Florida State University Libraries

Electronic Theses, Treatises and Dissertations The Graduate School

2007

Analysis, Simulation and DSP Based
Implementation of Asymmetric Three-
Level Single-Phase Inverter in Solar Power

System

Yi Tian

Follow this and additional works at tR&U Digital Library For more information, please contébtir@fsu.edu


http://fsu.digital.flvc.org/
mailto:lib-ir@fsu.edu

THE FLORIDA STATE UNIVERSITY

FAMU-FSU COLLEGEOF ENGINEERING

ANALYSIS, SIMULATION AND DSP BASED IMPLEMENTATION OF
ASYMMETRIC THREE-LEVEL SINGLEPHASE INVERTER IN SOLAR

POWER SYSTEM

By

YI TIAN

A Thesis submitted to the
Department of Electrical and Computer Engineering
in partial fulfilment of the
requirements for the degree of
Master of Science

Degree Awarded:
Summer Semester, 2007



The members of the Committee approve thesis of Yi Tian defended on
04/30/2007

Jie J. Chang
Professor Directing Thesis

Krishna Arora
Committee Member

Rodney G. Roberts
Committee Member

Approved:

Victor DeBrunner, Chair, Department of Electrical and Computer Engineering

C. J. Chen, Dean, College of Engineering

The Office of Graduate Studies has vexfiand approved the above named committee
members.



ACKNOWLEDGMENTS

| would like to thank my academic advisor,.Dre Chang for his valuable guidance and
encouragement throughout my graduate @mogrl would like to thank my committee
members, Dr. Krishna Arora and Dr. RodnRgberts, for their valuable advice and
direction. | would also like to thank the academic and administrative staff in the
Department of Electrical and Computer Eregring and the Center for Advanced Power
Systems (CAPS). Most importantly, 1 would like to thank my family and friends for their

continuous support throughout rgyaduate school experience.



TABLE OF CONTENTS

LIST OF ACRONYMS ...ttt e e e e e e e e e e e e e e s e s st e e e e e aaaaaaaaaeaaaeeas Vi
LIST OF FIGURES ... ...ttt e e et e e e e e aaeeeas vii
LIST OF TABLES ...ttt e e e e e e e e e e e e e e e e e e s n e e e eeeees X
AB ST R A C T ..ottt e e e e e e e e e e e e e e e e bbbttt e e et e e aaaaaaaaeaaaaaaeaaaaan [T X
CHAPTER 1 INTRODUCTION ... .ottt e e e e e e e e e e e e e e e e e e e anneneees 1
1.1  Objective and MOLIVALION ...........uuuuiuiiiiiiei e e eeeeeeeaaees 1
1.2  Power Converter Technology OVEIVIEW ........cccoiiiieieeiiiiiiiiiiiiiiciiae e e e e e eeeaen 2
1.3  Introduction of Two-Level PWM CoNtrol.........ccooooiiiiiiiiiiiiiiiiieeee e 3
1.4  Overview of Solar Power Conversion SYStem...........cccovvvvviiiiiiiiiiiineeeeeeeeeee 6
1.5  Material Organization ..........ccoooeeieiiiiiiiiiiiire e 8
CHAPTER 2 ASYMMETRIC THR EE-LEVEL DC-AC INVERTER.......cccccccvvrn... 9
P20 I [ 01 (o o 18 Tox 1 o] o SOOI 9
2.2 Asymmetric Three-Level Inverter ToOpology ........coooiviiiiiiiiiiiiiiiie e 9
2.3 Modulation Approaches for Asymetric Three-Level Inverter......................... 11
2.4 Improved Modulation Scheme foryxsmetric Three-Level Inverter............... 13
CHAPTER 3 PWM HARMONIC ANALYSIS ...t 16
3.1 GENETAl DISCUSSION ....uutiiiiiiiiiiiiiiiiiiiitee e e e e e e e e e e e e e e e s s e e et e aaaaaaaaeeeeeas 16
3.1.1 Fourier Series ANAIYSIS ........ccoiiiiiiiiiiiiiiiie e 16
3.1.2 Total Harmotis DiStOrtiON ........ccoviieeieiiiiiie et 17
3.1.3 Discussion alV/AtEffECT .........uuiiiiiiiiieieceeee e 18
3.2 Harmonic Analysis of Modified PWM Modulation................cccceeeeeiiiiiiiiiiiinnnn. 20
3.2.1 Modified PWM Parameters Consideration............ccccovvvvevvviiiiiiinneeeeeeenn 20
3.2.2 Modified PWM Switching VECIOIS .........cuvviviiiiiiiiiieeeeeeeeeeee e 20
3.2.3 Modified PWMSpectrum ANalySiS..........coooiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeee e 21
3.3 Digital Simulation of Asymmetric Three-Level Inverter............cccoovvvvvieeennnnnn. 24
3.3.1 Circuit Configuration of Simulated Conversion System ................c........ 25
3.3.2 DeSIgN Of LC FIlLEI ..ot e e e 25
3.3.3 SIMUIALION RESUILS .....vviiiiiiiiieee e 26
G R0 U [ 0] 1 4= YRR 30
CHAPTER 4 SOLAR ENERGY GENERATION AND CONVERSION SYSTEM
USING ASYMMETRIC TH REE-LEVEL INVERTER..........ccceeooiiiiiiiiiiee 32
4.1 System Architecture & DeSCIPLION ...........uuviviiiiiiii e, 32
4.2 Modeling of Solar ModUIE..........ooi i 33
4.3 Introduction and Analysis of MPPT Control.............ccceeeeiiiiiieeeeiieeeeee, 35
VG 70 R [ 1o o 18 o 1o o I 35
4.3.2 Maximum Power Point Tracking Algorithm ...........cccceeeeiiiiiiieiiiiiiiiiiiinn, 35
4.4 Extension to a New Three-Arm ATLI CONVerter........coovvvivviiiiiiiiiiiieee e 37
S o] 11 0| [=T g T o | o SRS 40
4.6 Simulation of the Whole SyStem ... 43



CHAPTER 5 DSP BASED IMPLEMENTA TION OF ASYMMETRIC THREE-

LEVEL INVERTER AND CONTROL ...ttt 52
5.1  Hardware Configuration ...............uuuueiiiiiiiieeeeeeeeeeeiiiiisss e e e e e e e e e eeeeeeeeeeennnn 52
5.1.1 Configuration of DSP CoNtroller............cooeiiiiiiiiiiiiei e 52
5.1.2 Prototype CirCUit Of ATLI ..uuuueeiiiiii i e e e e 54
5.1.3 LCAfilter @and LOAM.......ccooieeieieiiiieeeee et 56
5.1.4 Experimental SYStemM SEIUP ......uuuuuiiiiiii et e e e e e e e e e 57
5.2 CirCUIL INTEITACE ... e 57
5.3  Design of the Program Code of PWM Control..............cccieeiiiiiiiieeeeeeeeeeianns 58
5.4  Experimental RESUILS .........ccooiiiiiiiii e 60
CHAPTER 6 CONCLUSIONS ......ooiiiiiiiiiiiieeee ettt e e e e e e e e e e e e e e e e e e e e e nanns 65
G I 0] o o3 01 T o USRS 65
6.2 FULUre RESEAICN WOIKS.....coi it e e e e e e e e eeeeeenees 66
APPENDIX A PSPICE SCHEMATICS OF ASYMMETRIC THREE-LEVEL
INVERTER ..ottt et e e e e e e e e e e e e e e e e s e bbb bbb e e e e e e 68
APPENDEX B PSPICE SCHEMATICS OF THE CARRIER GENERATOR
(@4 | | i O PPEPPRTRPPRPPR 69.....
APPENDIX C CIRCUIT AND METHMA TICAL MODEL OF SOLAR CELL
AND SOLAR MODULE ..ottt ettt 70
APPENDIX D KEY FEATURES OF DSP BOARD ......cccoiiiiiiiiiiiiiiiiiieeieeeeeea e 74
APPENDIX E TMS320F2812 EV MANAGER INTERRUPT STRUCTURE ......... 76
APPENDIX F DSP PROGRAMMING FOR PWM CONTROL WAVEFORM
GENERATION ..ottt e e e e e e e e e e e e e e e e e e e s e s s e s s nnannnsssnnneeeees 77
REFERENGCES. ... ..ttt e e et e e e e e e e e e e e e e e e e e e s e e aanaes 83
BIOGRAPHICAL SKETCH ...ttt e e e e aaaaaeaeens 86



ATLI:
CAD:
CISPR:
CSl:
DSP:
EMI:
EV:
FCC:
IEC:
IGBT:
ISR:

PI:
PWM:
SEGCS:
THD:
VSI:

LIST OF ACRONYMS

AsymmetricThree-Levelnverter
Computer Aided Design
International Special Committee on Radio Interference
Current Source Inverter
Digital Signal Processing
Electrical Magnetic Interference
Event Manager
Federal Communications Commission
International Electro-technical Commission
Insulated Gate Bipolar Transistor
Interrupt Service Routine
Proportional-plus-Integral
Pulse Width Modulation
Solar Energy Generation and Conversion System
Total Harmonics Distortion

\oltage Source Inverter

Vi



LIST OF FIGURES

Figure 1.1 Single-phase H-Bridge ..........coooiiiiiiic i 3
Figure 1.2 Description of SPWM modulatiom(=0.8, m; =15).........ccccccovirrrnnnrnn. 4

Figure 1.3 Unipolar PWM scheme and output voltage..............cccceeeeieiieieeieeeeeeeeiiiinns 5
Figure 1.4 Modified unipolar P¥ scheme and output voltage..........cccccevvvveninnnnn. 6
Figure 1.5 Two-stage Solar POWET SYSTEIM ........cooiiiiiiiiiiiiiei e e e e 7
Figure 1.6 One-stage solar POWET SYSIEM ........cccoviiiiieeiiiices e 7
Figure 2.1 Neutral Point @mped (NPC) INVEIEr ...........oovvvviiiiiiiiiiie e 9
Figure 2.2 Asymmetric three-level INVerter............cooiiiiiiiiiiiiic e 11

Figure 2.3 Dipolar PWM scheme and@aulse waveforms generated whan=0.8,

N TS i 12
Figure 2.4 Conventional two-carrier B\scheme and gate pulse waveforms

generated whem =0.8, M, =15........ccoiiiiiiiiiii 13
Figure 2.5 Modified PWM scheme andgaulse waveforms generated when

M =0.8, M 15 .. 14
Figure 3.1 Voltage output froldTLI in steady state..............cccveiiiiiiieeieeeeiieceeeinn, 16
Figure 3.2 Common mode EMI noise in single phase ATLI..........oooviiiiiiiiiiinennn. 19

Figure 3.3 Output pattern afodified PWM method withm 1. @ndm, 25..22
Figure 3.4 Frequency spectrum for modified PWM with 1. an@m, 25....23

Figure 3.5 Modified PWM input and gate sasmfor T1 and T2 (Note: Gate signals

for T3 and T4 are just the inverse of TL and T2).........oovvvveiivviiiiiiiiiiieeeeeeeeee, 27
Figure 3.6 PWM output voltage waveform and load output waveform (60Hz)....... 27
Figure 3.7 PSpice simulation of harmonic SPectrum ............cccccuuvviiiiiiiiiiiiiiiiiceeeeeeen 28
Figure 3.8 Circuit of triangle wave generator............ccccoevvveveviiiiiiiiesiee e eeee e 28

Figure 3.9 Modified PWM input produced bgrrier generator and gate signals for
T1 and T2 (Note: Gate signals for T3 and T4 are just the inverse of T1 and T2)

........................................................................................................................... 29
Figure 4.1 Block diagram of SEGCS.........coooiiiiiii e 32
Figure 4.2 Electrical specifications of Sharp NE-80EJEA solar module. ................. 34
Figure 4.3 I-V and P-V characteristicreas under different insolation conditions 34
Figure 4.4 1-V curves of solar module and linear load ..............cooovviiiiiiiiineee, 35

vii



Figure 4.5 Block diagram of P&O algorithm ..., 37

Figure 4.6 Circuit diagram of integged ATLI converter and system ..................... 38
Figure 4.7 Three operation modes of thage converter. a) Solar power feeding

mode. b) Power-sharing mode. c) Local AC source mode...........ccccceeeeeveennnnnn. 40
Figure 4.8 Control scheme for SEGC ..........ooovviiiiiiiiiiii e 41
Figure 4.9 Block diagram for rectifier controller.............cccceeeiiiiiiiieiiiiiiiin, 42
Figure 4.10 Main circuits for SEGC in PSPICE.......cooiiiiiiiiiiiiiieieee e 45
Figure 4.11 Simulated I-V and P-V curves high-voltage solar module array..... 46
Figure 4.12 Simulation results WhegaE2100W...........ceeeiiiiiiiieieiieeeeeeen 47
Figure 4.13 Simulation results Whega=1050W...........ccoeeiiiiiiiiiiiiiieeeeee, 49
Figure 4.14 Simulation results WhegaRE20W..........ccoovviiiiiiiiiiiii e, 50
Figure 4.15 P-V trajectory of solarodule array under MPPT control.................... 51
Figure 5.1 Block diagram of eZdSHF2812 board............cccceeveeeeeeeeerieeeeeeneeann, 53
Figure 5.2 Utilized EVA function block diagram.............cccovviiiiiiiiiiiiiieeeeeeeeeeeeiins 53
Figure 5.3 eZdsp F2812 DSP DOAIT.........c..ccceieiieeeieeceeee et 54
Figure 5.5 A picture of ATLI ProtOotype .....coooeiiiiiiiiiiiiiie e 54
Figure 5.4 Circuit interface fahe experiment System ...........ccccccevvvvivveeviiiiiiiineenn. 55
Figure 5.6 LC filter & l@d configuration............ccccoeoeeeiiiiiiiiiicceeee e, 56
Figure 5.7 EXPerimertyStem SELUP. .....cuuuruuriiiiii i e e e eeeee e et e e e e e e e e e e e e eeeeenaannnes 57
Figure 5. Program flOWCHAr............oooiiiiiiiii e 59
Figure 5.9 DSP control outputs fog, T, and s at 60 Hz ............cceeiieiiiineeennenee, 60
Figure 5.10 Output voltage waveformddre and after LC filter at 60 Hz............. 61
Figure 5.110utput voltage spectrums before and after LC filter witenl, m, =45

........................................................................................................................... 61
Figure 5.12 Output voltage waveforms at 60 Hz wher0.9..............ccccoiinnen. 62
Figure 5.13 Output voltageaveforms with differentn ...............cccocc 62
Figure 5.14 Output voltage waveforms at 60 Hz WherF25............coccvvieeeeene 63
Figure 5.1%0utput voltage spectrums before and after LC filter wirenl, m, =25

........................................................................................................................... 63
Figure 5.16 Output voltage waveformddre and after LC filter at 400 Hz........... 64
Figure 5.1utput voltage spectrums before and after LC filter.............ccccceeeennn.n. 64

viii



Figure A.1 PSpice schematics of asymmetric three-level inverter.................cc........ 68

Figure B.1 PSpice schematics oé ttarrier generation CirCuit................oooeeeeeinnns 69
Figure C.1 Simplified equivalent circuit for single solar cell.............cccccoeeeeeeennne. 70
Figure C.2 Equivalent circuit fasolar cell with resistances............cccccoevvvvcieeeennn. 71
Figure C.3 Equivalent circuit for a solar module................ccooiiiiiiiiiiiiiiii e 72
Figure D.1 eZdspTM F2812 connector POSITIONS .........ccvviiiieeeeeiiieieieeiieiiiveee 74



LIST OF TABLES

Table 2.1 Arm-to-neutral point output vain different switch conditions......... 10
Table 3.1 Use of symmetry in Fourier series analysiS.........cccccoeeeeeeeiieeieeeeiiiiiiienn, 18
Table 3.2 Switching vectors of modified PWM with 1. afidm, 25........... 21
Table 3.3 Magnitude of first 60 harmonic components in output

Whenm  1.0/M, 25 e 23
Table 3.4 PWM scheme parameters used in PSpice simulation..................ccceevvunnn. 24
Table 3.5 Power devices seledtfor PSpice simulation...............oiiiiiiinniieneeeenen. 25
Table 3.6 Comparison of modified PWé&éheme and conventional bipolar and

UNIPloar PWM SCREIME.......cco oottt e e e e e e e e e e e e e e eaaeannnes 30
Table 4.1 PSPICE simulation parameters for SEGC...........ccoouiiiiiiiiiiiiineeeeeeeeeeeeeeies 43
Table D.1 eZdspTM F2812 ConNeCtor fUNCHONS ........uuveiiiiieiiiiiiiieeeeeee e 75
Table D.2 P8 connector Pin alloCation ...............ueeieeiiiiiiiiiiiieeeieeeeiieeee 75
Table E.1 Event Manager A (EVA) INTEITUPLS ......ccooviviiiiiiiiiieie e 76
Table E.2 Event Manager B (EVB) INEITUPLS.......ooiiiei i 77
Table E.3 Conditions for interrupt generation ............ccceeeeeeiiiieiiiiiiiciieeeeee 77



ABSTRACT

Switching-mode single-phase DC-AC investehave been widely used in many
applications such as AC motor driversdauninterrupted power supply systems. Among
various control techniques, pulse-width-mtadion (PWM) is the most effective one
generally used to recate the magnitude as well as fueqcy of the converter’s output
voltage. In this thesis, an open-loop asymmetric three-level inverter with a modified
PWM approach is proposed. This nowgdlogy with the modified PWM approach has
advantages of smaller device voltage, legsnbaics and power loss, and more flexible
device selection, compared with conventil H-bridge inverterand NPC inverter.
Theoretical analysis is completedigital simulation is conduetl to verify the theoretical
analysis. Experimental implementation baséD&@P is also performed and the results are
demonstrated. Moreover, this inverter is applied in a three-arm solar power system. The

theoretical analysis and digital simulatiom tbe whole system are also presented.
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CHAPTER 1
INTRODUCTION

1.1 Objective and Motivation

In recent years, many places in the world hbgen experiencing atinued shortage of
electric power or energy crisis due to thaist increasing demand [1]-[2]. To solve this
problem, significant efforts of research and development have been given in two areas:
Firstly, improve the efficiency of present pemconversion and utilization system. This

is possible due to the confluence of sevéaators: (1) The fast development of the
power semiconductor devices and convertéasious high power semiconductor devices,
such as Isolated Gate Bipolar TransistGBT) and power MOSFET were developed
and become commercially available. Nowadays, the increased power ratings as well as
switching speed, ease of control, and el costs of power semiconductor devices
make the new converter topologies pbksi[l]. (2) The rapid advancement of
microprocessors or Digital Signal ProcessdDSP). The controller for a power
converter requires a high controlling artthta-processing speed to achieve high
performance. The speed of DSP has beeedalsamatically in last 15 years. Today’s
DSPs are operating at a dacessing rate of up to several hundred megahertz, which
can meet the requirements of high-performance control, thus making the real-time digital
control of power converterealizable. Secondlydevelop efficient renewable energy
generation and conversion systems to supgfgnoonventional fossil-fuel based energy

supply and eventually replace it.

The renewable energy generation and comerdREGC) system has many advantages
over conventional energy supply, e.g. the igbibf regenerationyeusability and less
pollution. However, the renewable enemgneration and conversion technologies are
not completely mature yet. There stilligxproblems such as low efficiency and high
cost. The main sources of renewable gneurrently under development include solar,
wind, hydro-power and biomass, etc [2]. The solar power system has the potential to

become one of the main renewable energycgsudue to the commercial availability of



semiconductor-based photovoltaic devices, reédngn the system cost and development
of power electronic technologies.

In recently years, the solar power generation and conversion technology is developing
rapidly. One of the important tasks is to make solar power generation and conversion
system more efficient and more reliable. @hé¢he main objectives of this thesis is to
evaluate and improve the system configoratand circuit topologs of distributed
renewable energy conversion system which can take multiple inputs from solar power
and other renewable energy sources. It is atsinteresting task to develop integrated
control functions based on an advanced DSP for the new power converter that can
process multiple renewableergy sources in real time.

1.2 Power Converter Tedinology Overview

Today’s power conversion topologies can be divided into four categories according to the
input and output power forms: AC-DC conwr{rectifier), DC-ACconverter (inverter),
DC-DC converter and AC-AC converter [3Each type of converters has their specific
application fields. In ac motor drives amodinterruptible ac power supplies where the
objective is to produce a sinusoidal ac outpuhwbntrollable magnitude and frequency,

the switch-mode DC-AC converters are used][446 the power inptito converters is a

dc voltage source, this kind of converten® referred to as voltage source inverters
(VSiIs); if the input to conveets is a dc current sourcthis kind of converters are
referred to as current source inverters (C®8fsich are used only for very high power ac
motor drives now[6]. In this thesis, onlSls will be discussed due to their wider
applications. The converters can be alsadeid into single-phaseonverters and three-
phase converters. In this thesis, the focus is given to the converter system where single-

phase converter is employed.

A single-phase H-bridge invertis shown in Figure 1.1.
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Figure 1.1 Single-phase H-bridge

The H-bridge topology inverteis the most popular singjghase converter in various
applications, especially in higher power rateggplications. It consts of two arms and

outputs a single-phase AC output voltage, to the load. Pulse Width Modulation

(PWM) techniques [5-7] are used to contra 8witching devices on and off. During last

few years, PWM technique has been the salgEmntensive research and a large variety

of PWM control schemes have been discussed. Among them, sinusoidal, hysterieiss, and
space-vector implementations are most camiy used [7]. Sinusoidal PWM (SPWM)
approach is often used in singlaase applications. It will bdiscussed in next section.

1.3 Introduction of Two-Level PWM Control

Three different sinusoidal PWM switchinghsmnes are used commonly for two-level
single-phase inverter. They are bipoRWM scheme, unipolar PWM scheme and
modified unipolar PWM scheme [7-8].Figure 1.2 below shows the bipolar PWM
modulation scheme. In order to generatgrasoidal AC output with desired amplitude

Vm and frequency,, a sinusoidal control signal Mntrol at a desired frequenc§ is

compared with a continuous triangular waveforga¥eras shown in Figurel.2 (a).
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Figure 1.2 Description of SPWM modulatiom(=0.8, m, =15)

When Vontrol IS greater than Myries the PWM output is positive; otherwise the PWM

output is negative. The fyeency of carrier waveform ¥ riere€stablishes the switching

frequencyfsof the inverter. The modulation indeﬁis defined as

ch
m v L.1)

crp
where g, is the peak amplitude of the control signal, whilgpMs the peak amplitude

of the triangle signal @rier). And the modulation ratio is defined as:

f_ .
mf ca}rner (12)
1

where £ is the carrier frequency.

carrier

The output voltage from the bipolar PWM sotedoes not have zero state, which means
the output voltage of the inser only changes between #¥nd - \y. This scheme

requires only one control referencgrsal, but the performance is poor.

A unipolar PWM modulation scheme is showmnFigure 1.3 where the two switch pairs
in H-bridge inverter are not always switchsimultaneously as in the bipolar scheme.

Instead, the switching of the two arms in Fgdrl is controlled by two control signals.



Therefore, the output voltagdhanges between 0 and g#dF between 0 and - \h half

fundamental period. Two control refepensignals are used in this scheme.

A modified unipolar PWM approach is givein Figure 1.4, which is an improved
unipolar PWM approach. In modified wolar PWM approach, two arms switch at
different frequencies: one is at the fundamékffitequency while the other one is at the
carrier frequencies. It also producesipolar output voltagevaveform changing

between 0 and +)or between 0 and v However, in this PWM approach, only one

control signal is employed.

, Veontrolt JLarier ’VCUWUE

Figure 1.3 Unipolar PWM scheme and output voltage
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Figure 1.4 Modified unipolaPWM scheme and output voltage

The PWM schemes introduced above are analyzed and discussed in detail in [8]. From
the research done in [8], it is clear thato unipolar approacheare superior to the

bipolar approach.

1.4 Overview of Solar Powe Conversion System

The power conversion subsystéon a solar power system hago main tasks: one is to
control the input terminal conditions to keaphotovoltaic (PV) modules operate at a
maximum power point (MPP) and to capture the maximum power for the sun [9]. The
other is to convert the outpdt voltage from solar modulés a suiTable ac voltage and
meet the utility requirements [10]. Thesed, most of the solar power conversion
systems apply two-stage topology. The nmmshmon two-stage systems [5] consist of a
dc-dc solar module-connected converterp@rform maximum power point tracking
(MPPT) and a dc-ac PWM invergeas shown in Figure 1.5.
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Figure 1.5 Two-stage solar power system

A drawback of this topology is relatively ioefficiency due to the two-stage power
conversion. To improve the conversion e#fiity, a one-stage solar power system [10]
shown in Figure 1.6 can be employed to improve the conversion efficiency. In this
topology, dc voltage generatég solar modules isonverted to ac posv directly by an
inverter thus we can get higher efficiendyowever, the control method for this topology

is complex since it has to do maximum powemnt tracking, provide desired output and
balance power flow between utility, load and Solar module simultaneously [9-11].

l DC/AC LC

Load i
Solar PV | ¢, T Conversion filter Utility

T

Integrated Optimal Control

Figure 1.6 One-stage solar power system



1.5 Material Organization

This thesis consists of six chapters wattapter 1 presenting the background information.
The motivation for conducting this researcldiscussed as well asain objectives. An

overview of power converter and solar powehteologies is also givein this chapter.

Chapter 2 will discuss an asymmetric three-level dc-ac converter, an improved converter
topology. The circuit topology dhe power converters will bédiscussed and selected in
details. It will describe and analyze tbiecuit configuration and operation as well as

PWM control method. Digital simulation results will also be presented.

Chapter 3 will focus on the harmonics analysdishe converter proposed. It will give an
overview of harmonics analysis and detaitedmonic analysis for the asymmetric three-
level inverter (ATLI). Digital simulationrad evaluation of the inverter based on special
PWM control approach proposedchapter 2 will also be psented in this chapter.

In chapter 4, a solar power system employirgakymmetric three-level inverter will be
introduced. This chapter will include theoretiealalysis in detail and simulation results
of this system. Further, its advantagesras®er solar power syastin configuration are

presented.

Chapter 5 will give the hardware implent&tion of open-loop ATLI. An experimental
prototype will be presented. A DSP basexhtcol configuration and program design of
PWM control will be discussed. Finallthe experimental results will be included and

discussed

Chapter 6 will give the conclusion and an outlook on the future development of this

research. The references and appendix will be attached at the end of this thesis.



CHAPTER 2
ASYMMETRIC THREE-LEVEL DC-AC INVERTER

2.1 Introduction

The basic concept of DC-AC convertand three PWM modulation schemes are
discussed in Chapter 1. Imgle-phase applications, what we are especially interested in
is the quality of the output vialge that supplies to the loadVe expect the converter can
supply a desired sinusoidal voltage outputhwiower harmonics or total harmonic
distortion (THD). Besides the THD, wequre a proper positioning in the frequency
domain of the output voltage harmonics. The low frequency or low order harmonics are
undesired since a bulky and expensive LCfilteneeded to reduce or eliminate these
harmonics. As mentioned in Chaptertie most-widely used single-phase DC-AC
converter is H-bridge invest. However, this H-bridgeircuit produces high harmonic
content in the output voltage since the puitis in a two-level waveform. Better

waveform and voltage control quality candi#ained by advanced inverter topologies.

2.2 Asymmetric Three-Level Inverter Topology

A three-level Neutral Point Clamped (NPi@Yerter [12] is shown in Figure 2.1.

Figure 2.1 Neutral Point Clamped (NPC) inverter



Different from an H-bridge inverter, eacdrm of NPC inverterconsists of 4 power
semiconductor switching devices-T4 as well as two clamping diodesi @nd D.
Among them, Tand B are a complementary switching pair, i.e. whensTon, B is off;
when T is off, Tz is on. Similarly, ® and & is another complementary switching pair.
The inverter is capable of connectitige load to positive DC bus (when &and & are
both switched on), the negative DC bus (wherafid & are both switched on) and the
DC bus neutral point (when2Tand & are both switched on). The operating states are

summarized and given in Table 2.1.

Table 2.1 Arm-to-neutral point outputitege in different switch conditions

Output Voltage ¥, State of Switches
T, T, Ts Ty
Vad?2 1 1 0 0
0 0 1 1 0

-V 42 0 0 1

Therefore, the output tage has three level¥y/2, 0 and ¥y4/2. This type of inverter is
commonly used for high voltage aptions. The topology has two important
advantages that make it well suited tastimarket: less harmonic component than
traditional two-level input and lower voltage rating on the main switching devices [12-
13]. However, it also has dideantages compared with thelitidlge inverter. Because it
uses twice as many switchese tbost for the whole inverténcreases correspondingly.

To get the highest performance-to-cost ratio, an asymmetric three-level inverter (ATLI) is
developed. The topology of ATLI is shownkiigure 2.2. This ATLI consists of one H-
bridge arm and one NPC three-level arm. iHwerter circuit, control and application in

a solar power system will be further developed and evaluated in details in this thesis work.

10



Figure 2.2 Asymmetric three-level inverter

2.3 Modulation Approaches for Asynmetric Three-Level Inverter

As shown in Figure 2.2, the asymmetric thtevel inverter (ATLI) consists of one H-
bridge arm and one NPC three-level arithe operation principlef the H-bridge arm
and the operation of an NPC three-level armiatroduced in chapter 1 and last section
respectively. In this section, the comtrmethod for this new hybrid inverter will be
discussed in detail.

As discussed in section 1.3, a control method of sinusoidal pulse-width modulation
(SPWM) can be employed in SPWM control stieein order to generate a sinusoidal AC
output with the desired magnitude,¥nd frequency:f For NPC converter arm, SPWM
technology is still employed.  Howevergonsidering there are two pairs of
complementary switching devices in each amwm sets of carriers or two control signals
with different phases should be used. orldifferent SPWM schemes for three-level

converter arm are shown in Figure 2.3 and Figure 2.4.

11



Yeorrol for T2 and Te Weormran for T1 and T Vear
h /—' /_.r Carrer

Figure 2.3 Dipolar PWM scheme and@aulse waveforms generated wher0.8,
m, =15

The PWM scheme in Figure 2.3 (a) emplay® control signals, as in unipolar PWM
scheme [14]. Each Control signal contrtiie switching of one pair of complementary
switching devices. The top sinudal control signal is for Tand & while the bottom
sinusoidal control signal is for,Tand L. Figure 2.3 (b) shows the switching signals for

Ti- Tawhenm =0.8 andm, =15.

In another PWM scheme in Figure 2.4, yomine control signal is involved, but two
carrier signals are employed [5]. Ttop triangular carrier signal is for, Bnd L while
the bottom triangular carrier signal is fof dnd T,. Figure 2.3 (b) shows the switching

signals for T- Tswhenm =0.8 andm, =15.

Either of these two PWM schemes can be dse®PC converter arm, in which case the
bipolar PWM approach introduced chapter 1 should be g@hoyed for H-bridge arm.

However, they would not be the optimal PWM schemes for asymmetric three-level

12



inverter, because in either case, switchogyices in both arms switch at carrier’s

frequency which is relative high, thtise switching loss will be high.
Wearrier fOr T2 and Ta Vearrier fOr T1 and Ta

Woartral

Figure 2.4 Conventional two-carrier PWM sofeand gate pulse waveforms generated
whenm =0.8, m; =15

2.4 Improved Modulation Scheme forAsymmetric Three-Level Inverter

A more efficient SPWM approach for ATLldircuit can be developed for three-level
inverter circuit. The schems quite different from ones afee and presented in the last
section. In this PWM scheme, the switchingides in two arms are driven at different
frequencies. For the H-bridge arm, tine devices switch at fundamental frequeficy
while four devices in the NPC thréevel arm switch at carrier frequentyyFigure 2.5 is

an illustration of this modiéd PWM method with parameteng =0.8, m, =15.

In this PWM method, for NPC three-level arome control signalral two carrier signals
are employed. The top triangulcarrier signal is for T1 and T3 while the bottom
triangular carrier signal is for2 and T4. However, the control signal is special. It's not

a regular sinusoidal signal but the sum afrausoidal signal and a square signal, both at

13



the fundamental frequency as shown in FiguBe(d). For H-bridge arm, the switching
signal or the control signal &ssimple square waveform as shown in Figure 2.5 (b). The

difference between two signals for twarer makes a sinusoidal output.

Vaantral

Woarrier TO T1 and T Wearrier fOr T2 and Ta
,ﬂ

(a) Gate pulse waveforms generated for NPC arm

=

=

(b) Gate pulse waveforms generated for H-bridge arm

Figure 2.5 Modified PWM scheme andg@ulse waveforms generated when=0.8,
m, =15
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Compared with the PWM schemes discussdtienprevious section, this modified PWM
approach has the advantage of less switchdounts, thus lower switching loss and
reduced high frequency etecal magnetic interferencéEMI) [15, 16]. Moreover,
asymmetric three-level inverter has less switching devices than NPC three-level inverter;
therefore its cost is lower. A detailed hamt analysis will be discussed in the next

chapter.
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CHAPTER 3

PWM HARMONIC ANALYSIS

The topology of asymmetric iibe-level inverter and mdiéd PWM switching scheme

are introduced in Chapter 2. In this chaptietailed theoretical analysis and harmonic
analysis will be presented. MATLAB will be used to find the theoretical harmonic
spectrum based on mathematic analysis and PSpice will be used to analyze the waveform

and obtain the harmonic spectrum from simulation.

3.1 General Discussion

3.1.1 Fourier Series Analysis

The Fourier analysis approach is a comma@y to analyze the frequency harmonics in
the frequency domain of inverter output vgita The motor voltage generated by the
asymmetric three-level inverter is shownFigure 3.1. In steady state, this waveform
repeats with a frequencfy which is called the fundamental frequency and time

, 1 ” . ,
periodT, T In addition to a dominant component at the fundamental frequency, it

1

contains components at higher frequencies that are multiples of the fundamental
frequency, which can be calctdd by Fourier series method.

4aeu

-480u

Figure 3.1 Woltage output from ATLI in steady state

The Fourier series for a periodicagnal is represented as below:

16



f
e Z
n1 (3.1)

% acost bsiAt a,cos2t by sin2t ..g cat b, gnt Z

it F

Where f 4 is a periodical signal with a period2t ; a,andb, can be calculated by

125

a, — 3 AcosnAdd 2 3.2
SO
125‘

b, —SSf Asinngad A 3.3

0

The magnitudeC  of each harmonic can be derived by

c, 2
2 (3.4)
c [ o n=1,2 ...

It should be noted thahe calculation ofa,andb,can be simplified by use of PWM

waveform symmetry properties. The proptof odd, even and half-wave signals are
summarized in Table 3.1. We can see thatdértain Fourier coefficients are zeros in

special cases.

3.1.2 Total Harmonics Distortion

Total Harmonic Distortion (THD) is an indicatto quantify the amount of distortion in

the output voltage or current. dan be calculated as equation 3.5.

ivnsz V 2 V 2 Jc2 C2 C2
THD Y Sv & o 2 T uo% (3.5)
1S

VlS Cl

WhereV, ¢ is the RMS value of the nth harmonic of output voltage \4ps the RMS
value of the fundamental harmonic of output voltageis the RMS value of the output
voltage.C, is the magnitude of each harmonic. A low THD indicates less harmonic

components; therefore a low THD is desirabhl®WM modulation. The distortion factor

is given in equation below:
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(3.6)

Table 3.1 Use of symmetry Fourier series analysis

Symmetry Condition Properties
Odd f i f a a, 0
2 S
b, —. 3 AsinnAdaJg;
SO
Even fa f x 2°
a, — 3 AcosnAddd,;
SO
b, O
Half-wave f 4 fa & | C 0 for even

a, —23 4 cosn 4 d Z; for oddn

0

S
%3 A sinnAdA; for oddn

0

3.1.3 Discussion oflV/dt Effect

Electromagnetic Interference (EMI) noiseelectromagnetic radiation which is emitted
by electronic equipment carrying rapid changing signals, like d\gldt [17]. Those
noises can possibly affect the n@l operation of the electriequipment nearby.  As
discussed previously, the PWM switchingae inverter inherently produces rapid
voltage changes during PWM modulatiowhich make PWM power inverter an
inevitable EMI noise sourceA large amount of high-frequenoise is generated by the
switching operation of PWM powenverter in the form othe radiated and conducted
emission. There have been many national trmational regulations to strictly limit the
EMI emission under an allowable level cbu as International Electro-technical
Commission (IEC), Federal Communicatio@mmission (FCC) and International
Special Committee on Radio Interference (CISPR) [8]. Sequentially, the reduction of

18



EMI has been a major concern in PWM inverter design. Putting the noise-source
equipment in metal cabinets can effecyvetduce the radiated EMI noise, which is

several orders lower than conducted EMI noise.

Special interest is focused on the commadenconducted EMI in single-phase inverter
design [18]. Common mode noise means Woltage or current measured between
power lines and ground, which plays importaole in generation of Radio Frequency

Interference (RFI). In ATLIdpology, the common mode EMI noi$g,occurs at place

shown in Figure 3.2. Figure 3.2 showattivhen there isuslden voltage changd\{/di)

between power line (leg A) and grouriigh frequency common mode EMI currdnf,
will happen through parasitic capacitd between power line and groundC often

exits between noise-source equipmeamd cabinets connected to ground.

O

Ts } T |
Ve D

T
Ve I O‘ ° Zuﬁ (™ A Line

T3 LC Filter | Y
C,— Ve < j B len

2
T D, B W
6 1
T % i Stray
\ 4 4 Stray Capacitor

Capacitor

Ve

Figure 3.2 Common mode EMI noise in single phase ATLI

There are many EMI reduction methods ugedreduce EMI noises, such as EMI
shielding, minimizing parasitic capacitor and passive and active EMI filters [17-20]. We
will discuss the EMI effect introduced Inyodified PWM modulation method later.
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3.2 Harmonic Analysis of Modified PWM Modulation

3.2.1 Modified PWM Parameters Consideration

From Chapter 2 we can knaWwat the output voltag¥, , between two arms is:

out

Y/

out

Vae Vao Veo (3.7)

\%

out

has a waveform with 5 levelsvVy , -V,./ 2, 0,V,. / 2andV, with same fundamental
frequency as the desired sinusoidal outpy, can be expressed into Fourier series with

fundamental component and other higgguency harmonic components.

After analysis we can seeathwhen frequency modulatiom, is an odd number and

there’s 90 degree’s phase angle betweenetasignal and control signal, the output
voltage waveform will be odd and half-wave symmetry. As indicated in Table 3.1, the
odd and half-wave symmetry will eliminate alen harmonics. Therefore, in this
approach, the frequency modulation indaxshould be chosen to be an odd integer to
promise less harmonic distortion and lowié#D in the output PWM waveform. For

ATLI, the NPC arm switches at switching frequenty;..,, while the H-bridge arm

switches at fundamental frequenty. In modified PWM approach, the switching

frequency for NPC arm, the switching frequency is equal to:

f m, Lf, 3.8

swiching
In the discussion belowf, is given as 60Hzm, is chosen to be 2&® make the output

voltage waveform odd and half-wave symmetryherefore, the switching frequency

f is 1500 Hz. The modulation inder is chosen to be 1.0.

swiching

3.2.2 Modified PWM Switching Vectors

In order to calculate the harmonic coefficiemtsb,and C, in Fourier series, we need to

obtain the switching angles at which the tréasiin output waveform takes places first.
The calculation is performed by MATLAB. €hresults are listed in Table 3.2 below.
The switching angels are computed from 0 to 360 degrees.
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Table 3.2 summarizes the switching vectfms modified PWM at selected modulation

parameters fromj to i,,. The output voltage pattern is shown in Figure 3.3.

Table 3.2 Switching vectors of modified PWM with 1. afidm, 25

Vector Vi Vector Vi Vector Vi Vector Vi
i | j(deg) i | j(deg) i | i(deg) i | i(deg)
1 0 0 12| 103.98| v, /2 | 23| 194.40 0 34 297.22-V, 12
2 8.64 |V, /2| 13| 10490 Vv, 24 | 200.24| -v, /2 | 35| 300.85| -V,
3 14.40 0 14 11722 v, /2 | 25| 217.97| -v, |36| 309.88|-V, /2
4 20.24 | v, /2| 15| 120.85| V,, 26 | 222.06| -V, /2 | 37| 317.96] -V,
5 37.97 | V., 16 | 129.88| v, /2 | 27| 230.15| -V, |38| 322.06| -V, /2
6 42.06 | v, /2 | 17| 137.96] Vv, 28 | 239.18| -V, /2 | 39| 339.78 0
7 50.15 | Vv, 18 | 142.06| v, /2 | 29| 242.81| -V, |40| 345.63| -V, /2
8 59.18 | v, /2| 19| 159.78 0 30 255.18-v,/2 | 41| 351.39 0
9 62.80 | Vv, | 20| 165.63| Vv, /2 | 31| 256.04| -V,
10 | 7513 |V, /2| 21| 171.39 0 32 283.98-v, /2
11| 76.04| v, | 22| 188.64| -V, /2 | 33| 284.90, -V,

3.2.3 Modified PWM Spectrum Analysis

The theoretical harmonic spectrum of the modified PWM output vokggecan be

computed by using Fourier series theorirdduced and switching vector calculated in

previous sections. Singg, is odd and half-wave, we can get:

a, b, 0 for even n
2 S
a, —53f X cosn & d A for odd n (3.9)
0
2 S
b, TS‘Sf A sinnadJ4; for odd n

0
From equation 3.9 we can know that all the even harmonics are zero, we only need to

consider odd harmonics. The equations usezhlculate the ntbdd harmonic are listed

below. V

out

is normalized from {,.,V,.) to (-1, +1).
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Figure 3.3 Output pattern afodified PWM method witm, 1. @ndm, 25

S

a, £3f A cosnAadAa
SO
o 2% % K B J
—«0Tcosnada 305TcosnadAa |/ V., tosndda / 05cosnadA»
S«ﬁ— 3 k1 %o 174
(3.10)
2 % .
b, —3f AsinnadAa
SO
o % % B 0
—«0sSinnadA 305sSinnAadA |/ V,sinnada |/ 05sinnAdAa»
S«ﬁ— K k1 %o 174
(3.11)

WhereV, is the output voltage beden two switching angles, ; and j, . The magnitude
of each harmoni€  can be calculated using equation 3.4 afteandb, are calculated.

MATLAB is used to computed the first 60 harmonic magnitued, andC, .

The total harmonic distortion HD) for this PWM scheme igbout 24.75% calculated by
MATLAB. The normalized magnitudes ofrst 60 harmonic components are listed in
Table 3.3 and the harmonic spectrum is ghawFigure 3.4. From Table 3.3 and Figure

3.4 we can see all even harmonics are absent for this add and half-wave symmetry; the
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magnitude of fundamental frequency component is 1.0, which indicates the magnitude of

desired output frequency is equal to the DC input voNgge The high frequency

harmonics occur at around 28nd 58' harmonics, which indicates that the dominant

high frequency harmonics will appear arommd 2m;, , 3m, and so on.

Table 3.3 Magnitude of first 60 harmonic components in output wheri. ,m; 0 25

i [cow| i [cew| i Jce| i [ce] i |c@)
1 100 | 13 3 25 17.77] 37 5.49| 49 2.61
2 0 14 0 26 0 38 0 50 0
3 0.43 | 15 3.09 | 27 3.23| 39 589 51 1.60
4 0 16 0 28 0 40 0 52 0
5 0.1 17 0.13 | 29 371 41 2.22| 53 2,55
6 0 18 0 30 0 42 0 54 0
7 0.27 | 19 3.33 | 31 3.30 | 43 3.97] 55 0.93
8 0 20 0 32 0 44 0 56 0
9 0.05 | 21 3.69 | 33 0.02| 45 0.9 57 4.54
10 0 22 0 34 0 46 0 58 0
11 1.36 | 23 3.23 | 35 3.86| 47 1.86] 59 1.66
12 0 24 0 36 0 48 0 60 0

L i
osf THD=24.75% §

0.4+ -

02+ -

o IS S 0 SO 8 D i I I R0 DSE SR IR T I 1
0 10 20 30 40 a0 60
Order of Harmaonics

Figure 3.4 Frequency spectrum for modified PWM with 1. an@m, 25
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3.3 Digital Simulation of Asymmetric Three-Level Inverter

After the structure description and harmoracsilysis of the PWNMwitching approach in
chapter 2, the simulation development and priekany results of ATLI are reported in this
section. The simulation software tool sedetis PSpice, which is a powerful general-
purpose analog and mixed-signal circuit simulator used to verify circuit designs and to

predict the circuit behavior.

The procedure of performed PSpice simulation follows the steps below: First, a device
level simulation circuit will be drawn using PSpice schematics tool based on the
proposed circuit topologynal PWM control algorithm. Aér going through necessary
debugging process to correct various simulagpiamblems or errors, the simulation results
waveform will be generated in PSpice A/D and given in the display window. The PSpice
A/D tool can also handle various output datalgsis such as Fourier analysis as well as
additional mathematic calculations and functions. In the simulation, we will focus on the
voltage output waveform and its harmonic component distribution. Simulation results

will be shown and analyzed in detail in the following sections.

In this section, the PWM control circuaind IGBT based ATLI poer circuit will be
simulated in PSpice with parameters listed in Table 3.4. Table 3.5 gives the main power

components chosen for PSpice simulation.

Table 3.4 PWM scheme parameters used in PSpice simulation

Parameters| m, m f,(Hz) | DC bus Voltage (V)
Value

Modified PWM scheme 25 1.0 60 270V
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Table 3.5 Power devices sefled for PSpice simulation

Label Description Value Manufacturer
T1-Te N-channel Insulated Gate| IRGPC50S International
Bipolar Transistor (IGBT) 600V/41A Rectifier
D;-Dg Fast recovery diode MUR1100 | Micro Commercial
1000V/1A Component
R Load Resistor 20-Ohm N/A
Lo Load inductor 1mH N/A
Ci-C DC bus capacitor 1 mF N/A

3.3.1 Circuit Configuration of Simulated Conversion System

The schematic for the complete inverter sgstis shown in Appendix A. The circuit
consists of five parts: power circuit of invarteidges, PWM logic generation, gate drive,
output filter and RL load, which are outlined using bolded lines. VSIN, VPULSE and
VPWL_RE_FOREVER signal generaso are used to provide cditrol and \carrier
waveform in the PWM modulation. The operational amplifier LM318 is used to do the
comparison. When &dntrolis greater than Mrier, the output of LM318 is 15 V; When
Vecontrolis smaller than Yarierthe output of LM318 is -15 \Six voltage-controller voltage
sources (EVALUE) are employed consist of the decouplirend gate drive circuit. LC

low-pass filter followed by an LR load are connected to the inverter output.

3.3.2 Design of LC Filter

Another parameter to be introduced is the lswa@der harmonic (LOH). It is the lowest
frequency harmonic component (nearest toftimndamental frequency) with a magnitude
greater or equal to 3% of the fundameramponent. This parameter is employed to
find the point where the first dominant harmogroup will occur. From the analysis and

simulation we can know that frequenaf LOH of modified PWM method,,,, m;, f. u

The transfer function of simple second-ortd€rlow pass filter can be expressed as:

1
—« R
GS — CS 1 ReCS (3.12)
1 g |sRr L R RCS1

CS
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WhereL is the inductanceC is the capacitancdy_ is the parasitic resistance of the
inductor andR¢ is the parasitic resistanoé the capacitor. Since the parasitic resistances
are small, they can be ignored in the catoh. Therefore, the simplified transfer
function of LC filter becomes:

GS 52+01 (3.13)

With fixed value of inductor at 1 mH, theapacitance can be calculated using the
derivation of the above equation easily as below:
1[G S| 1|G s
Gs| ZL |e7s|"2sf* L

(3.14)

The function of the LC filteis to reduce high frequency harmonics. As a rediuiih,
equation 3.13 is actually the frequency of LOH Wﬂﬂes‘ can be several attenuation

levels: 3%, 1% and 0.5%. Cadering other factors like thvolume and the cost of LC
components, the parameters with LOH suppression of 3% is selected for the simulation

and later experiment.

3.3.3 Simulation Results

A transient analysis is performed to exaenime input logic waveform, the gate pulse
waveforms, the output waveforms and harmaspectrum. In this simulation, the AC
load is a 20-Ohm resistor connected with a 1 mH inductor in series. The resulted
fundamental load voltage is about 191 V (ymgile the load current is about 9.55 A

(rms).

The input modulation signaland resulting switching sigisafor IGBT gates in one
fundamental period are displayed in FiguB.5. The load output waveforms are
displayed in Figure 3.6. From these twgues we can see that the switching signals
and load output voltages are producedcsssfully according to the modified PWM

scheme as discussed in chapter 2.

The simulation result of harmonic spectrum is shown in Figure 3.7. This spectrum

analysis also confirms that the magnitudé fundamental component equals to
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270U 270(V) and the dominant harmonic components appear at the frequencies

aroundf, um,, f, u2m,, f, uBm, and so on.
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Figure 3.5 Modified PWM input and gate signals for T1 and T2 (Note: Gate signals for
T3 and T4 are just the inverse of T1 and T2)
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Figure 3.6 PWM output voltage waveform and load output waveform (60Hz)
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Figure 3.7 PSpice simulation of harmonic spectrum

In simulation above, the triargktarrier signals are genemigy existing functional block
in PSpice library. Actually, these triangle signals can be produced by using simple analog
circuits.  As displayed in Figure 3.8, the triangle waveform generator is actually a

proportional plus integration cirgwconsisting of two comparators.

C
| |
LM 318 |
Ry ot A Uo
R1
0—/\N\/—o R5 LM 318

Ri v

Figure 3.8 Circuit of iangle wave generator
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The amplitude of the triangle voltage is

U,r 5UZ r 3.15)
R,
WhereU, is the reverse zener voltage of the zener diode. The frequency of the triangle
voltageis
Ry (3.16)
4RR,C

From equation 3.15 and 3.16 it is known twvatcan change the amplitude and frequency

of the triangular carrier by chging the resistance values Rf~Rs. However, to apply

this triangle generator to produce two series of carriers in Figure3.5, we still have to
adjust the output voltage into desired scales. Appendix B shows the complete schematics

of carrier generator in PSpice.

In Figure 3.9, input PWM modulation weforms produced by carrier generator
discussed above and corresponding switchéignals are displayed. Compared the
switching signals in Figure 3.9 with switchingysals in Figure 3.5, we can see they are
the same, which proves the carrier generatauit functions correctly and meets the
PWM control requirement.
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Figure 3.9 Modified PWM input produced by gar generator and gate signals for T1
and T2 (Note: Gate signals for T3 afdl are just the inverse of T1 and T2)
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3.4 Summary

Brief comparison of the modified PWM sahe of ALTI and conventional bipolar PWM

and unipolar PWM scheme will be given in this section.

The parameter THD we introduced above sdu® measure the total harmonic distortion
without any filtering. When we evaluatepower quality of the harmonic distortion

behavior after a second-order fi€er parameter DF is used.

Table 3.6 gives a brief comparison of keyfpemance related operating parameters and
performance evaluation dataaiir modified PWM schemand conventional bipolar and
unipolar PWM scheme. The carter’s switching frequencyichinglisted in Table 3.6

is directly in proportion with the switchg loss of the imerter with the given power
devices. The indicators obipolar PWM scheme and unipolar PWM scheme are
calculated using the same techniques and modulation parameters as we used for modified
PWM scheme.

Table 3.6 Comparison of modified PWM sateand conventional bipolar and uniploar
PWM scheme

Parameters m, f Estimated Costof THD | DF | LOH

switching

Harmonic and

% % Hz
Arm A | Arm B | EMI Filtering (o) | () | (H2)

(Hz2) (Hz2)

PWM Schem

(a) Bipolar/one level 45  270(Q 2700 High 84.97 173 2580

(b) Unipolar/two | 22 | 1320 1320, Moderately higl

level

' 44.78 | 0.94 2460

(c) Modified /three | 25 | 1500 60 Moderately low| 24.75 0.92 1500

level
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From Table 3.6 we can see that the ATLI with modified PWM scheme has a lot of
advantages [8] in comparison with bipoRWM scheme or unipolar PWM scheme: (1).
ATLI with modified PWM scheme producesauch lower harmonic distortion; (2) the
overall switching frequency is much smalleus switching loss is much lower, compared
with circuit (a) and (b). From the EMI noise reduction point of view, since one arm
switches at fundamental frequency, whickresy low, the high-frequency EMI noise will

be greatly reduced because of much leskage transition in fundamental period.
Therefore, this scheme is preferred M| noise reduction.  Although different
switching frequencies in modified PWMmame may cause switching stress between two
arms, this problem could be solved by seterfast semiconductor switching devices for
NPC arm while using low speed switching dm4 in the second arm, which increases the

flexibility of device selection.
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CHAPTER 4

SOLAR ENERGY GENERATION AND CONVERSION SYSTEM
USING ASYMMETRIC THREE-LEVEL INVERTER

As mentioned in Chapterl, solar power Wil one of the main renewable energy sources
due to its cleanness, regeneration ability anémg@tl to be used for popular application.
Much effort has been put into the research &drgoower system in the past years. In this
chapter, a solar energy gernteya and conversion system (SEGCS) will be presented.
The ATLI discussed in the previous chapters will be employed as a core element in this

system to further achieve desirabtntrol functions and performance.

4.1 System Architecture & Description

A system block diagram of ATLI based sofawer conversion system is given in Figure

4.1. The system consists of three parts: solar power source, three-arm DC-AC converter
and controller. The solar power source acts as the primary source of energy and consists
of single PV panels arranged in seriesl garallel; The ATLI converter converts the

input DC voltage to an AC voltage with desiramplitude and frequency, it also manages

the power flow balance between solar powerrse, load and utilityspontaneously; The
close-loop controller trackshe maximum power point of solar power source and
maintains the DC bus voltage and input curna desired level. Each of these three

parts will be discussed in detail in separate sections in this chapter.

Thtiliry
Three-Arm
T DA e [ Load
= . L |
Solar PV C-*;[ Converzion filter

| Integrated Cptimal Control J

Figure 4.1 Block diagram of SEGCS
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4.2 Modeling of Solar Module

To model a solar cell, it is important to unstand what is solar cell and how it works.

A solar cell or photovoltaic deis a device which convestlight energy into electric
energy. When it is exposéd light, a process of photonflection and absorption will

be induced, free carriers will be generated and charge carriers will be separated at last.
The solar cell is primarily made of semanductor material whose properties determine
how effectively the process happens. Sainlhe most important properties include the
absorption coefficient, drift-diffusion pareeters, surface recombination velocities and

the reflectance of the semiconductor surface [21].

In practical applications, the voltageoduced by one single solar cell is usually
insufficient for most electric power devices. eféfore, an array of tens solar cells are
connected in series to form a “solaodule” to provide enough voltage and power.
Some key parameters of a solar modulduide open circuit voltage, maximum power
voltage, short circuit current, maximumvper current, maximum power etc. These

parameters can be found in datashesbtdr module provided by manufacturer.

As an example, a practical solar module selected for simulation and experiment is Sharp
NE-80EJEA. The maximum output power of this solar module is 80 W. The
specifications, 1-V curves and P-V curvestlos solar module supplied by manufacturer

are shown in Figure 4.2 and Figure 4.3.

A lot of research has been domemathematical and eleatdl model of solar cell and

solar module recently. Some major achievements are listed in Appendix C.

The maximum power can be expressedtltas production of maximum power point
voltage and current.

PV, U, @.1)

For one solar module consistingrogolar cells connected in series, the maximum power

equals ton times of maximum power for singolar cell, the maximum power point
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voltage equals ta times of maximum power point wage while maximum power point

current remains the same.

For example, considering a solar paneBbarp NE-B0EJEA the maximum power point

parameters are provided by manufacturer. They are:

V., 173V,1,

m

Cell

Mo. of Cells and Connections
Open Circuit Voltage (Voc)
Maximum Power Voltage (WVpm)
Short Circuit Current (Isc)
Maximum Power Current (Ipm)
Maximum Power (Pmax)”
Module Efficiency (rym)
Maximum System Voltage
Series Fuse Rating

Type of Qutput Terminal

463 AP, V.1

180 W.

Paly-crystalline silicon
36 in series

216V

17.3V

5.164

4.63A

s0W (+10% / -5%)
12.40%

60000

104

Junction Box

Figure 4.2 Electrical specifications of Sharp NE-80EJEA solar module

Cell Temperature: 257°C
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Figure 4.3 I-V and P-V characteristic curves under different insolation conditions
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4.3 Introduction and Analysis of MPPT Control
4.3.1 Introduction

As mentioned in the previous section, th&put current and power of a solar module
depend on environmental conditions like tenapere and insolation. The output power

changes with the change ofrtzén environmental condition.

Maximum Power Point Tracker (MPPT) is an electronic system that operates the solar
module in a way that allows the moduleptoduce the maximum power [9]. One major
problem in solar system is the probable nasrh between the operating characteristics of
the load and the solar modulA.typical I-V curve is shown ifrigure 4.4. When a solar
module is connected ta load directly, the system'sperating point will be at the
intersection of the |-V curves and load. iFloperating point is not the solar module’s
maximum power point in many cases. This casden clearly in Figuré.4. Therefore,

a MPPT will be used to solve this problem.

6.08A

/ Maximum Power Point =

5. 8A

=

=

-
|

Current {A)
-]
g

\

Load line

A

T T T
au 4y :1l 12V 16U 28V 22v
o I{vhias) Voltage (V)

Figure 4.4 1-V curves of solar module and linear load

4.3.2 Maximum Power Point Tracking Algorithm

Many MPPT search algorithms have beeoppsed and researched, like Perturb and

Observe (P&O) algorithm, Incremental Conthnce algorithm, Rasitic Capacitance
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algorithm, Constant Voltage algorithm d@2]. Among them, Perturb and Observe
(P&O) is the most commonly used MPPT algon due to its ease of implementation in
its basic form [22]. Besides, several papkave been written to comparing different
algorithms to P&O and results have shown itasnparably favored among them. As a
result, P&O will be employed for the MPPT in this SEGCS.

The P vs. V curve of a solar system has a global maximum at the MPP. Thus, if the
operating voltage of the solar moduleerturbed in a gen direction andlP/dV>Q0 then

we can know that the perturbation is muyithe system’s operating point toward the
MPPT. The P&O algorithm would then continue to perturb the solar module voltage in
the same direction. KiP/dV<Q then the change in operating point is moving the PV
system away from MPPT, and the P&O algorithm changes the direction of the

perturbation. Based on this concept the wdtaommand of the dc-link is generated as

below:

~ VN Kk*SIGNN

Vref n 1 Vref n Vstep n

a1 Ry (4.2)

4 v,

SIGNn @0 APy 0
° dVPV
: 1 dpi
N B dVpy

Wheren means nth sampling peridklis a positive constant gaused to set the changing
speed of the voltage command.

A disadvantage of P&O is that it oscillatesamd the MPP in steady state. To solve this
problem, an adaptive P&O algorithm is adopted. In this adaptive P&O algorithm, the
step speed is variable. When the system worksinitial state or transient statejs
bigger so that the system has a faster dyoamsponse; when the system steps into
steady statek is smaller in order that the fluctuation of DC-link voltage is smaller and

waveform of input currenj, has smaller distortion from sinusoidal. Based on this

concept, the voltage command of the dc-imkenerated as in Equation 4.3. Tlag is

used to indicate whether the systeperates at MPPT or not. Whéag 1, it means
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the system is still searching the MPP; whiexy 1, it means the system is already
operating at MPP in steady state.
/ Vgep N K* SIGNN

Vref n 1 Vref n Vstep n

o1 S\F;i 10

o dR, (4.3)
SIGNn @ —— O

° dVp,

Z 1 dpi 0

o dVp,

k, When flag 1
\ k= {K

, When flag 1

Figure 4.5 shows the block diagram of P&O algorithm.

MPPT

Current produced by i APy 1
PVmodule | | dt : Vsep |
o— )} ——5 s ———X .

| — i '
(o > ' v v: - Variable Step Size :
Vpv- : L4 dv, flag :
- |
Voltage across PV modu?e dt < |
| |
' '
| |
| |
L I

Figure 4.5 Block diagram of P&O algorithm

4.4 Extension to a New Thee-Arm ATLI Converter

The circuit of ATLI given in Figure 2. can be extended to a new multifunctional
converter with a three-arm configuratiobl], as shown in Figure 4.6. The proposed
circuit topology has the solar modules connededctly on the DC bus. It consists of
four parts: Solar module, REC-arm with MPEBdntroller and V&I controller, COM-arm

and INV-arm. As indicated by their nam&&.C-arm is the major portion for rectifying,
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INV-arm does the inverting mainly while COM-arm provides common path for both
rectifier and inverter portions. The REGrawith COM-arm forms an H-bridge rectifier
and the INV-arm which is an NPC three-level arm with COM-arm forms an ATLI.
PWM switching methods are used for asymmadttibridge rectifier (AHBR) and ATLI.

For decoupling the control for rectifier and inverter portions to decrease its complexity, a
line-frequency switching scheme which isnsitaneous to inversphase of the input
voltage is used for COM-arm. As a result, modified PWM approach is used for both H-
bridge rectifier and ATLI to reduce the switng frequency, decrease the harmonics and
reduce high frequency EMI, as discussedciapter 2 and 3. The modifier PWM
approach for AHBR is very similar to that for ATLI except only one carrier signal is
needed [8].

The circuit diagram of Figure 4.6 shows gwegrated hybrid converter of combined
HTLI and AHBR functions.

Utility [nput REC-ARM COM-ARM INY-A RM LC Filter  RL Load
[ T ==
[ | | I | | N | | if-'-w'l | |
| 1 L lei:I} Y AT |
o | Sl S | ’ -
(I T Dil | | R
| [ ! | | |
L o b T : : ltsz ] :| |
gl +I"-'llpu || | ¥ | | | % | | Cf_: | |
S| e |1 o ST é l
¥in | ¥p ¥ Lt
S R T S A
W 7 G '

| e TR T I X |

| | | L |
| || . L e I | |

I I

| g | | | i |
l____||_ ______ | _ 1 ___l |____J |____||____|

Figure 4.6 Circuit diagram of ingeated ATLI converter and system

One major advantage of this hybrid convertatssapability of multiple functions. That

is, it can balance the solar power, the Ipasver and the power fed or drawn from the
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utility or local AC sources. There are threperation modes of this system which are
shown in Figure 4.7. Whenelsolar power output from ttemlar module is greater than
the load demand, the extra power will be fedlbto a local AC source, i.e. micro-turbine
or utility as shown in Figure 4.7 (a). Afigitime, the solar system will operate in power
feeding mode. When the solar powena enough for the load demand, the local AC
source will supply power to tHead. The second mode of pawiw is shown in Figure

4.7 (b), this mode is called source-sharmgde when both solaand local AC source
supply the load power as required. In thiedttmode when solar power is not available
like at night, the utility will provide all the power load needs. The three operating
functions can be achieved by the hylrahverter given in Figure 4.6.

Pac PLoad
‘ ‘ 0a .
REC-ARM COM-ARM INV-ARM
P T Ts Ts e}
" '!d} Cl ‘lé} .
T~ D1
I~
i Ri M . Te LC Filter
fin P AR |
revam B W -jk} RL Load
§ % Vin Ve J !
Vpv |E T7 RL
Local ACS
@ oca ource l 'JK}W =
D2 LL
T2 Ta 1-1
Cz ™~
‘|K§ .~ } Ta
b
(a)

Figure 4.7 Three operation modes of threa-aonverter. a) Solar power feeding mode.
b) Power-sharing mode. c¢) Local AC source mode
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Figure 4.7 Continued

4.5 Controller Design

To achieve the functions and operation modsgussed in the praus sections, the
control structure of SEGC is designed as gmamw Figure 4.8. It mainly includes the
rectifier controller, the siiching signal generator for COM-arm and modified PWM

switching signal generator for INV-arm. Thectifier employs MPPT controller to track
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the maximum power point of solar modules and generate the voltage command for the dc
bus in the outer loop. The output of the\didtage controller then produces a current
command for input inductor current. This wilake input current in phase (in partial
utility mode or complete utility mode) or inverse phase (in power feeding mode) with

the input utility voltage. The COM-arm switching signal generator generates the driving
signals synchronous with input voltag&he modified PWM switching generator for
INV-arm generates modified PWM switchinggsal in high frequency as introduced in
chapter 2. For INV-arm, opeloop control is used; however it is very easy to add a
close-loop control. In this thesis, we willcies on the design of rectifier controller. The
PWM switching signal generators for COM-arm and INV-arm are the same as introduced

in chapter 2.
To REC-armr To COM-armr To INV-armr
Modified PWM
Switching
7y Synchronous Modified PWM
Switching Switching Signal
I | Signal Generator
nput Current Generato
Controller
A
V,
S .| DC Voltage
| Controller
A
_ > MPPT
ls— s Controller

Figure 4.8 Control scheme for SEGC

The complete block diagram for the AHBR cotigpis shown in Figurd.9. In the outer

loop, the MPPT controller tracks the xmaum power point based on Perturb and
Observe algorithm. The dc-bus voltage command generated is then used as the reference
value for voltage loop. The PI control alghm is employed in voltage loop to generate

the error signal as reference for inner current loop. Then we use a low-pass filter after Pl

controller to remove the ripple in the error signal caused by the oscillation of P&O
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algorithm in steady state. The p&lef the low-pass filter is used to reduce the second-
order ripple so it should be chosen torbach lower than the second-order frequency.
The error signal after filter is then multiplied with synchronous sinusoidal signal to
produce the input current command. If the input current follows this command closely, it
will be sinusoidal and in phase or in reverse phase with input voltage to get the unity
power factor. A P controller issed in currentlop controller to guardee that the inner

loop is faster than outer loop.

iin

Input current sample V&l Close-loop
B it Rttt bbbl
Filter |
VDU o1 1 Gain Jemtml PLP:P'S[E
i - Generator

Feedback voltase

Init sinusoidal
across PV module

reference waveform

-

NFPT
P o ___
dr,,
d i T
=[]
Current produced " Variable Step Size
& dl,

i >

I
I
I
I
I
I
by PV module : o
: I
l dt
I
I
I
I
I

Figure 4.9 Block diagram for rectifier controller

Where j, = current produced by PV module;

Vpv = DC voltage across PV module which is also the DC bus voltage;
Pov = the output power from PV module;

Vsiep= the step change of PV voltage;

Vacret= the DC voltage command generated by MPPT,;

lin = Input current;

linref = INpUt current command generated;

Veontrol = generated control signal for rectifier PWM generator.
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4.6 Simulation of the Whole System

After the structure description and detailadalysis of SEGC, this section reports
software simulation results conducted on P8gimulation software. Since the AHBR is

a boost converter from ac to dc side, theébds voltage, which is maximum power point
voltage of the solar modules, should be grethian the maximum peak voltage of AC the
input voltage. Therefore it's necessary to prhgparrange the configuration of the solar
panels which are connected to the dc linRonsidering a design example using solar
module of Sharp NE-80EJEA, the maximummeo point voltage of each solar module
Sharp NE-80EJEA is 17.3 V, which is far less than the peak AC voltage. Therefore, 12
Sharp NE-80EJEA solar modules are conegdh series to pduce a maximum power
point voltage 207.6 V and a maximum powé09V. In the following sections, a 960 W
SEGC will be simulated; On the other hand glower capability of this system can be
further increased by connecting more solar modules in series or in parallel. The main
circuit for SEGC in PSpice is shown in Figure 4.10. The device ratings, control variables
and parameters used in the simulation are listed in Table 4.1.

The equivalent circuit in Figure C.3 in Appendix C is used to model the high-voltage
solar module array in PSpice. Figure 4.11 shows its simulation result. It can be seen
that the simulated I-V curve is very close to the I-V curve shown in Figure 4.4, which

proves the validness of the model.

Table 4.1 PSPICE simulation parameters for SEGC
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Label Description \ Value \ Manufacture
Main System Parameters
Vin Utility RMS voltage 110V N/A
Ri Input line resistance 0.1 N/A
L1 Input line inductance 1.5mH N/A
C1 DC bus capacitor 40mF N/A
C2 DC bus capacitor 40mF N/A
Rs1-Rs10 Snubber resistance 15 N/A
Cs1-Cs10 Snubber capacitor 0.1uF-1uF N/A
Risample PV current sample resistangce 0.001 N/A
Re1-Re12 IGBT gate resistance 1k N/A
Lt Load voltage filter 1mH N/A
inductance
&; Load voltage filter capacitor 0.364mF N/A
LL Load inductance 8.3 N/A
R Load resistance 13.64mH N/A
Ti-Ts IGBT with Diode IXGR60ON60UL | IXYS Corporation
600V/75A
Di-D2 Diode BY249-300 Philips
200V/7A Semiconductors
MPPT and V&I Loop Parameters
Gain_step Voltage increasing step 0.2
Gain u Proportional gain for PV voltage PI controller 10
INT Time constant for PV voltage Pl controller 0.1s
Rmf PI control signalifter resistance 10k
Cmt PI control signal filter capacitor 2uF
Gain i Proportional gain for input current PI controller 1
PWM Pulse Generator Parameters
fcarrier_rec Carrier frequency for REC_arm 2.7kHz
fearrier_inv Carrier frequency for INV_arm 1.5kHz
fref Reference signal frequency 60Hz
Mi_rec Modulation index for REC _arm 1
Mi_inv Modulation index for INV_arm 1
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Figure 4.10 Main circuits for SEGC in PSpice
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Figure 4.11 Simulated I-V and P-V curvies high-voltage solar module array

The simulation results for dc-bus voltage, output current from solar module array, load
voltage, load current, inpwbltage and input auent are shown in Figure 4.12 to Figure

4.14 when different load power are required.
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Figure 4.12 Simulation results whegE=2100W
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Figure 4.12 to Figure 4.14 show the simulation waveforms of solar module array current,
DC-bus voltage, input current and voltagewas| as load current and voltage in power
sharing mode and power feeding mode. pbwer sharing mode (in Figure 4.12), the
input current is in reversphase with the input voltageyhich means the utility is
supplying power to the load. Bides, the input current isarly sinusoidato achieve a

high power factor. When load power agh@quals to the maximum power output by
solar module array (in Figure 4.13), the inputrent is very small since at this time the
utility only provides a very small portion ofdd power. When the load power is less
than the output power by solar module array (in Figure 4.14), the input current is in phase
with input voltage to feed power back tolity. And the harmonic spectrums of output
voltage before and after filter are shown in gu@ode. We can see that all of them have
small harmonic distortion, which proves tleéfectiveness of the NPC arm used for
inverter arm. The P-V trajectory of solarodule array in Figure 4.15 shows the MPPT
controller has tracked the peak power succégsfuAll these simulation results confirm

the validity of the rectifier and invier controllers and their cooperation.

i I-;l" L :|. l':l ] |I'.f 1] !.'.I'l |':l| 'l'|.|'|' 1 I.Il" I;II‘.
Pev Vev:20v/div

Figure 4.15 P-V trajectory of salenodule array under MPPT control
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CHAPTER 5

DSP BASED IMPLEMENTATION OF ASYMMETRIC THREE-
LEVEL INVERTER AND CONTROL

In this chapter, the implementation of aswyetric three-level inverter with modified
PWM control scheme will be discussed. A hardware prototype of asymmetric three-level
inverter and control circuit will be it based on TMS320F2812 DSP [30] platform
which is used to provide the gate contrgnsils for ATLI. The code of the modified
PWM scheme can be built, debugged and amal\efficiently with the help of the DSP
development tool- Code Composer Studio (B@® 2.1) provided byexas Instrument

(T1). The DSP controlled asymmetric three-leveverter is also the core circuit of the

three-port renewable energy system asugised in the previous chapters.

5.1 Hardware Configuration

The prototype converter system can be digdideo four parts: aingle-board DSP, DC-
AC asymmetric three-level invertand LC low pass filter asell as load configuration.

5.1.1 Configuration of DSP Controller

In the experiment, the eZd$hF2812 stand-alone DSP board [30] is used as a prototype
hardware platform for DSP controller. The eZd§52812 is a stand-along board that
consists of a TMS320F2812 DSP. It is a gptatform to develop the initial control
code and verify the contralgorithms and functions for the TMS320F2812 processor. A
C2000 Tools Code Composer driver is afgovided by Tl to prome a better code
developing and debugging environmentxp&nsion connectors erprovided for other
necessary circuits, such as digital 1/0 expamsnd analog expansion. In this prototype
design, the PWM output pins in the I/O erpen are utilized for the output of PWM
control. Figure 5.1 shows a block diagram of eZYsp2812 board. Other features of
ezdsp™ F2812 board can be found in Appendix D.

In programming the control code using the DSP of TMS320F2812, the Event Manager

(EV) module is used to generate sgted modified PWM switching signals.
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TMS320F2812 DSP has two identical EV module¢A and EVB. Both of them consist

of 16-bit general-purpose (GP) timers, full-compare/PWM units, quadrature-encoder
pulse (QEP) circuits and capture units. this experiment, EVA block is used, which
provides six PWM outputs PWM1 to PWMénd satisfies the gate control signal
requirements for modified PWM scheme apglie ATLI. Each PV output is used to
control one power switching ded in the converter. Figufe2 shows the EV function

blocks and the control outputs used in this experiment.
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Figure 5.1 Block diagram of eZdSpF2812 board
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Figure 5.2 Utilized EVA function block diagram
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Figure 5.3 ezdsp F2812 DSP board

5.1.2 Prototype Circuit of ATLI

A circuit diagram of integrated prototype st of ATLI is given in Figure 5.4. The
diagram illustrates the main powarcuit, DSP controller, oput filter, and the load with
detailed interfacing signals. A hardware prototype of asymmetric three-level inverter as
shown in Figure 2.2 and Figure 5.4 is used is &xperiment. It's a part of a three-phase
inverter designed and built by Dr. Chang. Only two arms of this three-phase inverter are
used to make a single-phase asymmetric three-level inverter. Figure 5.5 below is a
picture of the practical prototype.

Figure 5.5 A picture of ATLI prototype
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Figure 5.4 Circuit interfactr the experiment system




The prototype of ATLI can be divided into two sections:

1. The main circuit board. The IGBT adules FIl 30-06D with fast and soft
recovery diode are used as the switchdegices in ATLI. The voltage rating of
this IGBT is 600V.

2. The power interfacing board. The decoupling and driving circuits are on this
power interfacing board. In the aetpling circuit, the HCPL-4506 Optocoupler
modules are used for isolation betw&®P PWM output signal and the converter
high voltage circuits. Ithe driving circit, four IR2181s the high voltage, high
speed MOSFET/IGBT gate driver chipeaused to drive the IGBT devices in
converter. An IR2181 can drive ewlIGBTs (high side and low side)
simultaneously. However, due to theesial configuration of ATLI, three IR2181
chips instead of two are nestito drive the IGBTs in NParm. For the IGBT T1
and T3 in Figure 2.2, only high side outputs of two IR2181 are used for
decoupling reason. Figure 5.4 showsittterconnections of the optocouplers and

gate drivers.

5.1.3 LC filter and Load

The output voltage frequency in this experiment is 60 Hz. The filter inductance and
capacitance are designed and discussed in@hd@p The configwations of the second-

order LC filter and load are shown in Figure 5.6.
L=1mH

[

C=30uF __

Input R=200hm

Figure 5.6 LC filter & load configuration
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5.1.4 Experimental System Setup

Figure 5.7 shows an overview okthab experiment prototype system.

Figure 5.7 Experiment system setup.

5.2 Circuit Interface

The configurations of componeanin the experimental systenmeatiscussed in section 5.1.
In this section, the interface between thesmponents will be described.  Figure 5.4

shows the general interfacenfiguration between different components. The PWM

output pins from TMS320F2812 eZJngboard provide the input to the decoupling
circuit. The outputs of the optocouplers apamected to the corngending IGBT drivers;

the output of these gate drigesire connected to the gate drive input ports of IGBTs in the
ATLI power circuit. Finally power output dhe two phase circuit, the U and V phase of
the ATLI are connected to a LC filter folled by a resistance load, as shown in Figure
5.4.
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5.3 Design of the Program Code of PWM Control

The program coding structure is shown in Fighi& At first, allthe control parameters

and control registers are initialized, and the control signal table and carrier signal table
are produced. Then the main program goes iritwever loop and stayed in an idle state.

At the same time, the timer counter keeps counting in continuous-up and continuous-
down mode. When the valuetime timer counter matches the sample period stored in the
period register, the T1PINT interrupt is triggered and the interrupt service routine (ISR)
will be called. The ISR compares the current value of control signal and the carrier signal
at this moment and generate the cqoesling PWM pattern. Then the program returns

to the idle states and waits for the next T1PINT interrupt to do the comparison again.
This code produces the PWM control waveform in the experiment. Another function of
the TMS320F2812 DSP is the programmable dead-band time control unit for the
switching converter bridge. It allows the softeasetup of controlled dead-band time.

The dead-band time selected in this experiment ig<.8

The detailed descriptions about the interrsfpticture and programming are included in

Appendix E and Appendix F.
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5.4 Experimental Results

In this section, detailed experimental results of ATLI with modified PWM control
scheme are demonstrated for 60 Hz and 400 Hz output. Since the volume and the cost of
the second order LC filter willatrease with the increaseaafrrier frequency, which was

discussed in chapter 3, a highmay will be used in this experiment prototype setup to

increase the carrier frequency thus dea@eti® volume and cost. Therefore, the

frequency indexm, is selected as 45 in the experiment.

Case 1: 60 Hz.

When the DC input voltage is set to be 30 Volts and modulation intéx chosen as 1,

the experimental results are shown in Figure 5.9 to Figure 5.11. In Figure 5.9, three
traces illustrate the modified PWM contrphattern. The three d@ces are switching
waveforms for T, T, and . The switching waveforms forsI T, and Ts are just the

inverse of switching waveforms for,TT, and .

4

v

Switching Signal for T1

I T LT T

Switching Signal for T2

I
~
1

TR1_5K0

o
N
h

o

o
N
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=

o
~
1
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0.2
12

0.9 Switching Signal for T5
0.6
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T T T T
0 0.005 0.01 0015 0.02
[s]

Figure 5.9 DSP control outputs fof, T, and T at 60 Hz
Load output voltage waveforms before andrafite LC filter are shown in Figure 5.10.
From the figure we can see that load output waveform is exactly at the expected output
frequency 60 Hz and the peak output voltegabout 28 Volts, which approximates the
theoretical calculation. Some voltage |lassgay be caused by the turn-on voltage drops
of the IGBTSs.
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Figure 5.10 Output voltage waveformddre and after LC filter at 60 Hz
Figure 5.11 shows the frequency spectrunihef output voltages. From the spectrum

analysis, we can see that the harmonic components are small and focus

aroundf, um, , f, u2m, and so on. And the LC filtdilters out most of the harmonic

components effectively. Generally, these experiment results are close to our previous

theoretical calculation and simulation results.

o
o

Spectrum [V]
o
=

Fourier Spectrum before Filter
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0 L I\/\_ALA..A_A.M Ae A AN, pen e

Fourier Spectrum after Filter
0.44
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T T T T
0 2000 4000 6000 8000 10000
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Figure 5.110utput voltage spectrums before and after LC filter whenl, m, =45

Another group of experiment results are shaw Figure 5.12. This time the experiment

result data are collected when mtzdion index equals to 0.8. When =0.8, the peak
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voltage value is about 23 Volts. This resafiproximates the theoretical calculation.

From Figure 5.13, we can see that the l&ogbe of output voltage decreases withrfe

1
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Figure 5.12 Output voltage waveforms at 60 Hz wher0.9
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Figure 5.13 Output voltage waveforms with differemt

Figure 5.14 shows the output voltages wimenis set to 25 and Figure 5.15 is the

frequency spectrum of output voltages whmar=25.
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0.4
Fourier Spectrum before Filter

0.2

]

>06
Fourier Spectrum after Filter

Spectrum
o
&

0.2

0 AN . . . .
0 2000 4000 6000 8000 10000
[H7]

Figure 5.1%0utput voltage spectrums before and after LC filter witenl, m, =25

Case 2: 400 Hz.
Another experiment with 400 Hz output is conthd and the results are shown in Figure
5.16 to Figure 5.17. From the output waveform, the output frequency is exactly at 400 Hz.

The DC voltage is set to be 30 Volts,= 1.0 andm, =45. The peak voltage value is

about 30 Volts, which approximattee theoretical calculation.
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Figure 5.16 Output voltage waveformddre and after LC filter at 400 Hz
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Figure 5.1utput voltage spectrums before and after LC filter

From Figure 5.9 to Figure 5.17 we can sed the experimental results approximate the
theoretical analysisand simulation results very closely. Besides, the fundamental
frequency and the amplitude tbfe output voltagas well as the carrier frequency of the
PWM scheme can be controlled by changswne parameters in the DSP program,

which is a practical feature of tiESP-based control implementation.
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CHAPTER 6

CONCLUSIONS

6.1 Conclusion

In this thesis a new topology of single-seaDC-AC inverter-asymmetric three-level
inverter (ATLI) is proposed and a special nfatl PWM control scheme is discussed.

Besides, a solar power conversion system usirg & studied, simulated and evaluated.

The discussion of ATLI and modified AW control scheme is detailed using the
following approaches: 1) Theoretical analysisha advantages of the ATLI power circuit
topology over other topologies. 2) Theoretiaallysis and calculation of the harmonic
spectrum for the modified PWM control sohe in the frequency domain. 3) MATLAB
simulation confirming the harmonic analys#. Digital simulation of detailed control
circuit and power circuit in PSpice; 5) Hardre implementation of the core converter
circuit based on DSP. Based tre results from the previous chapters we can get the
conclusion that the asymmetric three-level inverter with modified PWM control scheme
surpasses conventional H-bridge comserand NPC converter in lower harmonic
distortion (THD), reduction of high-frequen&MI noise, lower power loss and increased

performance-to-cost ratio.

In order to develop a practicablar power system, the solapdule is modeled first. The
model is then validated in PSpiceThe maximum power point tracking (MPPT)
algorithms are introduced and compared briefly. One of practical MPPT control methods
is selected and implemented in the PSpice simulation. The simulation results showed that
the tracker designed is able to maintaindperating point of theolar module arrays at

the maximum power point, thereby improving tenergy conversion efficiency of the

solar module.

The three-arm converter opology is also discussed and simulated in PSpice. The
simulation results verifies its automatic powsalance ability, high input power factor

and low THD in input curnet and output voltage.
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Hardware implementation and experimental issare given in Chdpr 5, which verifies
the feasibility of ATLI and modified PWM control scheme. All control functions are
implemented by a DSP board. The TMS328E2 DSP used satisfies the control

requirement of the high switching frequency PWM schemes.

6.2 Future Research Works

In this thesis, an open-loop asymmetric tHmel inverter is developed and discussed.

There are several aspects tbat be improved in the future:

1. Regular sampling method is employed current DSP coding for the PWM
control. However, the regular sampling method has the disadvantage of
relatively low accuracy, especially in awler carrier frequency situation. As a
result, more efforts should be contributed to find an algorithm to improve the

PWM control accuracy without increasing much complexity.

2. In recent years, many multi-level invertepologies are proposed and analyzed
in order to further reduce harmonic gooments of the output voltage and current
[23-24]. These topologies have more vgédevels and are derivations from the
three-level topology by adding more switolp devices to the bridge circuit.
Therefore, the complexity of cirduiopology and PWM scheme for the multi-
level topology will be increased. More efforts are needed to explore advanced
solutions balanced between better perfance and lower control complexity as

well as cost.

3. In many applications such as AC motor drive, adjustable frequency, amplitude
and phase of output voltage from invertge required; therefore, a close-loop
controller is necessaryor the inverter. Many novel control methods are
developed in recent years, like slidimgpde control, backstepping motion control
[25-26]; Applying these control method in ATLI conversion system will be an

interesting research topic in the future.
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4. More adaptive and intelligent maximupower point trackinglgorithm such as
artificial neural network algorithm [27] care combined into the solar system to

further improve the performancliability and robustness.
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APPENDIX A

PSPICE SCHEMATICS OF ASYMME TRIC THREE-LEVEL INVERTER

Figure A.1 PSpice schematics of asymmetric three-level inverter
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APPENDEX B

PSPICE SCHEMATICS OF THE CARRIER GENERATOR CIRCUIT

Figure B.1 PSpice schematics of the carrier generation circuit
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APPENDIX C

CIRCUIT AND METHMATICAL MODEL OF SOLAR CELL AND
SOLAR MODULE

1. Solar Cell Circuit Model

Solar cells consist of a p-n juian fabricated in a thin wafer or layer of semiconductor.
The I-V output characteristic of a solar cell has an exponential characteristic similar to
that of a diode [28]. As a result, the simplegtiivalent circuit of a solar cell consists of
a current source and a diode which are connentpdrallel as shown in Figure C.1. The
current source represents the photocurigenerated by the sunlight and the diode

determines the |-V characteristic.

Figure C.1 Simplified equivalent circuit for single solar cell

The I-V characteristic function can be derived from Kirchoff's current law. According to

Kirchoff's current law,

a gy . °
I I | . ~exp- , 1 C.l1
ph D ph S f p@] VT H 1;4 ( )

Where | ,, = photocurrent, temperature dependent;

| , = diode current, temperature dependent;
| ;= diode reverse saturation current;

m= diode ideal factor;
V; = thermal voltage (25.7 mV at 25°C).
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For solar cell in practices, voltage lossepgen at the boundary and external contacts
and leakage currents happen throughout thke ceTo describe these losses, a series

resistanceR and a parallel resistand®, are added into the equivalecircuit oove [21].

The new equivalent circuit is shown in Figure C.2.

The I-V characteristic function can be derived from Kirchoff's current law:

2 8V - °V IR
I 1o 1p g 1 "@XpS L1y ——2

0 (C.2)
- @Vrr oy R

Where | , = parallel resistor current.

Figure C.2 Equivalent circuit for solar cell with resistances

The circuit shown in Figure C.3 is only thguevalent circuit for a single solar cell.
Since output power of a solar cell is very lanany solar cells areoonected in series to
constitute a solar module. As a resulg #guivalent circuit o solar module is shown

in Figure C.3.
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Figure C.3 Equivalent circuit for a solar module

2. Solar Cell Math Model

A math model of solar cell will be given ithis section to determine the voltage and
current when maximum power is extted from solar cell [29].
The current through the solar cell is

o1, lg.e" 1. C.3)

ph © .
This expression is a simplified form ofj@ation (C.1) as it doesot contain the diode

ideal factor, essentially ignoring the redoination in the depletion region.

The short circuit current

lee  lon (C.4)
The open circuit voltage
. I
V,, vT|n.§—ph LV In—22 (C.5)
s 1 I's
The total power dissipated
gy .
P Vul 1,V IVe™ 1. (C.6)

© 1
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To find the voltage when maximum power occurs, we make

Vm ax

§ Voo .
dp | on lo.e¥ 1. ISVﬂe‘” 0 (C.7)
dv © VA
Maximum power point voltage can be solved from equation (C.7)
a o
Vm Voc VT ln (1‘ V_m » (C8)
- Vi Y

The maximum power point current can be solved from equation (C.3) and (C.8)

Vm

I, .e" 1. C.9)
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APPENDIX D
KEY FEATURES OF DSP BOARD

1. Features of eZzdsp" F2812:
The ezdsp" F2812 has the following main features:

x TMS320F2812 Digital Signal Processor

x 150 MIPS operating speed

x 18K words on-chip RAM

x 128K words on-chip Flash memory

X 64K words off-chip SRAM memory

x 30 MHz clock

x Expansion Connectors (Analog, 1/0)

X Onboard IEEE 1149.1 JTAG Controller

X 5-volts only operation with supplied AC adapter
x TI F28xx Code Composer Studio tools driver

X On board IEEE 1149.1 JTAG emulation connector

2. The ezdsp" F2812 Board:

The ezdsp” F2812 is a 5.25 x 3.0 inch, multi-laydrprinted circuit board, powered by
an external 5-Volt only power supply. It hagme major connectors as shown in Figure
D.1 below. Their functions are shown in Table D.1.

Figure D.1 eZdspTM F2812 connector positions
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Table D.1 eZdspTM F2812 Connector functions

Connector Function
P1 JTAGInterface
P2 Expansion
P3 Parallel Port / JTAG Controller Interfade
P4/P7/P8 I/Anterface
P5/P9 Analogdnterface
P6 PowelConnector

As demonstrated in the thesis, six PWMpuitpins, PWM1 to PWM6 in 1/O interface
(P8) are used to provide the PWM control signals for asymmetric three-lever inverter.

The detailed pin assignment for P8 connector is shown in Table D.2:

Table D.2 P8 connector Pin allocation

Pin # P8 Signal Pin# P8 Signa|l Pin # P8 Signal Rin # P8 Signal
1 +5 \olts 11 PWM3 21 No connect 31 PWM8
2 +5 \olts 12 PWM4 22 | XINTIN/XBIOn | 32 PWM9
3 SCITXDA | 13 PWMS5 23 SPISIMOA 33 PWM10
4 SCIRXDA | 14 PWM6 24 SPISOMIA 34 PWM11
5 X'NTcl)?]/ XBl 115 | 19pwm | 25 SPICLKA 35 PWM12
6 | caAPyQEPL| 16 | T2PWM | 26 SPISTEA 36 | CAP4/QEP3
7 | cAP2/Qep2| 17 TDIRA 27 CANTXA 37 TICTRIP
8 | cAP3/QEPIL| 18 | TCLKINA | 28 CANRXA 38 T3CTRIP
9 PWM1 19 GND 29 XCLKOUT 39 GND
10 PWM2 20 GND 30 PWM7 40 GND
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APPENDIX E

TMS320F2812 EV MANAGER INTERRUPT STRUCTURE

EV interrupt events are organized intioree groups: A, B, and C. Each group is
associated with a different interrupt flag and interrupt enable register. There are several
event manager peripheral interrupt requestsaich EV interrupt group. Table E.1shows
all EVA interrupts, their priority and groupin@able E.2 shows all EVB interrupts, their
priority, and grouping. There is an interrdfatg register and a corresponding interrupt
mask register for each EV interrupt group flag in EVAIFRx (x = A, B, or C) is
masked if the corresponding Im EVAIMRX is zero. When a peripheral interrupt request
is acknowledged, the approprigieripheral interrupt vector isaded into the peripheral
interrupt vector register (PIVR) by the PIE controller. The vector loaded into the PIVR is
the vector for the highest priority pending eleabevent. The vector register can be read
by the interrupt service routine. Table El8scribes the conditions for the interrupt

generation.

Table E.1 Event Manager A (EVA) interrupts
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Table E.2 Event Manager B (EVB) interrupts

Table E.3 Conditions for interrupt generation

APPENDIX F
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DSP PROGRAMMING FOR PWM CONTROL WAVEFORM
GENERATION

#include "DSP281x_Device.h" // DSP281x Headerfile Include File
#include "DSP281x_Examples.h" // DSP281x Examples Include File
#include <math.h>

#define mf 45

float P1=3.1415926;

float mi=1.95;

int f1=60;

int f2;

float tp;

float ph;

int no=0;

long aal,bbl,aa2,bb2;

long a[mf*2]; // Look-up table 1
long b[mf*2]; // Look-up table 2
int i;

int flag=1;

int32 InterruptCountl;

int InterruptCount2;

int32 t3pr;

interrupt void Evb_pwm_isr(void);
interrupt void Evb_pwm_isr2(void);

void init_Evb_pwm(void);
void main(void)

{ for (;flag==1;)
{loop: f2=f1*mf;

t3pr=75000000/(f2*2); //Period
for (i=0;i<=mf-1;i++) // Look-uptablesinitialization
{if (i<=mf/2)

{aal=(mi*sin((i-0.25)*2*P1/mf)-1)*t3pr;
bb1=(mi*sin((i-025)*2*P1/mf))*t3pr;
aa2=(mi*sin((i+0.5-0.25)*2*PI/mf)-1)*t3pr;
bb2=(mi*sin((i+0.5-0.25)*2*PI/mf))*t3pr;
if (aal<0)

{a[2i]=0:}

else if (aal>t3pr)
{a[2*i]=t3pr;}
else {a[2*i]=aal;}
if (aa2<0)
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{a[2*1+1]=0;}

else if (aa2>t3pr)
{a[2*i+1]=t3pr;}
else {a[2*i+1]=aa2;}
if (bb1<0)
{b[2]=0;}

else if (bb1>t3pr)
{b[2*i]=t3pr:}

else {b[2*i]=bb1;}

if (bb2<0)
{b[2*i+1]=0;}

else if (bb2>t3pr)
{b[2*i+1]=t3pr;}
else {b[2*i+1]=bb2;}
}

else
{aal=(mi*sin((i-0.25)*2*PI/mf)+1)*t3pr;
bb1=(mi*sin((i-0.25)*2*P1/mf)+2)*t3pr;
aa2=(mi*sin((i+0.5-0.25)*2*PI/mf)+1)*t3pr;
bb2=(mi*sin((i+0.5-0.25)*2*PI/mf)+2)*t3pr;
if (aal1<0)
{a[2*1]=0}
else if (aal>t3pr)
{a[2*i]=t3pr;}
else {a[2*i]=aal;}
if (aa2<0)
{a[2*i+1]=0}
else if (aa2>t3pr)
{a[2*i+1]=t3pr;}
else {a[2*i+1]=aa2;}
if (bb1<0)
{b[2*]=0;}
else if (bb1>t3pr)
{b[2*i]=t3pr;}
else {b[2*1]=bb1;}
if (bb2<0)
{b[2*i+1]=0:}
else if (bb2>t3pr)
{b[2*i+1]=t3pr;}
else {b[2*i+1]=bb2;}
}
}

InitSysCitrl(); /Mnitialize system control

EALLOW, /lInitialize GPAMUX and GPBMUX
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GpioMuxRegs.GPAMUX.all = Ox00ff;
GpioMuxRegs.GPBMUX.all = Ox00ff;

EDIS;

DINT; /lInitialize PIE cotrol registers to their default states
InitPieCtrl();

IER = 0x0000; /IDisable CPU intepts and clear all CPU interrupt flags;
IFR = 0x0000;

InitPieVectTable(); /lInitialize the PIE vector table

EALLOW, /lInterrupts used are re-mapped to corresponding ISRs

PieVectTable.T3PINT = &Evb_pwm_isr;
PieVectTable.CMP4INT = &Evb_pwm_isr2;
PieVectTable.CMP5INT = &Evb_pwm_isr2;

EDIS;
init_Evb_pwm(); /lInitialize all the Device Peripherals
InterruptCount1=0; /lInitialize count values to O;

/[Enable PIE group 4 interrupt 1,2,4 for CMP4INT, CMP5INT and T3PINT
PieCtrIRegs.PIEIER4.all =0x000B ;

IER |= (M_INT4);
/[Enable global interrupts andghier priority reattime debug envents
EINT; //Enable global interrupt INTM
ERTM; //Enable global realtime interrupt DBGM
for(;flag==1;); /I IDLE loop. Just sit and loop forever
while (flag==0)
{ EvbRegs.ACTRB.all = 0x0000;
if (flag==1)
{goto loop;};
}
}
void init_Evb_pwm(void)
{
EvbRegs.GPTCONB.all = 0; /lInitialize EVB timer 3
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EvbRegs.T3PR = t3pr; // Period

EvbRegs. T3CNT = t3pr/2; /lInitialize EVB timer 3 counter
EvbRegs.T3CON.all = 0x0846; Mialize timer 3 control register
EvbRegs.CMPR4 = 0; /I[Compare Regl
EvbRegs.CMPR5 = 0; //[Compare Reg2
EvbRegs.CMPR6 = 0; //[Compare Reg3

EvbRegs.EVBIMRA.bit. T3PINTE 1; /[Enable T3INT interrupt
EvbRegs.EVBIFRA.bit. T3PINT = 1; /[Clear T3INT flag
EvbRegs.EVBIMRA.bit. CMP4INT = 1; //Enable CMP4INT interrupt
EvbRegs.EVBIFRA.bit. CMP4IN=1; //Clear CMPA4INT flag
EvbRegs.EVBIMRA.bit. CMP5INT = 1; //Enable CMPS5INT interrupt
EvbRegs.EVBIFRA.bit. CMP5IN=1; //Clear CMP4INT flag

/I[Compare4 AL; Compare5 AL; Compare6 AL;

EvbRegs.ACTRB.all = 0x0999;

EvbRegs.DBTCONB.all = Ox04EC; //Enable deadband to be 0.8uS.
EvbRegs.COMCONB.all = 0OxAAEO,;

EvbRegs.GPTCONB.bit. T3ATOADC = 2;

}
interrupt void Evb_pwm_isr(void) Il T3PINT ISR
{ EvbRegs.ACTRB.bit. CMP7ACT=1; //ICompare7 AL;

EvbRegs.ACTRB.bit. CMPS8ACT=2,; //[Compare8 AH;
EvbRegs.ACTRB.bit. CMPOACT=1, //[Compare9 AL,
EvbRegs.ACTRB.bit. CMP10ACT=2,; //Comparel0 AH;
InterruptCountl++;

InterruptCount2=0;

EvbRegs.T3PR = t3pr;

no=InterruptCount1%(f /[Load compare units
EvbRegs.CMPR4=a[2*no];

EvbRegs.CMPR5=b[2*no];

EvbRegs.CMPR6 = 0;

if (no==0)

{EvbRegs.ACTRB.bit. CMP11ACT=0;
EvbRegs.ACTRB.bit. CMP12ACT=3;
EvbRegs.ACTRB.bit. CMP7ACT=0;
EvbRegs.ACTRB.bit. CMP8ACT=3;
EvbRegs.ACTRB.bit. CMP9ACT=0;
EvbRegs.ACTRB.bit. CMP10ACT=3;}
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EvbRegs.EVBIMRA.bit. T3PINT = 1; // Enable T3PINT from this timer
EvbRegs.EVBIFRA.all = 0x0086;

/IAcknowledge interrupt to receive more interrupts from PIG group4
PieCtrIRegs.PIEACK.all = PIEACK_GROUP4;

}

interrupt void Evb_pwm_isr2(void) [ICMP4INT AND COMPSINT ISR
{InterruptCount2++;
if (no==(int)(mf/2) & InterruptCount2==1)
{ EvbRegs.CMPR4=t3pr/2;
EvbRegs.CMPR5=t3pr;

else if (InterruptCount2==1)
{ EvbRegs.CMPR4=a[2*no+1];
EvbRegs.CMPR5=b[2*no+1];}

if (no==(int)(mf/2)& InterruptCount2==2)
{ EvbRegs.ACTRB.bit. CMP11ACT=3;
EvbRegs.ACTRB.bit. CMP12ACT=0;}

EvbRegs.EVBIMRA.bit. CMP4INT = 1; //Enable CMP4INT from this timer
EvbRegs.EVBIMRA.bit. CMP5INT = 1; //Enable CMP5INT from this timer

EvbRegs.EVBIFRA.all = 0x0086;

//Acknowledge interrupt to receive more interrupts from PIG group4
PieCtrIRegs.PIEACK.all = PIEACK_GROUP4;

}
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