " .
lPALlaRPa

1
1
1
1 actlv&-ION: hold

1
1equ .. (sann' & sbnn' & senn' & hold1
1 ,. (sann & sbnn & senn & hold')
1 ,. (&qU & hold)

1
1safst .. {sann & equ & hold')

1 ' (safsl & &qU' & 1'101d')
1 ,. (safst & hold)

1sbfsl " (sbnn & equ & hold')
1 ,. (sbfst & equ' & hold')
1 , (sbfst & ho:d)
1setst • (scnn & equ & hold'
1 , (scfst & equ' & holdl
i , (scbt & hold)
1sasht • (sann & sbnn' & scnn & satst & sbfst' & scfs1 & equ' & hOIG 1
1 , (sann & sbnn' & Knn & safst & sbfst' & setsl' & equ' & hold'
1 '.n&~~&~~&safst&~&scfs1&~&~~

1 , (sann' & sbnn & senn' & satst' & sbtst & scfs1' & equ' & hold'
1 '~~&~n&~n&~&~&~&~&h~

1 .,_~&~n&~&~&~&~&eq~&h~~

1 , (sasht & ((wnn & sbnn & senn) 1 (sann' & sbnn' & senn, , equ , holdll
1sbshl • (sann & sbnn & scnn' & safst & sbtst & scfst' & equ' & holdl

, (sann & sbnn & scnn' & saki' & ;btst & scfst' & equ' & hold'
, (sann' & sbnn & scnn' & tafst & sbfst & acfIt' & &qU' & hold')
, (sann' & Ibnn' & scnn & satst' & sbtst' & scfst & equ' & hold'
, (satin & Ibnn' & scnn & salat' & sbfst' & scfst & equ" & holdl
1 (sann' & sbnn' & scnn & satst & sb"I' & scfst & equ' & hold')
1 (sbsht & ((sann & Ibnn & scnn) , (sann' & sbnn' & scnn' 1 equ , hold))

ICIht • (sann & Ibrll'l' & scnn' & safst & Ibtst' & IC:tst' & equ' & holdl
'~n&~n&~~&satst&~&~&~&~~

'.n&~~&~~&safst&~&~&~&~~

I~~&~n&~&~&~&scfst&eq~&~~

1 (satin' & Ibnn & scnn & safst' &.tInt' & lCfst & &qU' & holdl
1.~&~~&~n&~&~&ICfst&eq~&~dl

1 (SQhl & ((sann & sbnn & scnn) 1 (sann' & Ibnn' & scnn, 1 equ 1 hold))
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.. ·0
hold .. '
Idl ..O
sa?·> stlll02
.> 1111101...,
hold·'
Idl·O
sa'?·> sllllo3
.> ltaIe2...,
hold"O
Idl·'
cr?·> slalol
.> sllllo3•

Table B·5 The Program List of PAL Chip #5 Design.

........................................................................................................

.. CHIP NAME : PAL·I5
.. FUNCTlON : 6 bil, down eounler u~ wilh PAL· lB to eounllhe O\I'!Irlap width.....................................................................................................
IPAl16RP6 ln: OO4d, hald, dIB-ln,
J 10: cr,

out: qle-ll.
tloell: ·;Ik

Ilclive-Iow: load

q1 .. (ql' & load' & r.w;~~

, (q1 & lcad' & hold)
, (dl & load)

q2 • (((ql & q2) , (ql' & q211 & load' & hold)
, (q2 & load' & hold)
1 (d2 & load)

q3 • ((qj3-1]·"O' q{3-1j ... 71 G[3-1) ...SI q[~-11· -5) & load'&hold1
, (q3 & load' & hold)
1 (d3 & lcad)

J q4 • ({q[4-1]- -0 , (q[4-1l/-a & (4)) & I04d' & hold1
J 1 (q4 & load' & hold)
1 , (d4 & load)
1 q5 .. ((q[!l-l]- -0 , (q(5-1l1-16 & q~)) & load' & hold1
1 , (q!! & load' & holdl
1 , (d~ & load)
1 q6" (q[e-11/ .. 32&q6&load'&hold1
1 1 (qe & load' & hald)
l , (de & load)

1
1 cr .. 1'nq[6-1) .... O

Table 8·6 The Program List of PAL Chip #6 Design.

.....................................................................................................
• CHIP NAME : PAL·,e
• FUNCTION : add a overlap 1•• :,:olling odgo.....................................................................................................
lPAL16RP6 ln: (sa, cr, resel),
1 oui: (q(2-1], hold,ldl, Sil,
1 cloclc clk

1
1 acllvo·low: SI
1 r&g1510r: q(2-1], hold,ld!,"
t . .
t proc"duro: 1",101, .,[2-1]
ll.,':~ sllllo'" 0,
1 51al02 • 3,
1 stale3 .. 2

1
1 slalol,

1
1
1
1
1 slllle2•

1

1

1
1
1 IIal03,

1
1
1
1
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B.4 A/D Converter Circuit

A four-channel AjD converter circuit has been built. The design is shown

in Fig. B-5. The device PCM·7SP is a seriai output type A/D converter \Vith the

conversion time of 6.2 j!.S under 6 MHz operating clock frequenC'j. After receiving

a "start" signal from the multi-DSP controller, the four channel input signais are

sampled simultaneously and held by four SjH devices SHC-5320s. Then the four

sampled signais are sent to the AjD converter sequentially through the

multiple;rer 4052. The four digital output data frOl;, the AjD are transrnitted to

the DSP #3 through a seriai port. The whole AjD conversion procedure is

controlled by the PAL control circuit consisting of the chips PAL-ADC-# 1 and

#2. A time of 33 j!.S 15 needed for a complete conversion cycle." Fig. B-6 shows

the implementation of the circuit. Tables B-7 and B-S list the progmrn5 of the

PAL control circuit designs.

B.5 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 feedb&.ck control.
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1 to be used Ils Input pin

sb· ((c:hann2& chann1 &sb&sa'&d[6-1l"-0)
1 (chann2&sb'&sa&dIB-11".O)
1 (sb & tempÎ) & resel'

s.a • ((chann2 & chann1 & sa' & d(B-l]. ·0)
, (chann2 & sb' li< se.' ,d(6-1l· .0)
1 (chann1 &sb'&sa'&d[B-11.·O)
1 (sa & temp'l) & r&Sel'

•

Table B·7 The Program List of PAL Chip PAL-ADC-#2 Design.

.......................................................................................................

.. CHIP NAME : PAL-A/on

.. FUNC110N : AfO control circuit {2}. control analog·munlple.er, gonerme umpllng, CorN, ertc/oell ..
Md f'rarM pulses.
clock Il the LSB 01 the PAL-AlDI'......................................................................................................

1PA116RP6 ln: (dIS-lI. cnann2, reset).
1 10: (chann1, lltmp),
1 out: tsh, canY, Irm, elrtclk, lb, sa).
1 tlcele: tlll

1
1 acllw·tow: .h, rese!

1
1 temp" 1 ??d[6-tl .. ·o
1
1 chann1 .. ono
1
1sh .. (d[S-lJ .. -621 die-Il- .Sl 'd[B-ll··5O 1 dle-1J- ·~9 1 d[e-Il"·~' dIB-1J- -51
l 'd!6-11-·~ 1 dIB-1l ....5S' d(6-1j".54' dIB-ll- ..~' d[8-1J--5;!' diB-Il- -51
1 1 d[6-1j.,,50' d[6-1!·.49 1 d[B-ll-·48 1 d(6-1I··"1 1 d(6-lI" ·"6 1 d(6-1I· ~"5)

1 & resel'
1
1 conv" d(6-1! ... 31&resel'
1
Ilrm. (d[6-1l··35
1 1 d[6-1l· .34) &rese\'
1
1 elClc:lk" (d(6-1l··35 1 d[6-1l ••33 1 d[6-1).-31 1 d[6-11"-29 1 d(6-1l- -27
1 ' d[6-n··25, d(6-IJ ••23 1 d[6-1l··21 1 d[6-1l .... 19 1 d{6-1I·-\1
1 ' d[B-l]. ·15 1 d{e-t) ... 13 , d{6-11- "11 , d[e-ll- -09 , dIB-Il- -01
1 1 d[6-1] -.05 , d[B-l)" .03) & reset'
1
1

1
1
1
1

1

1

Table B·8 The Program List of PAL chip PAL·ADC-#l Design.

......................................................................................................
• CHIP NAME : PAL·AlO:'l
• FUNCTlON : A/o convertllr contlol circuit (1), control'enablll" slgnlll, record Italel......................................................................................................
IPAL16APe ln: (atart, lb, sa. rese1),
1 out: (enable, q[7-1Il,
1 cloc:k: clk
1
Illctive-low: atlUt, ql, roaet
1
1 enable • stan
1 , ({sb' & sa' & q[1-1)" .01' & 1e$8tj

1
1 mllp: q[7-1l-> q{7-1)
1 { n·> n-l, n/·O&reset'
1 n·> 88, n··O& (sb' sa) &IMet'
1 n·> 127, (n ••o & sb' &sa' & rnerj 1 rese11
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Figure 8-6 The AjD converter circuit implementation using speedwire board.
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Figure 8-7 The ac capacitor voltage sensor circuit.
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C

SOFTWARE DESIGN OF MULTI-DSP CONTROL

C.I 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

controller 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.Z 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 seriai communication with Personal

Computer. It allows the user to change and display the control parameters and

the converter status in real-time.

DSP #2: Sampling the dc link current !dc(tk); calculating the 3-phase in­

phase and in-quadrature reference waveforms sin(tk-~) and COS(tk-~) for j=a and

b; performing phase lock loop (PLL) control to synchronize the reference

waveforms to the utility ac line voltages; calculating Eqs. (6.6) and (6.7) and the

Bi-LOgie SPWM timer settings for phases-a and b using the "four timer" method

[93]; outputting the 3-phase Bi-Logic SPWM signais.

DSP #3: Sampling the ac line currents isj(tk) and the capacitor voltages

VCj(tk) for j=a and b; getting iso(tk) by doing the dc link current p.! regulation;

calculating the steady-state waveform templates isjo(tk) and Vcjo(tk) for j =a and b;

calculating the SPWM timer setting for phase-e.

C.3 Program Flow Charts and Lists

Fig. Col shows the flow charts of three DSP's "main" programs, whose

functions are to initialize the system and then control the flashing of the LEDs on

the multi.-J)SP 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 theparallel calculations. Then il jumps to
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its system monitor program, which is stared in its EPROMs, to execute the

interfacing function with the PC computer. Having received the interrupt signal

from OSP #1, OSP #2 starts its on-chip timer to control the beginning instant of

each sampling control period in the parallel calculations of three OSPs.

Once C:;f #2 receives an interrupt signal from its on-chip timer, in the

interrupt service subroutine "MTIMINT' it sends IWO interrupt signaIs to OSP # 1

and OSP #3 respectively. Then the three OSPs start the sampling feedback

control calculations in paralle!. As shown in flow charts of Figs. C-Z and C-3, the

interrupt service subroutines "MTIMINT' and "P3RP2IT' perform the main

feedback control tasks. In arder to keep the parallel calculations in-step, after

finishing one stage of the calculation each OSP sends a "ready" signal to the

synchronizing circuit on the controller board. When the synchronizing circuit has

received three "ready" signaIs, it send a "all-ready" signal back ta each of OSPs to

allow them to continue the calculations in next stage.

Although the main task of OSP #1 is interfacing with the PC, it has to

send out the "ready" signais to the synchronizing circuit in its interrupt service

subroutine to keep the synchronizing circuit working properly. The flow chart of

ils interrupt service subroutine is not shown here.

The flow charts of the subroutines, which are used to initialize the AjO

and 0 jA converters, to transmit the sampled data, to measure the ac voltage

phase angle, etc., af(; not shown here. The reader can easily work out the details

from the program lists shown in Tables Col, C-2 and C-3.



APPENDlX C SOFTWARE DESIGN OF MULTI-DSP CONTROL 167

LEDflashing
control

(d)

•
"P2RPIIT':

DSI'-1 Main inl service
--------~ response DSP-l

conte~l-savèJ
•

• ______ J sel "pCready',

", ti,,
1 conlext-restore 1,,

: i,

è,,
(b)jump 10 DSP

,
:

operating system (a)
,
:
i
:

0SP-2 Main)
,
:
\,,,,,,

"DSP-3 Main ",,,
~

Wail for
'pl_ready'

•
Figure C-1 Flow charts of DSP "main" programs. (a) DSP #1 The main

program, (b) interrupt service subroutine "P1RP1IT' of DSP #2 , (c)

DSP #2 main program, (cl) DSP #3 main prograrn.
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,

conte~t-save 1

star! e~t. An) >

Int. Service
response DSP-2

get ide, find isqo,
feed-forward control

•
~Wait for DSP-l&3!

exchange data

+
Ifeed-forward control

get isbo

•
/ wait for DSP-l&3!

exchange data
..

get ipao, ipbo
get data from An)

•
/wait for DSP-l&3!

exchange data

DSP-3: "P3RP2IT"

------------.,

(stage 3)
.-----------------.

(stage 1)
~._------- --------....

(stage 2).----------------.

,

,

eontext-save

send interrupts
to DSP-1 & 3

C TUner )Int. Service
,,

get sin(tk), cos(tk)
& isao

y

/IWait for DSP-1&3j
exchange data

+
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fmd llipa2

•
~Wait for DSP-l&3!

exchange data.-
get Ilisb
fmd ,~ipb2

•
~Wait for DSP-1&3!

exchange data
-,-

DSP-2: "MT/MTNT"

get Ilvca, llipa2
fmd ipa

moving average
filterring of Idc

pracessing contrais_ (continued on Fig_ C-3)

Figure C·Z The flow charts of interrupt service subroutines for parallel

continued on neX! page
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continued/rom /as( page

DSP-2: "MTIMINT" DSP-3: "P3RP2lT"

adjust amplitude of
triangular carrier

..
/.Wait for DSP-l&3j

e;;:cbmge data

+
iind timing const.
for phase-c

y

!Wait for DSP-l&3!
exchange data

•
save data at time tk

W

context-restorr.
1

® ®.. ..
get t.ipb2, ipb
fmd ipc

context-restore

get timing CODSt.

for phases a and b

..

output timing CODSt.\

save data at time tic 1
..

Figure C-3 The flow charts of interrupt service subroutines for parallel

processing controls. (continued from Fig. CoZ)

•
For more details about the compiling, linking, loading and executing

procedures, please see the Refs. [99,100] .
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Table C-l The List of OSP-2 Control Program. ICIRLA ."'1" 00224h Vll(kl)

ICTAtB ."'1" 00225h vb(kT)
OETIPAI ."'1" 00226h ks 46ya
OEnPAP ."'1" 00221h ks-1"delta lsa+k5 2"della Vcatks a"delta Ua(k-l)
OETIP81 .equ 00226h k,-4"vb - - - - -

u ........u ............................ • ..• .. •• ....•• ..• .... •••••.... ••• ......• ....................... DETlP8P .equ lXl229h ks-1"delta lsb+ks 2"delta Vcbtks a"delta Ub(I(-I}
" Narne : Osp·2.ASM · DETlPA ."'1" 0022Ah U81kT) - - - - -
• Func;tion : parallel plocesslng with OSP·l.ASM and OSP·3.ASM. DETlPB ."'1" 0022ah Ub(kl}

slart dspl and dt?J a1tho beglnnlng 01 aach contlel perlod, measulCt Ide or Idcrel · OETlPA A .eq" 0022Ch Ua((k-1JT)
using the A/o on the OSP board. OETIPa-S ."'1" 0022Dh Ub((k·l)Tl

"Input : Inlerrupled by DSP # 1 for slartlng paralJel processing. IPA -
."'1" 0022Eh isaotUa. data trom OSP 13 and PC passlng through global memory. · IPa 0022Fh isoo+Ub."'1"

"Oulpul : 3-phase BI·Logle SPWM triggar slgna/sla PAL elrcuit. · IPC .equ 00230h lsc:;otUc
.. da/a requlred by OSP 13 la global memo'Y. • IMPA ."'1" oo231h Sm.

~
....................................................................................................... IMP8 .equ oo232h 5mb

IMPC ."'1" 00233h Sm,
.tille 'OSP2 PRCXiRAM' CONSTA .equ OO234h SPWM timing constant of phase a

; •• page 0 (OlXXlOh'()()()7Fhl _. CONSTB ."'1" 00235h SPWM timing constant of phase b <:DRA ."'1" OOOOOh CONSlC ."'1" OO236h SPWM timing constant 01 phase c
DXA .equ OOOO'h KS 1 .equ oo237h stale feedback gain K1 tl
TIM ."'1" 00002h KS-2 ."'1" OO236h stale feedback gain K2 ~
PAO .equ 00003h KS-3 ."'1" 00239h stale teedback gain K3
IMA .equ 00004h KS-4 ."'1" 0023Ah staIl' feedbar;k gain K4 r,
BCODE .eq" ooo79h : •• fot In".:aJlzlng Interrupl vec10fS _. sa"'3 ."'1" C'0238h constant
V1NTO .eq" ooo1Ah SYNCTT1 ."'1" 0023Ch
V1NTt .eq" ooo78h SYNCIT2 .equ 00230h CI>
VINT2 .eq" ooo1Ch TEMP1 ."'1" 0023Eh 0
VTlNT .eq" ooo7Dh TEMP2 ."'1" 0023Fh

~VAlNT ."'1" ooo7Er. TEMP3 ."'1" 00240h
VXlNT ."'1" ooo7Fh TEMP4 ."'1" 00241h

0. page 4 iOO2OOM)027Fhl •• DAOAlA ."'1" 00242h data lor DIA output

~SMARK .eq" OO2OOh conlrol output DAOUT ."'1" 00243h polntet of DIA outp~ dala
TASlGN ."'1" 00201h slgn: triangle rlsing ~d faUlng ._ global memal)' ~>8.ge 1256, O8OOOh;>1 ••
TRAMGN ."'l" 00202h triangie carrier magnitude GDATP3 ."'1" 08004h slgn: dlsplay dala ln D':P-2 or, D~P·3 [Il
FAONC ."'1" 00203h Irequency rehHence GP2INDEX ."'1" 08005h Index of Osp·2's dala to be dl.played 0PHERR .eq" 00204h phase errer ln PLl al lime kT GP3INDEX ."'1" oaoooh Index of DSP-3's dala ta be di.played
NEWPHE .eq" 00205h ,Ign: new phase errer Is measuted GP3DA ."'l" 08007h OSP-3', dala ta be dlspiayed m
KPSYNC ."'1" 00206h propot:lonal gain 01 PLl pc-<:ontrolled VBlibies -OETFC ."'l" 00201h freq:':<lncy adJustlng output G""OC ."'1" 08010h proportlonal galn 01 outer loop Cl
PI"""," .eq" 00206h back·up 01 main limer constant GKlIDC ."'l" 080111\ Integr..ll galn el oulel loop Z
SCOUNT ."'1" 00209H I1me-pointer: kT GISTEP ."'1" 08012h eommand for Ilep change of ldctaf
INSlOE ."'l" 0020Ah slgn: lime pointer h&s been Incteasctd GSWJTCH .e~u O8014h command for ck»lng lnner Ioop 0
FCOUNT ."'1" 0020Bh LED nashlng lime conttol GIREF ."'1" 08017h Idcrel ."
SWJTCH ."'l" 0020Ch control toi c1os/ng Innar loop aj(changed dala: tram DsP-3
P1READY ."'1" 00200h slgo: ,tartJng slgnalls sant from OSP·1 GIACA ."'1" O8Ot8h ~
AOCIOC .eq" 0020Eh Idc('kT} GlAC8 ."'l" 08019h c::
SIND ."'1" 0020Fh sin('kT-dI) GVCAPA ."'1" 0801Ah

~COSD .eq:J 002'''" eos('kT-dtJ GVCAP8 ."'1" 08018h
S1Nl200 .eq" 00211h sln('kT·12().d1.1
COS'200 ."'l" 00212h cO$('kT·12O-d11 GVsao ."'1" O802Oh 0
SlNA ."'1" 002'," ,in('kT .. 1.5dl) Glsao ."'1" O802.h
COSA ."'1" 00214h r;O$('kT .. 1.5dt) GlACAO 08022h

CI>
."'1" ."

S1Nl2OA ."'l" 002'''' sln('kT·120" ~.XItI GlAC80 ."'1" 08023h
COSl2OA ."'1" OO2tf.l1 eos('kT·l20 .. 1.5:111 GVCAPAO ."'1" 08024h n
IACA A .eq" 00217h Isa('k·11T} GVCAPBO ."'1" 08025h 0
lAC8-8 ."'1" 0l"215h Isb{('k·1)T} GIPAO ."'1" 08026h

~VCAJ'J\ A ."'l" r)J219h Vea{('k·llT} GIPSO ."'1" 08021h
VCAPS-a ."'1" OO2IAh Vcb({k.·'ln ; eKchanged dale: 10 DsP·3 ;>:l
A\'GlACJ\ ."'1" 002.811 [isa({k.·l)il - ;58("'nJ/2 GSINO .equ O803Oh 0A....Gl~C8 ."'1" OO2.Ch (isb({k.·1JT1- iSb(l<1)lJ2 Gcosa ."'1" 0ô031h
A\'GVCAPA .equ 002.Qh [Vea(f~·lrT)~ Vea(l-1)]/2 GSINl2QD ."'1" 08032h

,
AVGVCAP8 .eoqu OO2'Eh (Vçb({k.·l)T) l' Vcb{kn1l2 GCOS12OD .equ 08033h
IAC'D ."'1" 0021Fh i.~!>o(l\1) GSI~~A .equ 00034h
OETh\CA .eq" 00220h ,,;! ..'~a IsalllT) GCOSA ."'1" Cô035'I
oro,ca ."'1" 00221h de!'..a-lsL1kT) GS1Nl20A .eq" o=<h 12iOEl\'CAPA .equ 00=. delle""\'ea('kT) GCOS12OA .equ 08031.
OET\'CAPB ."'lu 00223., dellaYr;b('k1)
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GADODC _equ 0803Bh 0. initialize addreSSÎng register .*
GPRDBAK _equ 0803'" lF<lJ( ARO,OO280h ARa is used lOI A/D inil'alizalion
GTRSI'3N _equ 0803Ah lF<lJ( ARl,002COtI ARl 1$ uS<!d fot SYNClNT staclo.
GTRAMGN _equ 08038h lF<lJ( AR:2,OO2EOh AR2 is used lOf MTIMINT stsek
GIMPC _equ 0803Ch lF<lJ( AR3,00281h AR3 is u~ Il)( A/D inilializslion
GCONSTC _equ 08030h lF<lJ( AR4,OO2OOh

*- constants ." lF<lJ( AR5,OO3OOh ARS l, use<! lOf DAoum Slack
DEG30 _equ 00069h 00030-105 lF<lJ( AR6,OO32Oh AR6 ls u5e'd lor AOININT slll.tk
OEG60 _equ 000D2h OEG60-210 lF<lJ( AR7,00340h AR7ls used lor P2RP11T slack
DEG90 _equ 0013Bh OEGOO-315 -. claar tegislef$·"
DEGl50 _equ l10200h DEG1SO-525 LARP """"'h uslng Afl4
TWOP! _equ ""ECh TWOPl-l260 LACK (J()()()()h clearing wor1iÙng Illell.
HAlfOA _equ OOOOFh DA-15 RFTK 255
Ot~EH.AFOA .&qu 00017h 1.S"CA SACL "
ICTRlMT _equ 06800h lOOO( I()O(.X lOOOl )()()()( RFTK 255 :..
SINTA8LE .equ 00300h polnler 01 sin-labre SACL " .."
cetFF _equ 05""'" 2"coeff (coefficient) •. Ale lnilializalion .•

~FCUMT _equ 00ll00!> floquency limit LARP 00003h using AR3 lor load codes
LAU< OOOOOh è3........................................................................................................... SACL ", Iniliallzation , LAU< OFFE3h

~.............................................................................................~........ SACL "
LACK 00003h r,_>0<1 "P21Nm" SACL .,

START OINT LAU< 01E3Eh
ssm SACL ' , V>
LDPK (J()()()()h point 10 date page 0 LACK 00003h 0•• lniliallze lnlerrupl V9C1or·· SACL .,

~
LAU< P2RP.. rr lnterrupl veclor for lnto LAU< 00205h
SACL "NTO SACL .,
LAU< SYNCINT Inlerrupt veelor for Inl2. LACK 00003h
SACL "NT2 SACL .,

~LAU< MTlMINT lnlerrupt vector for on chlp Umer LAU< 02244h
SACL vnNT SACl. . load flrsl DIA InlliaJlzlillon code tT1
LAU< ADININT lnlerrupt vcctor for A/D (~r11l1 por1)
SACL VRJNT LDPK 0000'- •• polnllo data page 4 •• 0
LAU< DADlITrr lnterrupl vector for DIA (ser1e1 por1) LAU< OF207h InilleJize SMARK DlSACL VXlNT . SACL SMARJ<
LAU< OFFllOn load "branch" operaling code 0l1T SMAPK,OFh lurnc'131.EDs 00000111(7-01 ClSACL BCODE 0l1T SMAF\K.08h rMeI PWM tlme~ 1t 1l00x0(t5-8)
LAU< 03FFOh polnlto wcton address IIel by EPAOM 0l1T SMARK,09h swilch A/D coover1er 10 channel 0 Z
TBLW BCODE load Inlerrupl vectOIS ANDK OAFFFh 0AODK OOOOlh SACL SMARK prepatltd tor startlng PWM I1mel'J

'TlTBLW "NTO
AODK 00003h LACK 0000lh ~TBLW BCODE SACl. TRSIGN inllialize tr1angle ttdge slgn

CAODK OOOOlh
TBLW "NT2 LAU< 05E3Fh t""'
AODK OOOOlh SACl. FRaNC Irequency refelence'" 60 Hl.

...,-TBLW BCODE ClAODK 0000lh LAU< O38OOh
TBLW vnNT SACL KPSYNC set the gain 01 Pu. V>
AODK 0000lh ."
TBLW BCODE LAU< ooF7Fh (')
AODK 0000lh SACl. PADBAK backup PAO 0TBLW VRJNT ~- inllla11ze slale fe&dback gains·'

~AODK OOOO'h LAU< OOA1Bh )(.lOOr )OOO()llOOr lO()l1(

TP'.W BCODE SACL KS •
ADDK OOOO'h LAU< _.h )(.)(1(1( )(lO()( lQO(l( lQOO( ;0
TBLW VXlNT SACL KS2 0

LAU< o3f9Bh 1(,10(1( lOOr)( 1(1(1()( J()(IO( t""'
LACK 0000lh SACL KS3
SACL IMR enablc InlO only LAU< 02SF1h 11'.)(10( lO(lO( )(1O(l()(JOO(

SACL KS_'
LAU< ooF7Fh 1/(60·42) "3968l(loons •• Ini1iallzc coefficients .0 1:;SACL PRO stan main limer LAU< 07421h

......



• •

Main loop
• FundlOl1 ; PLl 'iIl'9ulatiOn and LED fl.Uhing control
• Input : NEWPHE. PHERA

:.~r~u..;.~~~~:.~!:~!':: u .

SACL sa"",
LAU< :>:JOh
SACL .....JNSTA
LAU< 00202h
SACL CONSTB
LAU< OOFOOh
SACL CONsre
LAU< 00200h
SACL FCOUNT

LARP OOOO<h
LRu< AR4,08IXXlh
LAU< (l(l(l(l(lO
APTK 255
SACL ' ,
APTK 255
SACL "
LRU< AR4.GKP1DC
LAU< OOJOOh
SACL "
LAU< 00066h
SACL

lRlK AR4.GVsac
LAU< 03C9fh
SACL

lRlK AR4.G1Rt:::F
LAU< 02000h
SACL .
LRU< AR4,GPROBAK
LAC PROBAI<
SACL "
LAC TRSlGN
SACL

EINT

WAlTPl LAC P1READY
BZ WAm'1

LACt< 00020h
I.DI'K (l(l(l(l(lO
SACL IMR

LACK 0000Jh
SACL OXA

Ulh OOOO<h
EINT

...............................................................................................u ••••

...a °MTIMltiT"
: '- sa-Je currerrl regi$1el'$ -'

MTIMINT LAA? =.:l2h ; point ta AR2
ADAK OCOOlh
;>sn '.
SST "
SACH ' ,
SACl ' ,
SPM oooo:>n
SPH "
SPl "
MPYK """"

:..
."

ti1
<:
tJ
~
(")

rA
o

~
trl
o
l;l
ëiz
o
'11

~
c:
9o
cr.
"Il
()
o
~
;>:l
~

~

r-

­......"

MPV KPSYN(. ; galn'pheH
SPM 00002h
SPH OElFC

; '. oulput limit -'
LAC OETFC

; il detfc>O thenBLZ NEGFC
SBU< FCUMT llldlltfcl >lcllmll then
BLZ ADDFO detfcsfelimit
LAU< FCUMT
SACL OElFC
B ADDFO
ADu< FCUMT i elseif detlc<O then
BGZ ADDFD If Idelfel >lelimit lhen
LAU< FCUMT dlllfc--fcUmil
NEG
SACL DETFC

LAU< OSEJFh ; ··le"60Hzodelfc··
SUB DETFC
SACL FRaNC

LAU< COEFF,OFh ; '-lind 42xl0/'c··
APTK 12
SUBe FRaNC
UlPK OOOOOh
SAel PRO load main lIming dala ta pr.o.
Ul'K OOOO<h
SACL PRDBAK backup PRO

LACK OOOOOh elear NEWPHE slgn
SACl NEWPHE
EINT
LAC FCO:JNT eheck tlashlng counl
BGZ AOJENO
LAC SMARK lffcounl-Othen
XOAK llOO3Fh ehange LEe.
SACl SMARK
OUT SMARK,OFh
LAU< OO2OOh fcounl-2OQ
SACL FCOUNT

B ADJFRO do Ioop

POSFC

ADDFO

NEGFC

FLASH

CLRSGN

• Subloutine
• Function

• Output
• Coll
, AJ10<1

AOJEND

: MTIMINT response 10 the Maln·timer lnlc;;rvpl cali
: $'Il!.rt DSP·3 and DSP-l ta do parallel calculation

sampling ide, S\ale feedback conlrol, gel spwm timing data
: b1-logie spw!Tl tnggar slgnals
; PiVMRTNl
: AR2 is used 10 save currant registal'$

AR4 ls painllo global mllmory.

..................~;~~!.~.~~.~~ u .

5qr23 ~ 65536x1636aX5qrt(2)/14745/sqr1(3J
". !oad PWM timing constants .*

0. sel curren! reference.o

". new pn~ error r.as been tested
oisenable inlerT'..lpt
lo4d phase error 10 T les;i.sIer

gprdball ~ prdbaJl

glBign"lrslgn

enable inlerrupl

walt lor a slarling slgn

Idcret",)()OO( XX.lOf)(xx)( XlOOI

kpidc -XlOOl X.XXX )O(l(X XlOlx
gkpldc .. kpidc
kiidc ")lXX.X lOOOt)()()()( KXXlC
gkiidc"k1idc

sel LED flashlng lime conllol counler

o. lnillalile global memory.*

poinllo global mernal}'
tlear worldng area ln global memory

*. sel sc source vonage amplitude
2"{sqrl{3)07C>J) .. )OO{JI xxxx xx.xx xxxx

; enable inlerrupl

; slart DIA lnitializwion

; enable xlnl only

PHERR

NEWPHE
FLASH

LAC
BZ

"NT
CT

ADJFRO



• •
SPl. ',4 poin! 10 AR4 lAC SlNl20Q

AOlK SlNTASLE
FSTJ08 OUT SMARK.OEh lnlerrupt Dsp·3 TBl.R S1Nl20D ; gel sintM-l2O-daj

OUT SMARK.OOh Inlerrupt Osp·l lAC COS12OO
AOlK :i:"fTABlE

LDPI< 00004h TBU< COS12OO ; gel cosl'M-12O<1aj
PNEXTO lAC 5œ'{I'rr "·kT-kTfdT·* lAC '"NA

ADOK OOOI~1 ADU< SlNTABLE
S8l.K TWOPl TBLR SINA ; gel sjn~t l.Scla)
aGEZ NEXTO lAC COSA
AOlK TV/OPI ADU< SINTABLE

NEXTO SAC!. SCOUNT TBLR COSA ; gel coslM + 1.5da)
lAC SINl20A

lACK OOOO'h ADU< SINTABLE
SAC!. INSIDE set lNSIDE TBLR SINl20A gel sinl'M-l20t 1.Scla) ;".

lAC OOSl20A
~lAC SMARK *, &et "busy" slgna/to sync. circuit ." ADU< SINTABLE

ANDK OFF7Fh TBLR COSl20A gel cos(wt-l20 t l.5dal l'l
SAC!. SMARK 13OUT SI.4ARK,OFh rose! bit7 01 pen F SDATAD lRLJ< AR4.GSlND 0. !/linsfe! 10 global memory'"

lAC SIND
~EINT SACl ·,

10. gel ph8S8 angles." lAC COSD nwwrr lAC SCOUNT SACl "
SUBK HALFDA lAC S\Nl20D
aGEZ NEX1WTO SACl " laADU< lWOPI lAC COSl20D

NEX1WTO SAC!. SIND save (kT-da) SACl ·SUBK DEG30 ". gellsao(kT) ."
aGEZ NEX1WTl FIACAD lT OOfl23 ,~
AOlK TWOPl MPY SIND

NEX1WTl SACl COSl20D save (kT-l20-daJ+90 LRU< AR4,GISOO
~SBU< DEG90 lTF

aGEZ NE>.1WT2 SACH SIND,t IOUII( IUOO( IllOO( XJO()( tT1
AOlK 1WOPI MPY SIND

NEX1WT2 SAC!. SlNl20D salle (kT-l2O-daj lTF KS_4 X.XXX lO0OI lOOlX XJO()( 0
SBU< OEGl50 NEG DlaGEZ NEX1WT3 SACH IACAO,4 IOUOI )(.XX)( XXXII )(XKX

ADU< TWOPl 0. sel ·'(lady" la sync. c;;ln;uil 0"
ÔNEX1WT3 SAC!. COSD save (kT-da) +90 RXF

SXF cleat BIO Z
lAC SCOUNT lAC SMARK 0ADDK ONEHAFDA OAK OOOOOh
SBU< TWOPl SACl SMARK "Tl
aGEZ NEX1WT4 OUT SMAAK,OFh sel b1l7 01 port F for ",eady"

~AOlK TWOPI WAIT 1 BIOZ WAIT • ". wait for "a!l-rtllldy" 'rom ·;ync. clfcult .0

NEX1WT4 SACl SINA !'1ve (kT -tl.S"dl\) - lAC sMAl1l< c::
SUBI< DEG30 ANDK OFF7Fh BaGEZ NEX1WT5 SAel. SMAAK
ADU< TWOPI OUT SMARK,Ofh Itlsel blt7 01 port F 0NEX1WT5 SAC!. COSl20A 58'o'e (kT-l20-tl.soda)+90
SBU< DEG90 FAVGIACA LRU< AA4,GlACA AR4 point 10 GIACA (/)

OOEZ NEX1WTB lAC !ACA A,IS '1j

ADU< TWOPl ADD ·,15 - ()
NEX1WTB SAC!. SINl20A savo (kT·l20tl.sodo.) SACH AVGIACA avglae8 ~ Oaca t lacs._111/2

SBLK DEGl50 lAC · 0
aGEZ NEXTWT7 SACl IACA_A laea_8 g laea

~ADU< TWOPI
NEXTWT7 SAC!. COSA save (1IT+l.S"da)t90 FDETIACA lAC AVGIACA.15 o. gel delta.jsa 0° ~

"0 look up sin(x) table·" SUB lACAO,15 0
SINiA8 lAC SIND SACH DEnACA I()(J()( XX.KX I()(KK IIXXX r

ADU< SINTABlE
TBLR '"ND gel sln(wl-da) fleTAtA lAC ICTRLA,15 YY'IY W'IY.'I'JYY yyyy(J 1·16)
lAC COSD sua DETIACA,14
ADU< ,"NTABLE SACH rClRLA,1 lOOO( XIIX.X I(JOII( )(XMI(

I~TBLR COSD gel c09jwl-da)
W



• •
lMTl LAC ICIRLA ; -- outpul Iimil •• lMT2 LAC ICTALB

Bl2 CHKlOWl Bl2 CHKlOW2
CHKUPI SBU< IClRlMI CHKUP2 SBU< ICTALMT

BLEZ FOETIPAJ BLEZ FDETlPBl

LAU< ICTALMT LAU< ICTRLMT
SACL ICTRlA SACL ICTALB
B fDETlP!'J B FOETIP81

CHKlOWl ADU< lC'it-n.JAT CHKLOW2 ADU< IClRLMI
BGEZ FDETlPAI BGEZ FDETlPBI

LALK ICTRlMT LALK ICTRlMT

NEG NEG
SACL lCrRtA SACL ICTALB

FDETlPAI MPY ICiRtA ; lelfla"1Is_4 FOETlP81 MPY ICiRLS "-LTP KS 1 LT? KS 1
SACH OETlPAI,2 ; xxxx lOI.XX )()()l)( 10001 SACH DEî:"Bt.2 IUIXIoI I<lUlj( X)()()( XKXX ."

FOETIPAP MPY DETlACA ; dellaca"ks_' FDETlP8P MPY DETIACB ~
LTP KS 3

1detipa_a"ks_3
LTP KS3 <:

MPY DETIPA_A MPY oETlPB_B tl
LTS KS' LTS KS2 I~SACL TE~Pl SACL TE~P3

SACH TEMP2 ; Y'IYY 'fY'J..Y 'IYYY 'IY'IY SACH TEMP4 ln
LRU< AR4,GSWlTCH AXF
LAC

; load swilch
SXI' rn

SACL SWlTCH LAC St.IAR1< 0
; trll.nsfer data 10 QSp·a

OAK OOO6Oh

~SOATAA LRU< AR4,GSlNA SACL SMARK
LAC SINA OUT SMARJ(,OFh

SACL ., WAfT_3 BIOZ WAll 3
LAC COSA LAC SI.IAI1l< ~SACL ., ANDK OFF7Fh

LAC SINl20A SACL SMARK tT1
SACL ., OUT SMARK,Ofh

LAC COSl20A 0
SACL . FAVGVA lRU< AR4,GVCAPA AR4 polnl back 10 gvc.apo tT1

LAC VCAPA_A,15 rn
AXF ADD ",15 ëi
SXF SACH AVGVCr.?A lr'r'QYC4Pll & (vU.pa .. vc.apa_aJ /2
LAC St.IAR1< LAC . Z
OAK 00080h : SACL VCMlA_A vcapll_a • vcepa 0
SACL St.IAR1< "Tl
OUT SMARJ<.Ofh FDElVA LAC AVGVCAPA

WAJT_2 SKlZ WAll 2 lRU< AR4,GVCAPAO <"
LAC sl.IAI1l< SuB . ;::::
ANDK OFF7Fh SACL DETVCAPA IQO()( lOOOl. lOl.1Ol IOCXX

SACL "\IARK ~OUT SMARK,OFh ; FDETlPA2 ZACS TEMPl
AODH TEMP2

FAVGLACB lRtK AR-I,GlAC8 MPY DE1VCAPA 0
LAC lACS 8,15 SPM 00002h

(f-

ADO ·,15 - APAC uslng add iincelq_2<O "Tl

SACH AVGLAC8 ; avgiub~(lacbtiacb_bl/2 3PM OOOXJh n
LAC . SACH DETlPAP.l 1000( ".,l(l( 'tfj(jQ, 1(J(l(l( 0
SACL IAC8_8 ; iacb_b~i.!l.cb Z

FIP'; lRU< AR4,GIPAO -1
FDHlAC8 LAC AVGlAC8,15 ; LAC

lRU< AR.4,GlACBO SACL 'PA load ip,a ;0

SUB e,15 C
SACH De;ïlAC8 ; ux.,,),:>..)..>;.:o,.--.: ),),"".0. U.CK OOOXJO r

SACL D:.ï1PA inrtialile del,;;a

FOCTR.S L'C 1CTR...B,15 ;)'))'Y)",)'Y·})wnw
SUS Dt:I1ACS,1-1 TSlA u.c SV;TTCH '0 lest inlegral conlrol sw:1ch 0"

SACH 1CTR.B.1 ; >X>,"Jl :>'lU.JI; JOOO( J<:XIOI. ANI);( OFFOOtl 1::;BZ TSPA ...



• •
BZ lOTlPa

ADOIPA! tAC OETIPA *. addlng Inlegral conliolln ."
ADD DETIPAI ADOIpa? tAC OETIPB ; *. addlng proportional tonlrolln ."

SACL OETIPA ADD DElIPBP
SACL DETlPB

TSPA tAC t'WITCH "·Iesl proportlonal control swilch·"
ANDK OOOFFh IOTlPS tAC "B
BZ lOTIPA ADD DETlPa

SAeL I?B ; ". gel outpul of lpb ••

ADOIPAP tAC DETlPA ". adding proportlonal control ln ."
ADD DEnPAP FIPM tAC IPA
SACL OETIPA ADD "B

NEB
lOTIPA tAC IPA "0 gel output ollpa'" SACL IPC ; Ipc"·lpa-lpb

"-ADO DETIPA ; ". dewupllng processlng ."

SACL IPA SUB IPB
; lmpc"jpc-ipb

:g
SACL IMPC

RXF '"SXf LAU< AR4,GIMPC
; !OOnd Impe 10 global memory

<:
tAC SMARK SACL "ORl< OOO8Oh ~SACL SMARK RXF
OUT SMARK,OFh SXF r,

WAfT_4 BIOZ WPJT 4 tAC SMARK
tAC SMAAl< ORK OOO8Oh
ANDK OFF7Fh SACL SMARK (/;

SACL SMARK OUT SMARK,Ofh 0
OUT SMAAK.OFh WAIT_5 BIOZ WAll 5

~
tAC SMARI<

FAVGVB LAU< AR4,GVCAPB AR4 point back 10 GVCAPB ANOK OFF7Fh
tAC VCAP8 8,15 SACL SMARK
ADO ",Hi - OUT SMARK,OFh ~SACH AVGveAP8 avgvcapb" (vctlpb+vcapb_b)/2
tAC tAC IPB m
SACL VCAPB_B vcapb_b.vcapb SUB IPA

: Impb-Jpb-lpa 0SACL IMPB
FOETVB tAC AVGVCAP8 ". gel detvcapb·" tAC IPA m

LAU< AR4,GVCAPBO SUB IPC
; Impe. -Ipa-Ipc

(/;

SUB . SACL IMPA (5
SACL DETVCAPS i ". çakl,l[a!log 1pwn1 timing dllla'"

FDATA LAU< AR4,GTRAMGN Z
FDEnPB2 ZAlS TEM?> tAC .

; Ioad lliarlglo magntlude 0
AODH TEMP", SACL TRAMBN "71
MPV DETVCAPS LT PROBAK ; lGad pe:1od 'Niable

SPM 00002t> ; ". ftnd tlmltlz) constant lor phase A ." :;:::
APAC uslng add slnce KS_2< 0 FOATAA tAC IMPA

; uslnglllmpl1c 'JllfIsler deta Impe 10 'subltnl' C
SPM 00000h SACL TEMPl

SACH oenP5P,l CAU. SUBRTN1
: sa...., timing data of limer A ~SACL CONSTA

FIPa LAU< AR4.G1P80 ; ". tind liming cons1ant for phase 8 .r

tAC . FOATA8 tAC IMP8 ; Cl
SACL IPa klad lpb SACL TEMPl (/;

CAU. SUBRTNl ."

tAC!< 00000h SACL CCNSTE ; sawt timing r.ma of tlmer 8. n
SACL DEnPa inltlalize delipb ; "0 w..ill.,.. da.'.a et Umer C 0" 0

RXF Z
WB tAC SWlTCH o'lllsllniegral cotTol SYl'itch ." SXF ;

ANOK OFFOOh tAC SMARK ...;
az TSP8 OAK tlOO6Oh ;>:l

SACL SMARK
~
~

AOOPSI tAC DEllPa 0 0 adding Integral control in ." OUT SMARK.,OFh r
ADO 0ET1P8I WAJT_6 ",OZ V/AIT 6

SACL DET1P8 tAC sMA!«
ANOK OFF7Fh

TSP8 tAC SWITCH ". test ploportlonal control S\Oortch ." SACL SM,.eFX 15:ANOK OOOFFh OUT SMARK.,OFh



• •
; •. gel timing constanl of phase C trem OSP-3 ."

LT ..
lRlK MW,GCONsrC MPVK oooolh
lAC · LT '.
SACl CONSre MAA .

; ". output timing constants 10 PWM limer ." [PH '.
<ASTP OINT ; di$flnable a1llnterrupts ZACS
OUTTlM OUT CONSTA,OAh AODH

OUT CQNSTB,OBh LST '.
OUT CONSTC,OCh

; s1art the PlNM timen;,
lSTl

OUT SMARK,08h EINT
LAC SMARK j and sel/re5eltrigger register. RET
OAK OFOOOh
SACl SMAAK

; release the trigger reglster.
................. ••••• ............... ·04.............................................................

OUT SMARK,oah • Subrouline : SUBRTNl called by MTlMINT
; 0. preparlng fOl neld perlod œlculaUons ." • Function : calculale lhe limlng constar.l using 'lour limer melhO(l'. ~

LAC OETlPA "Input : mudufaling signal (vin) ln 'lempl', perlod lenglh ln T I&gister .
~SACL DETlPA A • Output : timing constant in ACe

lAC DETIPS- .....................................................................................................
SACL DETlP8_B ê5

; AR4 pol'llio global memory
SUBRTN1 BlZ NEGSGN

lRlK AR4,GPRDBAK LACK OOOOOh Ifvm>O lhen
~LAC PROBAI<

; send prdbaJt 10 global memory
SACL TEMP2 sel lEMP:2~O

SACL '. B FRACT ()
NEGSGN ABS if vm<Olhen

LAC TRSIGN ; change Ihe lriangle edge 51gn. SACL TEMPI vm~ Ivml, sel lEMP2~ 1
XOAK oooolh LACK ~Îh (/)SACL TRSlGN

~ !end Inllgn 10 global memory
SACL TEMP2 aSACL · FRACT LAC TEMP1
SUB TRAMGN

~
BNZ JUMPI ; If present one 1. rlslng edge, then BlZ OMO
LAC SMAAK prepare for oulp'Jt1lng falllng edge NFRAel LAC TRStGN If Ivml>tnamgnthlln
ANOK 097FFh i (ready for 0-1\0}

BZ SIGNO If lnlfgn -rl.lng then
SACL SMARK 5lGNl LAC TEMP2 Ifvm<Othlln :0B JUMP2 BZ PADMA)(

JUMPt lAC SMARK ; ef~ prepare for oulputtlng rI.lng odge PADMIN LACK 00008h dallS~prdmln
tr1

ANoK OAFFFh B CORRECT 0
OAK OO8OOh

; (ready fo,O-O/l)
PRDMA)( LAC PRDB.\K else dala-pldmlS)( tr1SACL SMAAK B CORRECT (/)

; fcount-fcounl-1
SIGNO LAC TEMP2 elself vm<O IhJn 6JUMP2 LAC FCOUNT BZ PADMIN data_prdmln

SUBK oooolh B PADMAX else dala - prdmax Z
SACL FCOUNT

; -. output data. to DIA. for debugglng only .-
DIV10 ZALH TEMP1 aRPTK 10

lRlK AR4,GDATP3 ; Imlng whlch DSP"a dala will be dlsplayod SUBe TRAMGN 'Tl
LAC + SACL TEMPI quoi -)0001)(.)(10( )OO('()0001 :::BNZ DATP3 LAC TEMP2;-0 dl.play OSp·2's data 0- BZ AOoTRA c:::

OATP2 lRlK AR4,GP2JNDfX ; point 10 lndl!lJ( ZAC If vm<OIhlln

~LAU< OO2OOh ; load begfnnlng addtl!lSS of varlbfl!ls St.:d lEM?1 quol"-qUJI
AOo · SACL TEMP1 CiSACL oAOUT ; save addtess AOoTRA LAC TRSIGN Illtch triangle edge Iign
LAA AR4,DAOUT

; 10Bd data 10 be dl.playod 10
BZ MINUS V'

LAC · LALK OO8OOh If lnlfgn - rI.lng thM "'0
SACL DADATA : WOIldng reglstl!lt of 0/1.. Aoo lEM?1 ace-! tquot nB RECOVW

;-0 dl.play DSP·3's data o-
B MPAD02 aMINUS LALK OO8OOh l!Ilseacc-l-qt;:;1

OATP3 LALK AR4,GP3DA
; load data to be dlsplayed from OSP·3

SUB lEMPI ~LAC + MPAD02 SACL lEMP1 save (1 t/' vm/llamgn)
SACL DADAlA : toworldng reglstl!ltof DIA MPV TEMP1 PRO·(1 t 1· vm/lramgn1l2 :0

; clear ,.lgn of lnslda
SPM 00002h a

RECOVW lACK OOOOOh SPH TEMPl rSACL INSIOE
; •. recover pravlous reglstars 0- LAC TEMP1

CORRECl AOLK 0010011 edd offset, sinca hardw&rl!l design
SPfA OOOOOh

; point to AR2
RET acc"timlng constanl

LARP 00002h
I~MAA +- :

""



• •
........................................................................"" .. .. , ...
.. Subrouline : SYNCINT response 10 l~rr2, the synehronizlng in'''lNpl cali
.. Funclion : measuro phasa error between oc source and sin-table pointer.
.. Affect : SYNCTTl and SYNCTI2 are usod........................................................................................................

..............................................................................................................
• Subtoullne : DA0lJT2 response to XlNT, DIA ORX emply lnlerrupf calI
• Functlon : lifter Iniliallze1km 01 AJO, la send dllla la Ille DXA lor debugglng
• Input : DAOATA vllliable fo Do disptayed.............................................................................................................

~
i3
~
Cl

---1
--1

U>
o

~
~
[Tl

"1)]
6z
a
"Tl

:i::c::
j
o
U>
."

na
~
;>:l
a..

aet enllble 101 R1NT TINT INT2
"0 recover previoui (egillers o·
polnl tack 10 ARS

il AR3 ..AAO lhen finish

.010 use DIA for debugglng··
çhange Inierruplll'ltctor lor
DIA output subloullne

s.end dala la DXA
'. reeower prevlQUS (egislers··

Ioa.d dadajll

'. save cunenl reglstors ••
point 10 ARS

; ". save cunenl reglstfl' o·
; point 10 ARS

; polnllo AR3
; (AR3)·>DRX and AR3 .. AR3-1

; enablo lnlerrupt

.,oct "DAOUTlr

lARP 00005.
ADRI< '-'00'.ssn -,
SST "
SACH -,
SACl -
LAAP 00003.
LAC -.
LOPK 00000.
SACl DXR
CMPR 02h
BBNZ nECOVD

lAlK DAroUT
SACl VXINT
lAlK 03FFBh
TBlW VXINT

LACK ooooc.
SACl IMR

LAAP 00005.
ZACS
AODH -.
lST '.
lSTl -.
EINT
RET

• SUbroutine
.. Functlon

-

DAOurrr

: DAOunr (esponse 10 XINT, DIA ORX empty Inlenupl cali
: lnitlallzing A/D convel1er by sending dala 10 ORX ln lhe lollowing sequence:
~44h 00003h 00205h ClOOO3h OlE3Eh 00003h OOOe."~00003h~h

ARJ ARO .. 00260h................................................................................., .

BBINm

FINISH

AECCVD

DAZCUT LAAP llOOO5h
AORK 0000••
SST' -,
S5T -,
SACH -,
SACl -

SENDOATA LAC DADATA
"OK OFFFCh
UDPK 00000h
SACl DXR

AECC'VDA LAAP llOOO5h
ZACS -.
ADOH ..
LST '.
lST' ..
EINT
RET

sampllng TlM

oIse dt> modify 10 PHERR

*. save cunenl reglsters ."
pointAR1

load m"loT
TlM"JO/PRD

5811'8 TlM to syncttl
If sampllng a1ter main limer Inhmupl

then do nol modify PHERA
elseif PAI).llM·20h>O.lhen

do nol modify PHERR

erlÛlle inlerrupl.

normaliu PHERR w1lh pl/2

save phase error
sel n_ phase enor slgn

". r&COVef prC'\ious reglsters o·

."'" ·SYNCI~

LAAP 00001.
AORI< 00001.
SST. -,
SST -,
SACH -,
SACl -,
SPM 00000h
SPH -,
SPl "
MPVK 0000••
SPl

LOPK 00000h
LAC TIM
lOPK 00004.
SACl SYNCTTl
LAC INSlDE
SNZ ADDOO
LAC PROBAI<
SU8 SYNCTIt
SU8K 00020h
aGEZ AODOO
LACK 0005Ah
SACl SYNCTT2
8 NORMAl.
LACK oœ3Ch
SACl 5YNCTT2
lT 5YNCTTl
MPVK 000lEh
PAC
RPTK "SUBe PRllBAK
ANOK OFFFFh
NEG
AOD SYNCTT2
AOD SCOUNT
SBLK 6JO
8LZ PlUS
SBlK 6JO
8 STORE
AOlK 6JO
SACl PHEAR
LACK 0000.
SACl NEWPHE

MAR -.
lT "
MPYK OCOO ••
lT
MAR '.
UPH '.
ZAlS -.
ADOH -.
lST -.
lST' -.
E1NT
RET

RESPON

AODJO

SYNCINT

ADDOC

NORMAl

PlUS
STORE

RECOVS



• •
.......................................................................................................
• Subrou!.lne : AOININ responso 10 R1NT. DRA fullinterwpt cali.
• Funçlion : sample lhe Ide.
e Oulpu! : AOClDC and GAOCIOC......................................................................................................

.....................................................................................................
• Subroutlne : P2RP11T rasponse 10 DSP·' Inlerrupl cell from lnlO ..
• Funetlon : seilh!! slgo to ask DSp·210 slal1lhe paralle! processlng. •.....................................................................................................

_..a °AOlNINT'
j 0. save curtent registers .0

lAAP 00006h ; point 10 AFl6
ADR!< OOOO'h
SST. '.SST ".SACH ",

; polnllo ARrSACl ',0,7
; (Ide: l, çonnecled 10 channel 1 of AlDI

lDPI( 00000h
; load IdeLAC DAR

lDPK 00004h
; consldering there is a lnverter circuit ln A/ONEG

SACL ADC'llC ; scnd deJa to ADCIDC
LJ'1U( AR7,GADClOC i send toglobal memOl)l
SACl ",0,6 ; point bac:k 10 AR6

: 0. reeover pl'evtous ,"SIllars 0"

ZAlS ".
AODH '.
LST -.
LSTl -.

: •••• enllble inlrurupl ....ElNT
RET

....
oJ

U>o

~
tT1
CI
rn
Ciz
o
'"Il

~
c:::
~
Ci
U>
."
(')
o
~
;C
o
r

:..
~
~
:;;:
(J

leedlorward contlol palamelers

IsqOlk)" lO(JO! )OO(.X XlOfX lOOOI

lacbo(k) -lOfXX X.XlClC XlCXlC lOfXX
vcdo[k}"lOfXX lOfXX lCX.lOf lClOf)(
III::qo(k)-xlOQ( XlOfX lCX.XlC Xl(J[lC
vcapaoM")(l(Jl)( I(J[lOf lOC.lOf lC)llflC
vcapbo (II) -lOOOf I(J[XX lCX.lOf I(J[lOf
Ipdo(lI)"lOOOf lOf.lOf XUX lOfXX
Ipqo(1I) _)0001101.101 lOfXlC XlOOl
lpao(k) -lClOQ( XX.lOf XlOIX lOflOf
Ipbo{ll) "lOfXX XX.lOf XIOUI: lOOQ(

de Iink cunent lOfX.'( lOf.lCX lOfXX lCl{lClC
Ide relerence XXlOf lOf.lllC lOflllC ','CXll
save dala 01'1/42:
lrangle magnituda XlOfX llX.Xll XlllClC lllllCX

; '- page 4 (OO2OOh·0027Fh) .'

; '. P8l1e 0 (OOOOOMXX)1F/ .'
; lleo dlp-2.nm)

Table C-2 The List of OSP-3 Control Program.

.litle 'OSP-3 Program'

DRA _"lU 00000h
OXR _"lU 0000lh
T1M _"lU 00002h
PRO ."lU OOOOJh
'loiR _"lU 00004h
BCODE _"lu 00079h
VlNTa _"lu ooo7Ah
VINT' _"lu 0007Bh
VlNT2 _"lu 0007Ch
VTINT _"lu 0007Dh
VRINT _"lu 0007Eh
mNT .~u 0007Fh

SMARI< _"lU OO2OOh
FCOUNT _"lu OO2O.h
ADINNO _"lu 00202h
AOlNDAT1 _"lu 00203h
ADINOAT2 _"lu 00204h
ADINDAT3 _"lu 00205h
ADINDAT4 _"lu 00206h
IIXERA _"lu 00207h
'mERA _"lu 00208h
SIND _"lU 00209h
COSO _"lu 0020Ah
SINl20D ."lu OO2OBh
COS12OD _"lU 0020Ch
SlNA _"lU 0020011
COSA _"lu OO2OEh
SINt20A _"lU OO2OFh
COS12OA _"lU 00210h
SOP2' ."lU 00211h
'SOO _"lU 00212h
IACBQ _"lu 00213~

VCOO _"lU 00214h
vcao _"lu 00215h
VCAPAO _"lU 00216h
VCAP80 _"lu 00217h
,POO .equ 00218h
,POO _"lu 00219h
IPAO _"lu OO2.Ah
'PBQ _"lU 0021Bh
ADGIDC _"lU 002tCh
IDCAEF _"lU 0021Dh
INV42 _"lU 00220h
TAAMGN _"lU 0022.h
PADBAK _"lU 00222h
TRSIGN _"lu 00223h
Hla1 1122 .aqu 00224h
HIGCt221 .equ 00225h
KlFt -1221 .equ 00226h
rEMP1 .8qU 00227h
TEMP2 _"lu OO22.h

. .
'Name : DSp·3.ASM
'Function ; Parallel plocossing oMlh OSP-2ASM and OSP·l.ASM
• measure isa, ISb. veapa and veapb uslng the A/O ln PAl circuits t\»)(
'Input : Inlerrupted by OSP 12 10 slalt each sampling cont/ol calculalit'~ •
·Output : transfer lnler-medium lesulls and timing constant 01 phase-C lil';:>1-' 12 •. ..

'. save cUnenl reglslers ••
polol10 AR7

Illt slgo ot P1REAQY
'. t&cowr prevlous reglslors .'

·"enloffile"·

_..a "P2RP'W

LAAP 00007h
ADRl< OOOO'h
SST' -,
55T -,
SACH -,
SACL -
LACK 0000lh
SACt. P1REJ\DY

ZAlS ..
AODH -.
LST -.
LST. -.
RET

.end

AOININT

lCHI

P2RP.1T

RECOVP

RECOVA
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TEMP3 ."'u 00229h GAOCIDC ."'u OB03llh

TEMP4 ."'u 0022Ah GPAOBAK ."'u """9h

DADUT ."'u 0022ah savlng dala to bEr displayed GTRSIGN .equ """Ah
AVG2lDC ."'u 0022Eh swilchlng hlll'monic filler oulput cl Ide GTRAMGN .equ """ah

SUMIOCL ."'u 0022Fh GIMPC .equ 0803Ch

SUMIDCH ."'u lI0230h 42 polnls sum 01 Ide GCONSTC .equ """Oh

MAVGIDC ."'u 00231h movlng averago filler output of Ide ". constants ."

SUMIAL ."'u 00232h IOCINLMT .equ O6OOOh ICKIUl ICJOCIl.Il)(l(l( lfKlO(

SUMlAH ."'u lI0233h 42 polnls sum of lsa ISClOLMT .equ 01AOOh )(KIIlC l(l(l(.K XXIUl 1ll(l(X

AVGIA ."'u lI0234h movlng averago tiller output of Is.a TRAMIN .equ 01400h lCl(ll11 XIl.)()( 1Cl()(~ )(KKII

SUMJ8L ."'u 00235h
SUMIBH ."'u lI0236h 42 points sum of Isb

.H................... , ..................••••..••• ..•••• ..••• .. •• .. ••• ................................

AVGIS ."'u 00237h movlng llVlIrage filter output ollsb
, Initla/Ilallen

SUMVCAl ."'u lI0236h
................................................." ............. H .....................................

SUM'ICAH ."'u 00239h 42 points sum of...capa
:..

AVGVCA ."'u lI023Ah movlng average tiller output of \/'Capa .seet "P3INm" :g
SUMVCBl ."'u 0023Bh STAAl OINT
SUMVCBH ."'u lI023Cn 42 p--;nts sum of vcapb SSXM t'J
AVGVCB ."'u lI0230h moving average fitler oulput of vcapb lDPK OCX'OOh point IQ dale page a <:
SWAVG ."'u 0023Eh slgn: removlng offset in sensor

•• inilial inlerrupl veeIQrs.· tl
lAlK P3RP2lT Inlerrupl vee!Qr for P3RP2IT ><

MIOC 1 ."'u lI02D6h 42 poInls Ide SACL VlNT2

MIOC-42 .equ 002FFh lAlK ADININT lnlerrupl veclar IQr AID "IACAl ."'u OO3OOh 42 points lsa SACl V"NT
IACA-42 ."'u 00029h lAU< OFF80h get branch ope/ating cod!)

IACe-l ."'u 0032AI> 42 poinls lsb SACl BCODE en
IACS-42 ."'u 00353h lAlK Q3FFOh gel finot veetor Ilddress 0
VCAl ."'u 00354h 42 points vcapa ADDK 00004h

~VCA-42 ."'u 00070h TBLW BCODE load b.anch Inslruction code

vca-' ."'u 0037Eh 42 points vcapb AODK ooooth IIcc_tttl:F5h

vca:42 ."'u 000A7h TBlW VlNT2
... global memory (page No.2S6, :>08OOOh)·· AODK 00003h ~

GOATP3 ."'u 08004h TBlW BCODE

GP2INDEX ."'u 080051> AODK ooooth tl1
GP3INDEX ."'u 08006h TBlW V"NT Cl
GP3DA ."'u 0e007h

; p;-eootrolled variables lACK OOOl4h enable AlNT INTZ 1;1
GKPlDC ."'u 080'01> SACl IMA

GKlIOC ."'u OBOllh
··ln~ialileARX _. Ci

GISTEP ."'u O8O'2f1 LAU< ARI,00280h ARI ls used for P3RP21T stack Z
GSWlTCH ."'u 0B014h lRlK AR2,OO2AOh AR2 b usod for ADlN1NT ltaek

LAU< AR4,oo:2OOh 0
GIREF ."'u 0B017h 'll

; eKch&nged data: la DSp·Z lARP 00004h polnllo AR4

GIAGA ."'u 080'''' lACK 00000lt cleer v«>rlùng Il/ea on chip 3':
GIACS ."'u 080'''' RFTJ< 255 c:
GVCAPA ."'u O8O'Ah SACl ",
GVCAJ'B ."'u 08018h RFTJ< 255 ~

SACl " -
GVSOO ."'u 0S020h 0
GISOO ."'u 0802th LOPK 00004h •• point IQ page 4 _.

GIACAO ."'u 08022t1 lAlK ooooah Initialile SMARK en

GIACOO ."lU 08023h SACl SMARK
-rJ

GVCAPAO ."lU 0802'" DUT SMARJ<.OFn lum on 3LEtn ·:>OOI11000{O-7) n
GVCAPBO ."'u 0S025h 0
GIPAO ."'u 0802611 lAlK 00200h lolIt LED nashing lime CO"llrol coonler

~GIPIlO ."'u 08027n SACl FCOUNT
; eKchanged da1a: from DSP-Z ;::J

GSlNO ."'u 0S030I> lACK ooooth

GCOSO ."'u """tn SACl SWAVG sel5,ign 01 0
GSlNl20D ."'u 0S032t1

._ inl!ul.Jile system maln.. -" r-
GCQSl20D .equ 08033h lAlK 01CC[)tl hig 1(2.21 ~ 1-.91!-18cl"u.o;.)( 1/JU.JI. uu VJJ

GSlNA ."'u OS034n SAC'_ HIGI 1122

GCOSA ."'u 080351> lAlK """"'" hig 111.2l-Z.5{ -l'q

GSN12QA. ."'u 0S036I> SACl HlG1 1221

I~GOOSl2OA .equ """7n tAU< 02E~ klfll',2l" O.0113( - weI - .YIf/1JVlI.



• •
SACl. K1FI_1221

UREF lRU< AR4.GIREF
lAJj( 07421h lAC ·SACL sa"", sqr23 .. 6553E1xl6368nqr1(2) /14745/sql1(3) SACL IDCREF ; Ioad Idcrel

lAJj( 061S'7h FERROA LAC IOCREF
SACL 1t'N42 lf42-y.Y'iY'i lOOO()('OlX lOOO( XlO(l( sue A"""OC

SACL IOCERA ; IdcltlT-Jdcrel·avg2idc
lAJj( 02000h ; ". Integral Conlrol ."
SACL IOCREF /dçrel ")OO(X 1Ol.1OC IOO(J( JOUO( IlOC ZAlii INTERA
lAJj( 007D2h saVM
SACL lSOOQ just used lor fi~ step œk:ulation ADD IOCERR,14

ADVM
EiNT ". enable Inlerrupl .- SACH INTERA lnlerr -Inlerr t Ideerr

". proportionaJ control·" :>....................................................................................................... lRU< AR4,GKPIDC
~· Main program · LT ·• Funclion : conlrollhe LED Ilghl5 ""-3hI09 · FI500 MPY IDCERR idcerrxKp t>1....................................................................."................................ lRU< ~R4.GKlIDC <:

LTP D
j o. LED lighl flashîng conllol ." MPY INTERR intefTltKi ;;;;FLASH LAC FCOUNT ; load nashing lime control counl lRU< AR4,HIGt 1221

SGZ AOJEND LlA · - ('): il fcounl-O then NEG
LAC SMARK

; lnlerchange 1'9h15
SACH 1500,4 lsqo ~·~dcefl)"Kp +inlemKi)

XOAK 0003Fh •• Iimiler o· U>
SACL SMAAK LAC 1500 aOUT SMARK,Ofh aLZ CHKlOW::!

~
lAJj( oo:2OOh ; sel fcounl CHKUP2 sau< lSOOLMT 1115qo<lsqolml ~sqo> -Ollhen
SACL FCOUNT ; fcounl-200 aLEZ SOISOO no change

AOJENO a FlASH j doloop lAJj( 1500LMT else lsqo-Isqolmt
SACL 1500

.....................................................................H .............................. e SOISOO
• SubroutJne : P3RP2fT.ASM response 10 DSP·2lntefJUpl calI · CHKlOW2 ADU< lSOOLMT If Isqo>·lsqolmt Osqo<O) then [Tl
• Functlon : parallel pl'Ocesslng y,fth OSP-2. aampllng lsa. Isb, \IC4P4 and vcapb · SGEZ SDl500 no change..................................................................................................... lAJj( ISODUMT else isqo··lsqolmt C'

NEG m.sect "'P3RP2IT" SACL 1500
·0 save currenl r~Jlstlll'l-· CiP3RP21T LARP 0000lh poInltoAA1 SDl500 lRU< AR4,GlSOO ·0 und Isqo 10 global mllmory .•

ADAK 0000lh LAC 1500 Z
SSTl '+ SACL · assT '+
SACH '+ FVCOO MPY 1500 'Tl
SACL ·,0,4 polnltoAR4 LTP HIGt tt22 :::SACH vcD<! vcdo -hlg1(I,2j·lsqo c::88P3 OUT SMARK,OCh start A/D on PAl clrçuil box
lRU< AR3,ADINDAT1 AR3 polnllo first A/D date_ln address FVcao MPY 1500

~LACK 00000h LTP KlFl_1221
SACL ADINNO cleM A/D input count NEG bLRU< AA4,GVSOO
LAC SMARK •• sat -busy" sl!lne.l to sync. circuit o· sua ·,15 U>
ANDI< OFF7Fh SACH vcao V'C 40 .01 hlgl (2,211·lsqa.12"vsoq 1 ."
SACL SMARK ()
OUT SMARK,OFh FiPOO MPY vcao aPAC
EINT SACH IPDO lpela - kltl (l,2)·vcqo ~
lRU< AA4,GAOODC FlPOO MPY VCDO ;<l
LAC

, LTP INV42 a
SACL ADCIDC 10000d Ide NEG r

•• movIng average filteilng 01 ide:: .• SFR
LRU< AA4,MIDC 1 AODH 1500
LAC ·,15 - SACH lPOO,t ipqo_ol KiI1{2.111-vedo t Isqo
ADD AOCIDC,15

I~SACH AVG2IDC avg2idc: "OdC(k) +ldc:(k·l11/2 TESM lAC ADINNO wu.Jtlng lor A/D Inputlfl.C8
::>



• •
BZ TESnA LTP VOOO

MPV SINl200

LAC AOINDAT1 LTS ISOO
NEG

; consldering Ihele is ft inverler in sensor
SACH VCAPBO,2 veapbo" Sqr23K(vcdoKCOS120ej.ycqOKslnl20dj

SACL AOINOAT1
S\.'CAPBO CRU< AR4,GVCAPBO send V1:apbo 10 global mllmory

LAC SWAVG : "'·Iest If need 10 fllmOYe sensor drift .• SACH ",2

BZ SlACA
; *·42 polnls moving average fillering .* FISO MPY SINl2QD

AMZIA ZALS SUMIAl LTP INV42
; lacbo.$'.jr2JKsinl2OdKisqoAODH SUMIAH NEG

CRU< AR4,IACA 42 SACH lACBO,4 ; ACC· 16 l()(I(X K.)(Ill( IU(KX KK)(I(

SUB ·,12 -
AOO AOINDAT1,12 SIACBO CRU< AR4,GIACBO

; send facbo 10 global memorySACL SUMlAL
; sumlah _$umlah·laea(k-42) +laca(k)

SACH ",-

~SACH SUMlAH ; ". wailing for lacb·"TESTIB LAC ADINNO

MPY SUMlAH SUBK 00002h ;
LTP SORZ3

; avgia-sumlah/42
BLZ TESnB

SACH AVGIA ; (oad iacb
tJ

LAC ADIND....T2 ~S1ACA LRu< AR4,GIACA NEG
; considering Ihare ls li Irwerter ln sensotLAC ADINDAT1 SACL AD1NOAT2 Cl

SUB AVGIA
SACL " ; iacs-laca-avgla LAC SWAVG ; 0. lesl il need 10 ,emovo sensor drift ."

; *. sel-ready" 10 sync. circuit .* BZ SlAC8
; .- 42 points movtng averaga fiMerlng ••

en
AXF

; c1elll 810
0

SXF RMZ18 ZALS SUMIBL

~
LAC SMARK AODH SUMIBH

OAK 00080h CRU< AR4,IACB. 42

SACL SMARK
; saI bll7 01 port F for relldy

SUB ·,12

OUT SMARK,Ofh AOO ADlNDAT2,12

WArr_1 BKlZ WAfT 1 ; •• WIlit for "all-rlllldy" from sync. circuit·· SACL 51JMIBL
~ sumlbh _surnlbh.lacb(k-42) t Ill.Cb(lqLAC ....- SACH SUMIBH tT1

ANOK OFF7Fh
SACL SMARK

; rMflI 0117 01 port F
MPV SUMlBH 0

OUT SMARK,Ofh LTP SQR23
; Il'o'gib-sumibh/42 1ilSACH AVGIS

FCXlSO lRLK AR4,GCOSO
; sqr23lCCOsd

ëi
MPV ". StACe LRu< AR4,C!:ACS ;
PAC LAC AOlNDAT2 Z
SACH COsa,1 ; XX.xlC lOOOl lOOQ( lOOOl SUB AVGl8

; Ill.Cb-lllcb-e-.-gib 0SACL "
FSlNO MPV "

""r1

LTP VCOO
; sqr23lCSi"d

AXF ~
SACH SIND,! SXF

LAC SMARK c::
FVCAPAO MPV COSO OAK 00080h g

LTP vcao SACL SMARK
MPV SIND

; yçapao_sqr23x(vcdOlCcosd-vcqoxslnd)
OUT SMARK,OFh 0LTS SQR23 WAfT_2 BIOZ WAfT 2

SACH VCAPAO~ ; lOOQ( XlQOl xx.xx lClOO( LAC SMAAK cn
ANOK OFF7Fh ."

SVCAPAO lRLK AR4,GVCAPAO
; send vcapao la global mllmory

SACL SMARK ()
SACH ",2 OUT SMARK,OFh 0

FCOS1200 LRl..K AR-l,GCOSl20D FCOSA LRu< AR4,e.::oSA Z
MPV ° MPV o. --l
PAC

; sqr23lCCOS 120..::1
PAC :>0

SACH COSl200.1 SACH COSA,l ; ~r2J~ro~ 0

FSlNl200 MPV ° MPV °
r'

FSINA

LTP VCOO
: sqr23llSin12Od

LTP IPOO

SACH SlNl200.1 SACH SUa,1 sqr2J~sinll

F\'CAP80 MPV COS'2OO FI?AO MPV COSA 1-
I~
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LTP 'POO SACL SUMIDCL ; 5um!dc:h .$umidc:h.idc:jk-42j ~ klc(k,\
MPY $lNA

; ipao-5qr23)(~pdOKcosa-lpqoll$ina)
SACH SUI.4IOCH ; )(XlO( )000( n.1OI lO0OI

LTS SOO23
BACH IPAO~ ; )(X)(X llX.lCX lOOOt lOlXX MPY SUMIDCH

PAC ; mavgidc.sumldeh/42
SIPAO LRU< AR4,GIPAO

; .end lpao 10 global memolj'
SACH MAVGIOC ; lOOOC lI11.lOI IOOO( IOCIO(

BACH '~
TESTVB LAC A01NNO ; ". waitil"lg for YCllPb ."

FCOS12OA L.RLK AR4,GCOS12OA SUBK 00004h
MPY '. Bl' TESTVB
PAC

; 5qr23xcosl2OaSACH COSl20A,l LAC fN/AVG ; O·lest II nced la Itlmove sensor doit ,"
Bl SVCAPB

FSINl2QA MPY , ; ". 42 polnl moving average fittering ."
LTP 'POO

; sq123Ksinl2Oa
....ZVB ZALS SUMVCBL :>..

BACH SlNl20A,1 ADOH SUMVCBH

~LALK AR4,VCB_42
FIPBO MPY COS12OA SUB ",12

LTP 'POO AOO ADINDAT4,12 <:
MPY SINl20A SACL SUMVCBL t:J
LTS INV42

; ipbo "sqr2JllOpdOKCOs12Oa-rpqo)(sin12Oaj
SACH SUMVCBH ; sumvcbh .. sumvcbh-vcapb(k-42j t vcapb{kl s:;:SACH IPBO,2

SlPoo LRU< AR4,GIPOO
; $(!nd IpOO 10 global memory

MPY SUPJlVCBH nSACH '~ PAC

; 0. wailing lor veape. ••
SACH AVGVCB : evgvcb .. sumvcbh/42

TESTVA LAC ADINND Vl
SUBK 00003h SVCAPB LAUK AR4,GVCAPB 0Bl' TESTVA LAC ADINDAT4

: -'lest If n&ed to rllrnOYfl sensor drift ." SUB AVGVCB

~
LAC SWAVG SACL . ; vo::apb -vo::apb-avgvcb
Bl SVCAPA

; *·42 points movlng awrago fitloring .* RXF
....ZVA ZALS SUMVCAl SXF

AODH SUo.<VCAH LAC SM_ m
LRU< AR4,VCA_<l2 OAK OOO8Ilh
SUB *,12 SACL SMARK 0
AOO AOINDAT3,12 OUT SMARK,OFh tT1
MCL SUMVCAl

; sumvcah -surnveah-vcapa(k-42) +vçapa(k)
WAIT 4 810Z WArr <1 Vl

SACH SUMVCAH - LAC sMAl1l< ~

ANDK OFF7fh 0
MPY SUM'ICAH SACL SMARK Z
PAC

; avgvca~,umvcah/<l2
OUT SMARK,Ofh

) *. celll1anglo maanltudo .* 0SACH AVGVCA
F1RA LAC MAVGIOC >t1

SVCAPA LRU< AR4,GVCAPA SBUK TRAMIN ; *. mlnlmalllmllllf·* ;;::
LAC ADlNDAT3 BOel TIMES05
SUB AVGVCA LAUK TRAMIN,15 c::
SACL , : vcapa ..vcapa.avgvca AOUK TRAMIN,l<1 BSACH mAMGN,1 : Iramgn~1.5l':lramln
AXF B STRAMGN ClSXF
LAC SMARK TIMES05 LAC f..tAVGIOC,15 Vl
00< 00080h AOO MAVGIDC,14

~ lramgn .1.5xmavglde
'"d

SACL SMARK SACH TRAMGN,l ()
OUT SMARK,OFh 0WAfT_3 "Dl WAIT 3 STRAMGN LRUK AR4,GTRAMGN
LAC SMAI1l< SACH ',1 ~ send tramgn to global mllmory ~ANOK OFF7fh
SACL SMARK LRUK AR4,GPRDüAK

: 100.d PRDBAK
;0

OUT SMARK,ofh
: *. 42 points movlng average Iillerlng lor ide .•

LAC " 0
SACL PROBAK

; load TRSIGN
r

Fi,lAVG1OC ZAlS SUMIOCL LAC ,
AODH SUMIOCH SACL TRSIGN
LRU< AR4,MIOC_42 LT PROBAI<
SUB *,12

I~AOO AOCtOC,12 AXF
N



• •
SXF SACL 5MARK

LAC SMARK OUT SMARK,OFh

DAI( OOO8Oh WAIT_6 BIOZ WAIT 6

SACL 'MARK LAC SMAAl<

OUT SMARI(,OFh ANDK OFF7fh

WAIT_5 BK>l WAIT 5 SACL SMARK
LAC SMARK OUT SMARK,OFh

ANOK OFF7Fh *. dala shiltlng .•

SACL SMARK MOVIDC LFLK AR4,MIDC_41 for 1-421a 2

OUT SMARK,Ofh
; *. gellimlng constant for phase C 0"

RPTl< '0 idc~)2IdcO-l).

OMOV '.
LFLK AR4,GIMPC

: load Impe;
LFLK AR4,M1OC 1

LAC . LAC ADCIDC -

SACL TEM?! SAel · ~ Idc(l)-adcldc :>..
FINDOATC BLZ NEGSGN

LACK OOOOOh ; If impc>O then LAC SWAVG ; If neocl 10 remove senSQf drift then ."

SACL TEMP2 sellemp2"O Bl LASTP ."

B FMCT
; il impc<O (hen

; *. do the same wor1( like shltting ide on iac and Yeap .* l">1
NEGSGN ABS MDVING LFLK AR4,VCB_41 %

SACL TEMPl lmpc-Irmpci. sellemp2-1 APTK .66
; shift w1'lole group of hiC and vcap dala

t:1
LACK COOO'h OMOV o. S<
SACL TEMP2 LFLK AR4,rACA 1

FRACT LAC TEM?l LAC ADINDATf
; laC8(lJ"jaC/l

C)

SUB Tft-WGN SACL ·
BLZ OMO

; if Ilmpcl">tramgn then
LFLK AR4,lACB 1

Ni'"RACT LAC TRS"N LAC AOINDAT:f
; lacb(lj-lacb

(j)

BZ SIGNG : lftrslg" .. rislnglhen SACL · 0
SION1 LAC TEMP2 if il'lpc<O then LFLK AR4,VCA 1

~Ol l'ROMAX
; dala"prdmln

LAC AD1NDA~
: ...capa(l)-vcapaPROMIN LACK 00008h SACL ·

B CORRECT
: elser dala-pfdmax

LFLK AR4,vCB 1
pROMA>( LAC PROBAK LAC AOINDAl'4

; vçapb{l) ~vçapb

;l-

B CORRECT
; elserlf Impe<O then

SACL 0 ;<l

S"NO LAC TEMP2 fT1
BZ PROMIN ; dala-prdmln LAC SWA'IG

; S'MlYQ ~SMI''9 t l, unlilllW!lYQ ~O "B PROMA>( : aise dala-prdm5X AOCK oooo'h
OMO ZAUi TEM?1 LASTP LAC FCOUNT ; Ir;ount~fcounl·1 fT1

RPTl< .0 SUSK COOO'h
rJl

SUBe TRAMGN SACL FCOUNT
; •. oJutput 10 be displeyed daia 10 global momory ••

Ô
SACL TEMP1 ; quot .. xxxx 1(.100( xxxx lOOOf Z
LAC TEMP2 LFLK AR4,GP3INDEX ; polnt to Indole

BZ AOC""
; If Impc<O thon

LALK 00200h ; Joad begJn add/ou of 'o'aI1abln 0
ZAC AOO 0 'Tl
SUB TEM?! quot--quot SACL OAOUT ; saYe add/_

SACL lEM?t
; feteh triangle odga slgn.

LAF AR4,DAOl.T
; Joad the data to be displayed

::::
AOC"" LAC TRSKiN LAC 0 c:

BZ MINUS LFLK AR4.GP3DA

LALK 00S00h ; If ll$ign ~rislng Ihen SACL · ; then sand i1 10 global momof)' ~AOC TEM?l acc~l+lemp1
; e. leeover prflV'ious /~istors ."

B MPRD02
; olsa acc~ 1-lemp1

AECOVF LARP COOO'h 0
MINUS LALK 00S00h ZALS ..

SUB lEM?l ADOH o. rJl

MPR002 SACL TEM?1 ; saYe l' + ,. impe/lramgn) LST .. ."

MI'Y TEMP, ; PAO·ll .. /.lmpc/tramgnI/2 lST1 o.

; enable inlelllJpC
n

SPM 00002h : EINT 0
SPH lEMP1 RET Z
LAC TEMPI

CORRECT AOLK 00100h ; add offset, slnce haidwaTa design
................................................................,.................................... -l

; ace ~ Iiming C«'lslanl e Subroutine : ADININT.ASM le5ponSO 10 AlD da:a-in inlerrupt caU
. ;<l

~

SCONSTC LFLK AR4.GCONSrC
; seod cons,c to global memory

e Function : lransferring 4 input dala 'rom DRA 10 glot.al morne',! .~

SACL 0 • "'«1 : AR:2 is used 10 saie cUIll~nt ~.eld, AR3 i5 used to s.end dala

: .Cul"" : AOINNO

RXI'
e.....................••••••••••••••••..••••••••••••••••.............................................

SXF
LAC s.1.lARl< : .•«1 "AO!Wt-W

I~OAX ro:>8Ol>
; '. 5.11.-..e cunenl registers ."



• •

• , ~ •••••••••••••••••u .

.sect "P1RP2Jr

• SubrouUna : P1AP2IT.ASM responsa 10 tha DSp·2 Inlerrupt cal1................, .

: ••u uu••• ~~~ll~~!~I~.~ u .

:>.

~
~

"

.....
CO
-lO

V)

o

~
[Tl

Cl
Dloz
o
'Tl

s::
C
r'
::l
Cl
V}

'"()
o

~o
r'

.- S.IlV'll currenlleglste~ .'

point to page 0

•• do·loop waitlng ••

; page 0 (OOOOOh-0007Fhl

OCOOOh
00008h
COOOlh
HHDOI

00005h
AA5,OO3OOh
"
"
"
"
SMARK

LARP
LALK
ssn
SST
SACH
SACL
LAC
SACL

LOPK
LALK
SUBK
BOZ
RXF

.title 'OSp.! plogram'

.equ 00004h

.equ 00060h

.&qu 00079h

.equ 0007Ah

P1RP2rr

.~~ ·PIlNIT1·
START OINT

LDPK OCOOOh polr', ta dale page 0
'- .,lltializa inlarrupt wc;;tl)l' ••

LALK P1AP2rT
SACL VlNTO
LALK OFF80h load bfMCh operallng coda
~.CL BCODE
lALK 03FFOh load firsl wctor IIddress
TBlW BCODE slart la load inlerrupl ve<.tors
ACDK COOOlh
TBlW VINTO
LAC IMn
DRK COOOlh saI enabla mask lor IntO
SACL IMR

DUT SMARK,OEh '. sand ft Inlarrupl signai ta DSP-2 asklng .'
lor stNllng parallel pfOC(lsslng

LACK 00040h EPROM enter addreu Is pushlld on the top 01 sl«ck
PUSH
EINT anable [ntatupl
RET lump to tha EPRaM monitor prograrne

Table C-3 The List of DSP-I Control Program.

IMR
SMARK
BCODE
VlNTO

HHDOl

.. Nam", ; DSt'·l.ASM
.. Function : lnterrupl ~nIOJ s.elVice subroutine. COOpelll.les with QSP-2 and OSP-3.lo s.e,.-,d the

"(ead'( signals 10 the sync. cill:U11 all the lime.
The main lasks 01 communocalion wrth PC are pertOfmed by using the utililies w\'O!e in

.. the EPfIOM monilor program......................................................................................................
DOR • 00xx lOOOl XX.XX lOOO(

save data 10 global memory
0. (&COYer previous reglslers ."

; poinllo AR2

; adJnno-adinno+ 1, Indleate one more data ln
; point to page 0

; .... end ollile •••

; enable Interrupl

LAA? 00002h
ADAK COOO'h
SSTI "
SST "
SACH "
SACl. ·,0,3

LAC ADlNNO
ACOK COOOlh
SACl. ADlNND
LDPK 00000h
LAC DAA
lDPK 00004h
SFR
SACL "+,0,2

ZAlS '.
ACOH '.
LST '.
lSTt '.
EINT
RET

.•ml

AOINlNT

REcavA



• •
SXF claar BIO LAC ~MARK

LAC SMARK ANDK OFF7Fh

ORK OOO8Oh SACL SMARK
SACL SMARK OUT SMARK,Ofh

DUT 5MARK,Ofh sel ",eady'" signal 10 sync. ciu:;uit
WArr_l BIOZ WAll 1 wall for -all·ready" slgnallfom syne. circuit LAU< 00008h

LAC SMMK HHOD6 SUBK 0000lh

ANOK OFF7Fh BGZ HHDD6

SACL SMARK AXF
OUT SMARK,oFh r&Set "ready" signal SXF

LAC SMARK
LALK 00008h ORK OOO8Oh

HHDD2 SU8K 0000lh SACL SMARK
BGZ HHDD2 OUT SMARK,OFh

1"-AXF Wl.iT_6 BIOZ WAIT 6 *. sil(1h waiting ••

SXF LAC sMMlK
~LAC SMARK ANDK OFF7Fh

ORK OOO8Oh SACL SMARK >-
SACL SMARK OUT SMARK,Ofh G
OUT SMARK,OFh

0. reeover plevîous leglsters ."

WAIT_2 BIOZ WAll 2 0. seçond waitlng ." AECOVE LAC " ~
LAC SMARK SACL SMARK
A."!DK OFF7Fh ZALS -, r)

SACl. SMARt<. AODH -,
DUT SMARK,OFh LST -,

lST1 '"
LAU< 00008h EINT eoable InleHupt 0

HHD03 SUBK 0000lh RET

~BGZ HHD03
RXF .end oU end al file •••

SXF »
LAC SMARK
DRK 00080h

;l:l

SACl. SMARK l"T1
DUT SMARK,Ofh Cl

WAIT_3 BIOZ WAll 3 ". thlrd waJtjng .-
LAC SMAIll<

ln

ANDK OFF7Fh '"
SACl. SMAAK Ci
DUT SMARK,OFh Z

LAU< 00008h 0
HHDQ.I SUBI< 0000lh .."

BGZ HHDO< ,..
RXF -SXF C
J.; SMARK

~~.. ; 00080h
~ .• .:.t. SMARK

"'" SMARK,OFh U
WAJT_oI BIOZ WAll • •• lo~_~t\ vo'aillog ."

LAC SMAIll<
th

ANDK OfF7Fh
-0

SACl. SMARK
()

DUT SMARK,OFh 0

LAU<
Z

00008h -1
HHD05 SUBI< 0000lh ;>:l

BGZ HHD05 ~

RXF
~

SXF
r-

lAC SMARK

"'"' 00080h
SACl. S"'ARK
DUT SMARl\,OFh

; ". fit:h .....a~log ." I~WAIT_5 BIOl WAJT_5
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