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Abstract

Grid-interactive smart inverters (GSIs) are becoming the main interface for
integrating modern power units, such as renewable energies, energy storage
systems, electric vehicles, distributed generation (DG) units, microgrids, and high-
voltage direct-current transmission systems into smart power grids. Their expected
high integration in future smart grids brings certain reliability and complexity
challenges. Tackling these challenges with advanced control techniques can
provide more efficient and optimal operation in future highly interconnected power
grids. Riding through abnormalities while supporting host grids by smart inverters
is one of these challenges which has attracted a lot of attention among system
operators, regulatory organizations, manufacturing companies, and academia. This
research project thus aims to present novel techniques in four stages for optimal and
more reliable operation of GSIs, utilized in different configurations, under

asymmetric grid conditions.

In the first stage, a comprehensive control scheme, with multiple objectives,
is proposed for the optimal operation of a single GSI under unbalanced grid
conditions. These optimal behaviors bring significant advantages to the emerging
GSIs, empowering them to be more fault resilient and smartly responsive to
abnormal grid conditions. They also provide noteworthy benefits to the host grid
such as improving its stability, delivering maximum ancillary services, avoiding
unnecessary outages, better complying with the grid interconnection codes, and

increasing overall efficiency, reliability, and profitability. In the second stage, this
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research proposes a regulation guideline for riding through asymmetric faults as
well as dynamic flexible support of the grid. To date, most of the available grid
codes only focus on the regulation of the DG operation under balanced faults due
to the complexity, lacking the proper remedies for more common unbalanced
conditions. Implementing in different test cases and using comparative analyses,
the proposed regulation guideline and its unique control technique are proven to be
very effective and superior to the state-of-the-art methods. They can thus be
adopted by the updated versions of grid codes for more efficient integration of large
GSIs and DG units. In the third stage, a novel voltage support scheme is proposed
with improved accuracy in regulating the phase voltages within the pre-set safety
limits, by (1) considering the zero-sequence voltage compensation, (2) considering
the output active power and being adaptive to complex grid impedance, (3)
augmenting the adjustable limited active power oscillation and the maximum active
power delivery strategies. This empowers large DG units to provide their maximum
asymmetric support to the grid without a negative impact on their performance. In
the last stage of the thesis, the proposed techniques are extended for multiple GSIs
structures: (1) parallel-operated grid-interactive inverters (e.g., in hybrid energy
sources) and (2) multiple distributed inverters (e.g., in multi-DG active distribution

networks).

The effectiveness of the proposed techniques is validated using simulation
and experimental results. The proposed techniques facilitate the effective
integration of renewable energy resources, via reliable GSlIs, into smart power

grids.

il



Preface

This thesis is an original work by Masoud Shabestary. As detailed in the following,
some chapters of this thesis have been published or submitted for publication as
scholarly articles in which Professor Yasser Abdel-Rady I. Mohamed was the
supervisory author and has contributed to concepts formation and the manuscript

composition.
Materials in Chapter 2 have been published as two articles:

e M. M. Shabestary, and Y. A. I. Mohamed, "An Analytical Method to
Obtain Maximum Allowable Grid Support by Using Grid-Connected

Converters," in I[EEE Transactions on Sustainable Energy, vol. 7, no. 4,

pp. 1558-1571, Oct. 2016.

e M. M. Shabestary, and Y. A. . Mohamed, "Analytical Expressions for
Multi-objective Optimization of Converter-Based DG Operation Under
Unbalanced Grid Conditions," inIEEE Transactions on Power

Electronics, vol. 32, no. 9, pp. 7284-7296, Sept. 2017.
A version of Chapter 3 has been published as

e M. M. Shabestary, and Y. A. 1. Mohamed, "Asymmetrical Ride-Through
and Grid Support in Converter-Interfaced DG Units Under Unbalanced

Conditions," in IEEE Transactions on Industrial Electronics, vol. 66, no.

2, pp. 1130-1141, Feb. 2019.
A version of Chapter 4 has been published as

e M. M. Shabestary, and Y. A. . Mohamed, "Advanced Voltage Support
and Active Power Flow Control in Grid-Connected Converters Under

Unbalanced Conditions," in IEEE Transactions on Power Electronics, vol.

33, no. 2, pp. 1855-1864, Feb. 2018.

v



A version of Chapter 5 has been submitted as

e M. M. Shabestary, and Y. A. I. Mohamed, "Maximum Asymmetrical
Support in Parallel-Operated Grid-Interactive Smart Inverters," [EEE

Transactions on Smart Grids, Jan 2019.
A version of Chapter 6 has been submitted as

e M. M. Shabestary, and Y. A. I. Mohamed, "Decentralized Maximum
Flexible Asymmetrical Support Tracking in Active Distribution Networks
with Multiple DG Units," IEEE Transactions on Smart Grids, Dec 2018.



This thesis work is dedicated to my wife, who has been a constant source of
support and encouragement during the challenges of my graduate studies and life.

1 am truly thankful for having you in my life.

This work is also dedicated to my parents, who have always inspired me and
whose good examples have taught me to work hard for the things I aspire to

achieve.

Vi



Acknowledgment

I would like to express my sincere appreciation to Prof. Yasser Abdel-Rady I.
Mohamed for his great support and supervision during this research project. This
research and dissertation would not have been possible without his continuous

guidance.

Also, I would like to extend special thanks to my examining committee
members, Prof. Yasser A. I. Mohamed, Prof. Venkata Dinavahi, and Prof. Yunwei
(Ryan) Li for taking the time to review this thesis. I am also thankful to the faculty
and staff members in the Department of Electrical and Computer Engineering at the
University of Alberta who provided a pleasant working atmosphere for me during

the past four years.

vii



Table of Contents

ABSTRACT  tiieiucecrnsesnensssssssussssosssssssssssusnsssssssssssssssssssssosssssssssssnsnsssnsns Il
PREFACE ~  ieiiiiiiieieiuieneeniierasesasscassssssssesasassssssssssssssasasassssssssssssasnsns v
ACKNOWLEDGMENT ...iuiuiuttneninintersrasscsssosssssssssssasssssssssssssssssssssssssssssssssssasssssses VI
LIST OF ACRONYMS .eutiutueineinciesacenciesaciacsesscsacsssacssssssssssssscssssssscsssssssssssssscnsnee XII
LIST OF SYMBOLS  titutiutieiueintietntentiecsceaciacsscscsacseescssssscscsscsssscsscsssscescsssnssssss XIII
CHAPTER 1 INTRODUCTION 1
1.1 BACKGROUND. ......eiittitietieiteette ettt ettt ettt st et e bt eateeateeb e e bt e bt enbeembesseesueenaeeneeeneeeas 1
1.2 STATE-OF-THE=ART ....cettetteiieiteeitesttenttenteete et siteseeesteentee bt enteestesseesseesbeenseensesaeesaeenaes 3
1.3 MOTIVATIONS AND OBJIECTIVES ....uuteuttiitiiesiienteenteenteeteeetesteesteenieesessaesieesueenaeenseennenns 5
1.4 THESIS OUTLINE ...ttt stte st ettt ettestee b e bt e bt sstesatesbe e bt enteeateeseesbeenbeenbesnsesneenae 7
1.5 SUMMARY OF THE KEY CONTRIBUTIONS ......cooctertietietinrenirenieenieenneeneneesaeenseenseenneens 10
CHAPTER 2 MAXIMUM ASYMMETRIC SUPPORT (MAS) IN A GRID-INTERACTIVE
SMART INVERTER  ..itiuiuiiuiiuiniietneineiecnecneiaciacsceacsecscsacsssssescssssssscssssssscsssncnssns 11
2.1 INTRODUCTION ....ooiiiniieniieieiie ittt ettt ettt et ene e s st saeebe et eeneeanesanenneennees 11
2.2 SYSTEM DESCRIPTION.........uetutiitienttentteteetesitesttenteenteenteeseesseesbeenseenaesmsesseesaeesseenseeneeans 12
23 PROPOSED MULTI-OBJECTIVELY OPTIMIZED CONTROL STRATEGIES .....c.eevuerueennenne. 14
2.3.1 Minimum Oscillation on the Active and Reactive POWers ................ccocu..... 15
2.3.2 Minimum Fault Current (MFC) Strategy...........cccocooveivcioenoienianieeaeen. 16
2.3.3 Maximum Allowable Active and Reactive Powers Strategies ....................... 17
2.4 VOLTAGE SUPPORT STRATEGY ....eeeuteiieieeieetenteneenieenseenseenaeennesinesseenseeneenessnesmnenues 18
2.5 MAXIMUM ASYMMETRIC SUPPORT (MAS) SCHEME ......cocvveiieiieieeiieiieieeie e 20
2.6 SIMULATION RESULTS ....cutiiiiiiieiieieeieeie sttt ettt et ettt e s esaeeneenne e 21
2.6.2 Test Case A: Performance Evaluation of MOP and MOQ Strategies........... 22
2.6.3 Test Case B: Performance Evaluation of VSS-MAP Strategy....................... 22

viii



2.7 EXPERIMENTAL RESULTS....coiiiiiiititiiiee ettt eeeetee e e e e e eataaee e e e e s eeenaanaeeeeessenannnes 23

2.7.2 Experimental Test Case A: MFC Strategy ..........cccccuceeeeeeeveioeieneeneene 24
2.7.3 Experimental Test Case B: MAQ Strategy............ccococeeeeecniniinceniinoeanenens 25
2.74 Experimental Test Case B: MAP Strategy ...........c.ccccoceeeeceinicniencineanenens 27
2.8 CONCLUSION ..ottt ittt st s st s s 27
CHAPTER 3 ASYMMETRIC RIDE-THROUGH (ART) GUIDELINES 28
3.1 INTRODUCTION ....couiiiiiniiientieieeit ettt sttt eae ettt st ebesae bt eaesaesnesaeeveeneennenne 28
32 OVERVIEW OF LVRT CODES IN DIFFERENT COUNTRIES  ....cccecveieueieniinienieeneeeennenne 29
3.2.1 Reactive current injection (RCI) ............ccccouoeiiiiiiioiiiiiiieeeeee e, 30
3.2.2 Frequency Control and Active Power ReStOration ............ccccccceeecuveecuvenennn. 31
33 PROPOSED ASYMMETRIC RIDE-THROUGH (ART) GUIDELINES........cc0eetervrereeneennnennes 32
34 OVERVIEW OF CONVENTIONAL VOLTAGE SUPPORT STRATEGIES UNDER UNBALANCED
CONDITIONS ...ttt s st s s e 36

3.4.1 Positive-Sequence Reactive Current Injection (PSRCI)............cc.ccoccvevvnenne. 37
3.4.2 Voltage Support Based on the Maximum Allowable Reactive Power Delivery

(MARPD) oo et et et et et e et e e e e et e e e 38

3.4.3 Mixed Sequence Injection (MSI) .............cccoueeiiiiiiiiiiiiiienee e, 38
3.4.4 Positive-Negative Sequence Voltage Regulation (PNVR)..........cccccovvvennnene. 38
3.5 COMPLIANCE OF THE CONVENTIONAL VOLTAGE SUPPORT STRATEGIES WITH THE
PROPOSED ART GUIDELINES ......cciiiiiiiiiiiiiieiiiieieieiesie s s 40
3.6 PROPOSED ART-ADAPTIVE VOLTAGE SUPPORT ......ccocouiiuiiiiiiiiiiiiiieieie e 45
3.6.1 Determination of Dynamic Reference Values for Minimum and Maximum
Phase Voltage MagRitudes .................cccoouioiiiiiiieieee ettt 46
3.6.2 Reactive Current INJECLION ................ccoeceiiieiieiiiiiiie it 48
3.7 SIMULATION RESULTS ..ottt sttt sttt st ettt s e enennes 48
3.8 EXPERIMENTAL RESULTS .....ooiiiiiiiiiiiiiiiiiiicicctctci s 53
3.9 DISCUSSION ...ttt s s 56
3.10 CONCLUSION ..ottt et e st s s e 57

X



CHAPTER 4 ADVANCED ASYMMETRIC VOLTAGE REGULATION AND MAS SCHEME

IN A SINGLE GRID-INTERACTIVE SMART INVERTER 59
4.1 INTRODUCTION ....oouiiiniieiieieiienitesitente ettt et ete ettt ene e st st sae et et eeneeanesanenneennees 59
4.2 PROPOSED ZERO-SEQUENCE COMPENSATED ASYMMETRIC VOLTAGE REGULATION
(ZCVS) SCHEME........ciiiiiiiieeiiie e ettt e eeteeeestteeestaeeaeesaeeessseaaasssseeessssaesassaaeassssesensssens 60
4.3 PROPOSED COMPLEMENTARY STRATEGIES.......cccecrtimueetienrietiereneenirenieeneenesnesenenees 63
4.3.1 ZCVS With LAPO StrQIEZY ....c.eeieeiieieeeeee et 63
4.3.2 ZCVS With MAPD StrQIEZY .......coeeieeiieiieeiee e 64
4.4 SIMULATION RESULTS ...ttt sttt ettt ettt st st s e e enae et eae 67
4.4.2 Test Case A: Traditional VSS vs Proposed ZCVS Method ........................... 68
4.4.3 Test Case B: ZCVS with LAPO and MAPD strategies...............c.ccccooueeeue. 69
4.4.4 Test Case C: ZCVS Method under Various X/R Ratios...............cc.cc.ceev.n. 73
4.5 EXPERIMENTAL RESULTS.....ctetiiiiniieiieieeieeeete sttt ettt ettt 75
4.6 CONCLUSION ...ouiiiiieieeieeie et st siee sttt et et saee st et e bt easesaaesaeesueenbeesseeaneeanesunenseennees 75
CHAPTER 5 PARALLEL MAS SCHEME IN MULTIPLE PARALLEL-OPERATED GRID-
INTERACTIVE SMART INVERTERS 76
5.1 INTRODUCTION ....coutiiniieieeieeteeite sttt ettt ettt s bt et e bt et s etesatesbee bt e bt esteeneeebeenbeenbean 76
5.2 PARALLEL-OPERATED INVERTERS.......ccittitiiiinienitenttenteete et eitesitesteenbeebeeaesseeseee e 77
53 SYSTEM DESCRIPTION........cetetiiiiiieieeteeienitenieenteenteenreeasestsenseeseesueennesanesueesseenseenseens 79
5.4 PLANE OF NEGATIVE REACTIVE VS. POSITIVE REACTIVE (NRPR).....ccccoceniriiiiiene 82
54.1 Allowable Current Areas in NRPR Plane..................cccccooveeeieeiieeeiiieeeen, 83
5.4.1 Allowable Flexible Voltage Support Areas ..............ccccoceeeeecenceenieeneanennnns 84
5.5 PROPOSED OPTIMIZED ASYMMETRIC SUPPORT BY PMAS ......ccciiiiiiiiiiiiiceee 86
5.5.1 Stage I: Obtaining NRPR EQUALIONS ..........cccooccviviaiiiieiieiee e 86
5.5.1 Stage II: AFSA Boundary CUTVES...........c.ccocueviaoiaiiiieeiieeee e 87
5.5.2 Stage III: Convolution of Boundary CUrves..............cccceeeeeecnencenicnccannnnn. 90
5.5.3 Stage 1V: Determination of the Optimal Values...............cccccocvcereiacinceennnnn. 90
5.6 SIMULATION RESULTS ....cutiiiiiiieiieieeiceie sttt ettt e e s st saeene s e 94



5.7 (006) (@3 51611 (0) IS TETE RO RRRRR 97

CHAPTER 6 DECENTRALIZED MAS SCHEME IN MULTIPLE DISTRIBUTED GRID-
INTERACTIVE SMART INVERTERS 98
6.1 INTRODUCTION ....oouiiiiiiiieieiie ettt et et et ste et ene e s st saeebe et eeneeanesanenreennees 98
6.2 MULTI-DG ACTIVE DISTRIBUTION NETWORK .....c.utetieurinireniienieeieenenreneeenseenneennenns 100

6.3 PROPOSED DECENTRALIZED MAXIMUM FLEXIBLE ASYMMETRICAL SUPPORT

TRACKING SCHEME .....cottiiiiiieiieiitesitesite st ettt et ettestee bt e bt esteestesaeesaeesbeenseeneeeneeens 102
6.4 IDENTIFIED CONSTRAINTS FOR MSPT METHOD .....c.eoiiiiieiieienieeie e 105
6.4.1 Active Power Oscillation Limit (POL) CORStraint...............cccoecevevevvennnnne. 106
6.4.2 Peak-Current Limitation (PCL) CONSIFQINE ........c...ccveeeeeecireaeieeiieaieeannens 108
6.4.3 Allowable Flexible Voltage SUpport Areas .............c..cccoceevircinicnccnenceenenn. 109
6.4.1 SImPLified MSPT ...........o.ovoooooeoeeeeeeoeeeeeeeeeeeeeeeeeeeeeeeeeeee . 110
6.5 PROPOSED STRATEGIES TO DETERMINE MAXIMUM SUPPORT POINTS BY DSPM......111
6.5.1 MSPT with Flexible Ratio between Positive- and Negative-Sequences (FRPN)
W12
6.5.2 MSPT with Bounded Autonomous Moving Points (BAMP) Approach........ 112
6.6 SIMULATION RESULTS ....cuttiitieiieetiesttenteet ettt sttt ettt sb e bbb s s e 114
6.6.1 Test Case A: Conventional vs Proposed. ...............c.cccoeeeueiviueaceeiiieanneeannens 114
6.6.2 Test Case B: Proposed Scheme under Severe Conditions........................... 118
6.7 CONCLUSION ....outiiieiieiteieeteete et siee st et et eateeesesaseste e bee st esneeasesanesaeesaeenseenneennenas 120
CHAPTER 7 CONCLUSION AND FUTURE WORK 122
7.1 THESIS ACHIEVEMENTS ......utiuttiuitiiteittenttenttettenteeeteettesteenbeenseenseessessaesaeesaeenseeneeenseans 122
7.2 FUTURE WORKS. ..ottt ettt sttt ettt et et e bt ettt seeenbeeneeeneeeas 124
7.3 EXPECTED SIGNIFICANCE .....outiitietteteeiesitesetenttenteenteestesaeesseenbeenseesaesaeeseeesseenaeenseans 125
200 000 20 000 1 126

xi



List of Acronyms

AC Alternating Current

ART Asymmetric Ride-Through

DC Direct Current

DG Distributed Generation

DMAS Decentralized MAS

DOS Duration of Support

GSI Grid-interactive Smart Inverter

HVDC High-Voltage Direct-Current

LVRT Low-Voltage Ride Through

MAS Maximum Asymmetric Support

MSI Mixed Sequence Injection

PCC Point of Common Coupling

PCL Peak Current Limitation

PLL Phase-Locked Loop

PMAS Parallel MAS

PNVR Positive- and Negative-Sequence Voltage Regulation
POL Power Oscillation Limit

RCI Reactive Current Injection

NRPR Negative Reactive vs. Positive Reactive
ZCVS Zero-sequence Compensated Voltage Support

xii



List of Symbols

A.  Superscripts

+

*

Positive sequence components
Negative sequence components
Variable reference value

Oscillatory terms

B.  Subscripts

p
q

Active Power Component

Reactive Power Component

C. Variables and parameters

lg

wo
K;
K,y

Grid currents

Inverter currents

Voltage at the PCC

Reference active power of inverter
Reference reactive power of inverter
Grid voltage

Capacitance of the ac filter
Equivalent grid resistance
Equivalent grid inductance
Equivalent grid reactance

Grid angular frequency.

Integrator gain of the current controller compensator of inverter

Proportional gain of the current controller compensator of inverter

Kiprr Integrator gain of the PLL

K, p Proportional gain of the PLL

xiii



Chapter 1

Introduction

1.1 Background

In the past decade, driven by the worldwide concerns about the harmful foot-prints
of the fossil fuels along with the economic and political concerns, integration of
renewable energy resources, such as wind turbines and photovoltaic arrays,
combined with energy storage systems, into power systems has attracted increasing
attention as a vital solution. In 2015, the International Energy Agency has reported
that the energy sector contributes to almost two-thirds of all anthropogenic
greenhouse gas emission due to the use of fossil fuels [1]. Thanks to development
in power electronic technologies, large integration of renewable energies has been
possible by utilizing popular voltage source converters in various applications.
According to German and Danish Energy Agencies, the share of renewable energy
will be increased to almost 35% by 2020 in these countries, and the long-term goal
is to achieve 80% and 100% renewable energy share in the electricity sector,
respectively, in Germany [2] and Denmark [3] by 2050. Some other indicators that
show the rapid evolution in energy systems are more than 400 microgrid projects [4]
and more than 70 large high-voltage direct-current (HVDC) projects worldwide [5].
Thus, the power electronic converters play a more crucial role than ever before in
smooth transition from conventional synchronous-generator-based power systems
(fuel dominant) to future converter-based highly-integrated energy systems

(renewable dominant).



Conventional fossil-fuel-based power plants have large synchronous
generators, capable of supporting the grid by several important ancillary services,
such as providing a large amount of fault current which is of great importance to
support grid voltage and activate protective relays. In contrast, emerging converter-
interfaced power units, such as different types of renewable-based distributed
generation (DG) units as well as grid-interactive microgrids and HVDC systems,
have several challenges in supporting the grid stability. For example, converter-
interfaced DG units can typically provide only 1-2 pu fault current depending on
their semiconductor capabilities [6]. In addition, the control systems of converter-
based units are sensitive to grid voltage deviations and thus increasing requirements
have been imposed by transmission system operators for low-voltage ride-through
(LVRT) and voltage support capabilities [ 7], [ 16], [41]-[42]. Numerous projects are
consequently conducted worldwide to tackle the corresponding reliability and
stability challenges in the coming power system era. “MIGRATE” project under
the European Union framework [8], “Synchronous Condensers Application in Low
Inertia Systems” in Denmark [9], and the “ProSmart” project in Norway [10] are
just few examples of the extensive effort to address the grid reliability and stability

concerns in future highly-integrated and low-inertia power systems.

During unbalanced conditions, the operation of converter-interfaced units is
prone to even more undesirable functions, such as distortions on the output current
and oscillations on the dc-link voltage and output power. These adverse situations
can severely harm the operation of a power system and, if notmanaged properly,
cause a cascading failure. A variety of control techniques, which are mainly based
on the symmetric sequences, have thus been proposed to ride through gridfaults by
converter-interfaced units [11]-[16]. However, there are still different challenges
remained which need further research and development such as improved operation
of individual units and smart coordination between multiple units under the grid

faults.

Grid-interactive smart inverters (GSIs) are becoming very popular both in
research [66]-[68] and industry [69]-[70] which encorpoate smart functionalities

inside the grid-tied converters. These grid-tied converters are widely used for
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integrating modern power units such as different types of renewable energies,
energy storage systems, electric vehicles, solar roofs, DG units, hybrid microgrids,
and HVDC systems [17]-[21]. Smart inverter functionalities refer to fast and
reliable response of GSIs to grid abnormalities such as LVRT, voltage support,
frequency ride-through, volt/var or volt/watt control, off-unity power factor,
dynamic reactive current injection, etc. [66]-[70]. These functionalities can be
achieved by central networked supervisory systems or advanced embedded control
techniques. Expected high integration of smart inverters inside future energy
systems brings unprecedented opportunities for optimized operation of energy
systems and booming growth for clean technologies. Therefore, this research
project focuses on proposing advanced control techniques for optimal operation of

GSI units under asymmetric grid conditions.

1.2 State-of-the-Art

For a decade, the proper operation of converter-based units under the grid faults,
also known as the LVRT capabilities, is one of the hottest area in the literature
among the power system studies. Numerous efforts have thus been carried out for
improving the LVRT capabilities in converter-interfaced DG units [22]-[59],
doubly-fed induction generators [60]-[62], and HVDC transmission systems [63]-
[64]. The studies of the LVRT capabilities in the converter-interfaced DG units
have mainly focused on the following five areas:

= quality of the injected current [11]-[16],

= reduction of oscillations on dc-link voltage and output active power [22]-

[25],

= flexible oscillations on the output active and reactive powers [26]-[27],

= point of common coupling (PCC) voltage support schemes [26]-[53], and

= maximum allowable support to the grid [42], [51], [54].

Here, the recent accomplishments in each category are briefly discussed in
order to give a glimpse into the state-of-the-art. The most recent work on the quality

of the injected current under unbalanced grid faults [11] presents a model-based



control design to improve the dynamic performance of the grid-connected

converters and enhance the fault current transients.

Reference [13] proposes a series of control strategies and corresponding
circuit configurations which utilize the zero sequence components to enhance the
power controllability and eliminate active power oscillations. For the flexible
control of oscillations on the output active and reactive powers, different strategies
based on symmetric-sequence components are proposed in [27], yielding an
adaptive controllability that can manage multiple objectives and constraints. It is
shown that active and reactive power oscillations can be independently regulated
with two individually adaptable parameters. In a range of variation for these
parameters, the amplitudes of oscillating power can be also slightly controlled, as
well as the peak values of the output currents. For instance, the oscillating active
power can be limited below a certain amount while the output currents are

controlled to be as balanced as possible.

In the available literature, the voltage support schemes, by converter-
interfaced DG units under unbalanced grid conditions, can be themselves
categorized based on the following notions:

= voltage support based on the grid code requirements [36]-[40]

= voltage support based on the maximum allowable reactive power delivery
[41]-[42]

= flexible voltage support based on the positive and negative sequence
compensation [27], [43]-[45]

= phase voltage regulation by positive and negative sequence compensation
[46]-[51]

= phase voltage regulation by positive, negative and zero-sequence

compensation [52]-[53].

In [36]-[40], for supporting the PCC voltage under unbalanced grid faults, the
idea is to follow the imposed rule by German E.ON grid code [65], requiring the
reactive current injection proportional to the balanced voltage depth. This is a

primitive solution because it over-simplifies the problem and does not consider



unbalanced fault characteristics and other parameters, such as grid impedance and
over-voltage issues in unfaulty phases. In [42], it is proposed to utilize the entire
available capacity of the converter to inject the reactive current for supporting the
PCC voltage. This strategy also suffers from similar problems. However, the idea
of the German grid code for balanced faults has been extended in [44] to consider
unbalanced faults by proposing simultaneous positive and negative reactive current
injection, respectively, proportional to the depth of the positive voltage component
and raise of the negative voltage sequence. Although the strategies in this category
(i.e., flexible positive and negative voltage support strategies [43]-[45]) aims to
consider unbalance factor, they still lack taking into account grid impedance and
over-voltages on unfaulty phases. To address these problems, the methods proposed
in [46]-[51] shift the view toward regulating the phase voltages within the pre-set
boundaries by positive and negative sequence control. These methods are revised
in [52]-[53] to improve their accuracy by considering the zero-sequence
compensation. Reference [53] presents the positive-, negative-, and zero-sequence
voltage and current control schemes, with dynamically varying limits, in dg-frame
for the converter-based DG units in order to compensate voltage unbalance in a

microgrid.

References [42] and [55] overview the conventional reference current generation
strategies and propose analytical approaches to provide their maximum allowable
support capabilities considering the limitation on the peak value of the three-phase

currents.

1.3 Motivations and Objectives

Motivated by the aforementioned concerns, this research project focuses on
proposing new solutions for improved performance of grid-connected smart
inverters under unbalanced grid conditions and asymmetric short-term faults. In this

regard, the followings are the main objectives of this research project.

First stage:



comparative studies of the available control strategies under

unbalanced conditions for evaluating their supporting capability,

proposing maximum asymmetric support scheme based on the

analytical studies,

proposing a novel reference current generation scheme aiming to
minimize the power oscillations and maximize the average active or

reactive power delivery, considering the phase current limits,

proposing a control technique to minimize the fault current with the

existing set-points for the output active and reactive powers.

Second stage:

proposing the comprehensive asymmetric ride-through (ART)

regulation scheme,

enforcing large DGs to properly regulate the phase voltages within the

pre-set dynamic limits under short-term asymmetric low voltages,

proposing an advanced dynamic voltage regulation method to

accurately address the ART specifications.

Third stage:

proposing a novel voltage support scheme with improved accuracy in
regulating the phase voltages at the PCC within the pre-set safety limits,

by considering the zero-sequence voltage component,

considering the output active power in the improved asymmetrical
voltage support and being adaptive to complex grid impedance (i.e.

with resistive and inductive parts),

augmenting the limited active power oscillation strategy to the
proposed voltage support scheme, which provides an adjustable dc-link
voltage oscillation setting while simultaneously supporting the host ac

grid, even under severe unbalanced faults,



augmenting the maximum active power delivery strategy to the
proposed voltage support scheme to enable it with the maximum

asymmetric support (MAS) capability.

Fourth stage:

coordinating the maximum flexible asymmetrical voltage support and

ride-through capability of parallel-operated multi inverter structure,

maximizing the collective dynamic contribution of parallel-operated
multi inverter structure in boosting the voltage and reducing the

imbalance subject to the constraints of the plant and host system,

keeping the active power injection of each unit intact during the support
which leads to power/cost saving in the plant operation as well as host

system stability enhancement.

Fifth stage:

decentralized maximum flexible asymmetrical voltage support tracking
in distributed multi inverter structure that does not need communication

and central control unit,

keeping the active power injection of each distributed unit intact during

the support,

introducing new concepts such allowable flexible support areas and
support points trajectories represented in the negative-reactive-current

VS. positive-reactive-current plane.

1.4 Thesis Outline

The thesis is organized as follows (the contributions of each chapter are briefly

presented here):



Chapter 2: Maximum Asymmetric Support (MAS) in A Grid-Interactive

Smart Inverter

This chapter presents a novel reference current generation scheme with the
ability to support the grid voltage by injecting optimal sets of positive/negative
active/reactive currents. Analytical expressions are proposed in order to find the
optimal values of the controlling parameters under any unbalanced grid voltage
condition. The optimal performances can be obtained by achieving the following
objectives: (1) compliance with the phase voltage limits, (2) maximized active and
reactive power delivery, (3) minimized fault currents, and (4) reduced oscillations
on the active and reactive powers. These optimal behaviors bring significant
advantages to emerging GSIs, such as increasing the efficiency, lowering DC-link

ripples, improving AC system stability, and avoiding equipment tripping.
Chapter 3: Asymmetric Ride-Through (ART) Guidelines

This chapter highlights the necessity of supporting the connection voltage by
large DG units under short-term unbalanced voltage sags. To address this, a new
regulation scheme, named ART scheme, is proposed. The proposed scheme
enforces DG units to properly regulate the voltage within the dynamic limits for
three important voltage parameters: positive-sequence, negative-sequence, and
phase voltage magnitude. The main advantages of applying the ART scheme are
avoiding unnecessary outages due to temporary unbalanced faults and enhancing
the grid stability. As the second contribution, a dynamic voltage regulation method
is also proposed to accurately address the specifications determined in the ART

scheme.

Chapter 4: Advanced Asymmetric Voltage Regulation and MAS Scheme in

A Single Grid-Interactive Smart Inverter

This chapter proposes an advanced voltage support scheme in a GSI, to
accurately regulate the three-phase voltages of the connection point. The proposed
scheme not only compensates the zero-sequence component but also considers the
active power injection. Unlike the conventional methods, the proposed support

method is adapted even in resistive distribution systems. Moreover, the adjustable



limited active power oscillation strategy is added to the proposed method. This
feature limits the oscillation to a specified value which provides an adjustable DC-
voltage oscillation setting while simultaneously supporting the AC host grid, even
under severe unbalanced faults. Third, the MAS equations are formulated for the

new method.

Chapter 5: Parallel MAS Scheme in Multiple Parallel-Operated Grid-

Interactive Smart Inverters

The analyses in this chapter show that the MAS techniques presented in the
previous chapters are not sufficient to provide the overall optimal asymmetric
support of the parallel-operated multi-inverter system. This paper thus proposes a
new methodology to: (1) coordinate the asymmetrical ride-through and voltage
support capabilities of different parallel-operated GSI units, (2) maximize the
utilization of each unit and their overall collective contribution in boosting the
positive-sequence voltage and reduction of the negative-sequence voltage subject
to the constraints from both DG and grid points of views. The simulation tests on a
parallel multi-inverter structure, i.e., the ABB 2.0 MVA central inverters, illustrate

the promising results of the proposed algorithms.

Chapter 6: Decentralized MAS Scheme in Multiple Distributed Grid-

Interactive Smart Inverters

This chapter proposes a comprehensive autonomous coordination control
scheme to achieve cooperative asymmetric low-voltage ride-through and grid
support by multiple distributed GSI units in an active distribution network. In
addition to the decentralized nature of the proposed coordination scheme, it
provides three important features: 1) a maximized flexible asymmetrical voltage
support that does not affect the active power injection of individual units at the time
of the support, 2) maximum support point tracking of each unit considering current,
voltage, and power constraints, and 3) wise dynamic support points movement. The
proposed scheme is examined in a practical test system, adapted from Hydro One

27 kV medium-voltage active distribution network in Ontario, Canada. Test results



demonstrate significant improvements obtained from the proposed methodologies

compared to the conventional techniques.

1.5 Summary of the Key Contributions

The contributions of this thesis to the research field can be summarized as follows:

1) The MAS scheme is proposed by advanced control techniques with multi-
objective optimization in a single inverter structure. The proposed MAS

scheme has three fundamental criteria:

a. The asymmetric voltage is flexibly supported in positive and

negative sequences.

b. The flexible voltage support has minimal impact on the output

power (e.g., average value and oscillation amount).

c. The peak current limitation of the power electronic switches is

respected.

2) The ART regulation guidelines are proposed enforcing large DGs to
properly regulate the phase voltages within the pre-set dynamic limits
under short-term asymmetric low voltages. Further, an advanced dynamic
voltage regulation method is also suggested to accurately address the

ART specifications.

3) Unique MAS techniques are proposed for multiple GSI units in the
parallel structure which enables the maximum collaboration between the
units in flexible and optimized asymmetric voltage support. This method

is called parallel MAS (PMAS) technique.

4) Another unique MAS scheme is proposed for the autonomous
coordination control of multiple GSI units in the distributed structure.
This scheme is named decentralized MAS (DMAS). While achieving a
superior coordination between the MAS performance of each GSI, the
DMAS eliminates the dependency of the control system to

communication infrastructure.
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Chapter 2

Maximum Asymmetric Support (MAS) in

A Grid-Interactive Smart Inverter

2.1 Introduction

Recently, riding through grid faults and supporting the grid under abnormal
conditions by grid-interactive smart inverters (GSIs) have become increasingly
attractive. This chapter presents a set of optimized reference current generation
strategies with the ability to support the grid voltage by injecting a proper

combination of positive/negative and active/reactive current components.

As the main contribution, this chapter utilizes a new control scheme with
analytical expressions capable of finding the optimal values for four control
parameters under any unbalanced grid voltage condition to achieve the following

objectives:
¢ minimized oscillations on the active and reactive powers,
e boosted and semi-balanced phase voltages of the PCC,
e minimized inverter fault current, and
e maximized active and reactive power delivery.

To fully accomplish these objectives, the expressions of the boosted phase

voltages, maximum oscillations on instantaneous active/reactive powers, and the

11



maximum phase currents under the unbalanced conditions must be found.
Maximum allowable support scheme is also proposed to obtain the maximum
allowable active or reactive powers which the inverter can deliver to the grid under
unbalanced conditions (to support either the grid voltage or the grid frequency)
without exceeding the phase current limit, Z;mi;. The mathematical equations of the
control schemes under various conditions (i.e., various voltage dip characteristics,
several system parameters, different operating points, etc.) are obtained and
presented in the coming sections. Different simulation and experimental test cases

are used to verify the accuracy and effectiveness of the proposed control schemes.

2.2 System Description

In this chapter, the flexible reference current generation strategy is initially
presented for the GSI system, shown in Fig 2.1. Then, it will be utilized to build
different control techniques. This flexible reference current generation strategy can
flexibly contain positive/negative and active/reactive current components, offering
valuable voltage support services with two controlling parameters, &, and kg, as well
as set points for the average active and reactive powers, P"and Q°. The total

reference current can be formulated by using four components as

i =i A A

P *
=k vi=Kv', =KV 2.1).
PR Doyt T D
.t Q* + +. .+ .— Q - -
i, =k, ) vi=Kyv, i,=(01- k)(V 7 =K,v,

Also, the voltage under single-phase unbalanced condition can be simplified as [42]
v [V cos (of) _ |V V™ cos (wt)
v = = . v = =
vi | |V sin(ot) Vg V™ sin (wt) 2.2)

o Vig B —V* sin (wt) I Via |-V sin (@)
1 = - > 1 = _ -
VI/;_ V" cos (wt) Vig —V~ cos (wt)
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Figure 2.1 Circuit topology of the grid-interactive inverter.

In this section, the equations of oscillatory terms on active and reactive
powers ( p,. andg_ ) are obtained from reference current of Eq (2.1). The detailed

derivation of the instantaneous active/reactive power is provided in Eq (2.3).
p=v.i=" +v ).(i"+i)=v.i +v.i +v.i +v.i

P p
=P-| Px(1=k,)/n+Pxk,xn|cos Qo 1)~ Ox(1-k,)/n—Qxk, xn]sin 2w1)
g=v,.i= +v).("+i)=v..i"+v..i +vi.i +v..i'=0+G,+q,,

0 q
=0+ Px(1-k,)/n—Pxk,xn|sin Qwt)~| Ox(1-k,)/n+Qxk,xn|cos 2w 1)

(2.3).
where 7 is the ratio between the negative-sequence and positive-sequence voltages.
The ability to analytically calculate the maximum power oscillations, i.e. P, and
Gimax » i terms of the scalar parameters (i.e., P, Q, kp, ky, and n) is very useful for

proper controlling of the GSIs under generic voltage condition. Therefore, the

expressions of P, andqy,, is obtained as

b= \/P2 [kne—k ) T+ 0 [kn—(-k)n |

G = \/QZ [kt (k) n | + P [hn—(—k)n | (2.4).

In this chapter, these equations are used to minimize the oscillations on active

and reactive powers. By applying Eq (2.2) in (2.1), the injected current under the

fault can be rewritten in the af frame:
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. —+ — + —
{la:|: lpaa " ZP,a + Zq,a + lq,a _
+ — o+ —
pl U'vB] Ya.Bl ['a.8
+1+ —1— +1+ 1= | (2.5)
B [KPV -K,V }cos(a)t)—[KqV +K,V }sm(a)t)
K5V K Jsin(on) +| KV* K V™ |cos(an)

The af currents of Eq (2.5) are transformed into the abc currents by the
transformation matrix. Therefore, the maximum currents in each phase can be

obtained as

2 2
max—a (Kl) + (KZ)
2 2 2
Thax—b | = (—%Kﬁrglﬂt) +(%K2+§K3) , where

12

2
o) |- ik
K=KV =KV~ z%((n+l)kp ~1)

K=KV +K, V™ =%((n ~1)k, +1)

Ky=K V" +K, V™ =V—P_((n—l)kp +1)
(2.6).

Ky=KJV =KV~ =%((n+1)kq -1)

2.3 Proposed Multi-Objectively Optimized Control

Strategies

In this section, five strategies are initially proposed:
1) minimized active power oscillation,

2) minimized reactive power oscillation,

3) minimized fault current,

4) maximum allowable active power injection, and

5) maximum allowable reactive power injection.
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It is suggested that some of these objectives can be combined to
simultaneously benefit their advantages. In the next section, an advanced strategy
will be also proposed which not only provides the maximum allowable active power

injection but also aims to regulate the phase voltages within the desired limits.

2.3.1 Minimum Oscillation on the Active and Reactive Powers

By taking the derivative of Eq (2.3) in terms of %, and k;, and finding the extreme
point by enforcing the derivatives to be zero, the following expression can be easily
obtained for the minimum oscillations on the instantaneous active and reactive
powers:

k,=1/(1-n)
Da 1S Minimum when

b

k, :1/(1+n2)

4. s minimum when (2.7).
These strategies are called minimum oscillation on the active (or MOP) and
reactive (or MOQ) powers. For an efficient power delivery, the &, and &, values are
set to be only between 0 and 1 [13], [49]. Since Eq (2.7) gives a k, (or k) value
greater than 1, it can be changed to k,=1. In this case, only positive sequence active
currents will be injected while the reactive currents will contain both positive and
negative components based on 1/(1+#n°). However, k, (or k,) can be set to be 1/(1-
n’) in certain applications when minimizing the active (or reactive) power
oscillations is critical. To improve the MOP strategy, P* or Q" can be obtained by
using the proposed MAP or MAQ expressions, presented in next sections,
respectively. Therefore, the objectives of both strategies, e.g., MOP and MAQ, can
be simultaneously accomplished. Similarly, MOQ can be also combined with MAP

strategies in order to achieve double objectives.
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2.3.2 Minimum Fault Current (MFC) Strategy

To obtain the minimum fault currents, Eq (2.6) should be considered. According to
Eq (2.6), the maximum phase current can be one of the three expressions. For the
proposed MFC scheme, the reference values for the active and reactive powers can
be determined from the operating mode controllers (either PV or PQ modes) or
from the grid code requirements. Also, the value of k; can be obtained from the
voltage support scheme introduced in the next section. Therefore, the minimum
point of each expression of Eq (2.6) should be obtained by taking their derivatives

with respect to kp:

1 Px(2—n)+\3n0x(2k, 1)
Lamin = Kpa = n+l’ Tomin = pp = 2Px(n® —n+1)
(2.8).
Px(2-n)—3n0x (2k, —1)
Lo min = kp,c =

2Px(n* —n+1)

However, only Eq (2.8) cannot fully ensure that the obtained k, will always
minimize Inex in Eq (2.6) because these equations minimize only their
corresponding currents, i.€., Lnax-a, Imax-b, and Inax-c. Therefore, it is suggested in this
chapter that, in addition to the three k,s obtained in Eq (2.8), three other k,s should
be also considered to find the optimum value, kpop:. Two of these k,s are the
intersections of the magnitude curve of /,(k,) with the magnitude curves of Ix(kp)
and I.(k,). Therefore, the equations of I, and I, as well as [, and /. are taken to be

equal in order to find ks and kp,qc, respectively.

a=3nP?
b==3nP* +~/3nPQ(2k, 1)
2
¢ =3nk, 0 (1-k,)—~3nPOk,

—b+~\b* —4ac
L,(ky)=1y(k,) = k —_—

piab = 2a
(2.9).
a=3nP?
b=-3nP* —\[3nPQ(2k, —1)
¢ =3nk,0*(1—k,) +~/3nPQk,

—b+\b* —4ac
L, (k,)=1.(k,) = kjp="—""F"T—"—

p,ac 2a

Since £k, is bounded to 1, kp, /=1 should be also considered in order to find the

minimum phase currents and optimal %, value, 1.e. Lnax,op: and ky, op. Therefore, the
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three phase currents are calculated for six possible ks in order to find the minimum
Inax. This chapter suggests that the & ops, can be calculated under any operating and

fault condition for any P, O, V', and V" values.

2.3.3 Maximum Allowable Active and Reactive Powers Strategies

Applying the maximum allowable active power (MAP) strategy provides the
maximum active power to the grid for assisting the frequency stability while
simultaneously respects the phase current limits. The required equations of Puup
should be obtained such that they guarantee none of the phase currents under the
abnormal condition passes the pre-set limits, /q.. In this strategy, the reference
value for Q is determined either by the V-Q droop control or grid code
requirements. By using the /.. equations of Eq (2.6), three possible active power

values can be obtained as

— 2 2
V \llmax _K2

kpn+kp -1

P |= (—b+\/b2 —4ac)/2a ,  where
P
3 (b+\/b2—4ac)/2a

a=i_(kp(n—l)+1)2+i_(kp(n+1)—1)2
14 14

b:2\/5[%(1%(11+1)—1)—%(kp(n—l)+l)} (2.10).
c=K3 +3KZ 41>

max

In order to have all of the three-phase currents of Eq (2.6) lower than the pre-set

Inax value, Py ap should comply with Pj,p =min(B ,P, P, ).

Similarly, the maximum allowable reactive power (i.e. MAQ strategy) aims
to provide reference value of Q40 such that all phase currents remain bounded

with the current limit. The reference value of P is determined by other controllers
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in the GSI (e.g., by maximum power point tracking), and the Q4o expressions can

be obtained by using the /..« equations of Eq (2.6):

- 2 2
V \l]max _Kl

O, |= (—b+\/b2—4ac)/2a , where
s (b+\jb2—4ac)/2a

a=i_(kq(n+1)—1)2+i_(kq(n—1)+1)2
14 14
b=2\6[K—f(kq(n—1)+1)—£i(kq(n+1)—1)} 2.11).
14 14

c=K{ +3K3 —412

max

To satisfy min (Ju,lp,lc) < Inax, Qyaq can be obtained as 0, =min(Q, ,0,.0;).

2.4 Voltage Support Strategy

Supporting the PCC voltage by using DG units is another objective proposed in this
chapter. If the DG plant rated power and the grid impedance are not small, then,
under the moderate sags, the three-phase voltages can be regulated at the desired
range between Vi, and Viyax. In [49], the proposed scheme has been applied only
in the STATCOM application, where the reference current contains only the
reactive components. The principal objective in the voltage support is to avoid the
over-voltage and under-voltage at the PCC whenever possible. However, a proper
solution can be found in this range in order to satisfy other objectives as well.
Unlike [49], this chapter considers the active components of the current. The PCC
voltage support strategy (VSS) can be extracted as a function of the grid voltage

and the injected positive and negative currents:
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. d(la-i-la) R (i
{v++v] Voo Ve t gd—+ g(la-i-la)
+ = aa t
v=v +v =

Vg +Vg ) d(z’; +i§) 212)
_vg+ﬁ +Vgp+ L, T+Rg (z; +i5)_
Applying Eq (2.6) and (2.2) in (2.12) gives the following:
(V+ —V_)cos(wt) (Vg+ —Vg_)cos(a)t—5)
(V+ +V_)sin(a)t) ) (Vg+ +Vg_)sin(a)t—5)
(2.13).

a)Lg(—Kl sin(ot)+ K, cos(a)t)) ) R, (Kl cos(or)+K, sin(a)t))
oL, (—K3 sin (1) +K, cos(a)t)) R, (K3 cos(or)+ K, sin(a)t))

In practical applications, 9 is small and can be neglected for the simplicity in
the analytical solution. Then, the positive and negative components of (2.13) can

be separated as

+ + +
!V+} i) ferety ][R o1
vV el | | R

The maximum and minimum phase voltages can be determined simply by

Vo .. =min(V,,V, V)= \/(V+)2 +(V")2 +2(V) (V) A
, Where
Vi e =mx(V ) =1+ (7 2(7) (V) A

A = min(cos(;/) , cos(}f —27”)5005(7 2T”))v

+
2.15).
A = max(cos(j/),cos(y/—%”),cos(y+27”))

Then the reference values for the maximum and minimum phase voltages can

be determined so that the phase voltages are regulated within the explained

thresholds. The reference values for V' and V* can be calculated as
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DV = AV \/(/1 V=2l ) (V2 V)

v Zf _ | ZmaxPmin ™ #imin” max max” min ~ “min” max
A=A
2w =) (2.16).
- ﬂ’max me - ﬂ’mm Vmax \/( ﬂ’max len - ﬂ“mln Vmax ) (I/nfm - Vniax )2
me ) (ﬂ’max - ﬂ”min )

By using Eq (2.16), the reference values for the desired positive and negative
sequences of the voltage are obtained. Then, V" and V" in (2.14) are replaced with
the reference values obtained from (2.16). Moreover, positive and negative
sequences of the grid voltage can be estimated from the PCC measurements.

Therefore, (2.14) can be rewritten as

£ _ - _
Ip—X2+R2><AVef, ] —X2+R2><AV
¥ 2.17).
+ + - -
d :X2+R2XAVref’ Iy _X2+R2XAVf

+ _ = _ +
L=1,=0. Ij=—J", (2.18).

2.5 Maximum Asymmetric Support (MAS) Scheme

This thesis proposes a new supportive scheme under unbalanced grid conditions
which combines the control strategies introduced in the previous sections. This
scheme is named maximum asymmetric support (MAS) and denotes a set of
strategies that empowers GSIs to flexibly support the asymmetric voltage up to their
maximum capability, e.g., supporting both positive- and negative-sequence
voltages by a GSI while retaining its maximum power delivery capability with

respect to its peak-current limitation.

A simple example of the MAS scheme can be the combination of the
proposed VSS and MAP strategies in the previous sections. Hence, the objectives

of both strategies are simultaneously accomplished:
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1) regulating the phase voltages within the pre-specified boundaries,

2) injecting the maximum active power, and

3) respecting the pre-defined current limit, Zyax.

If the X/R ratio of the system is high, the active current components of Eq
(2.17), i.e., I,and I,, do not contribute significantly in regulating the voltage.

Consequently, the voltage support should be completely accomplished by the
reactive currents, and the active current components can be used to inject the

maximum allowable active power with respect to the current limitation.

2.6 Simulation Results

Fig 2.1 illustrates the circuit topology of a GSI-interfaced DG unit (210 kVA, 690
V, and 60 Hz). A dc power supply can be used to emulate the renewable energy
resources and storage in the dc-link [13], [49]. A type B fault (phase A to ground)
occurs with a significant voltage dip on phase 4 as indicated in Fig 2.2(a). System

parameters are reported in Table 2.1.

TABLE 2.1 Simulation Test System Parameters

Zg(mQ)  T+2nf*x90e-3  Vpc (V) 1200
Z (mQ) 1 Vi rus (V) 690
Zr(mQ) 0.8 f (Hz) 60
Lrare (A) 200 S (kVA) 210
Kp-cc 0.05 Ki-cc 1
Kp-pll 180 Ki-pll 3200
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2.6.2 Test Case A: Performance Evaluation of MOP and MOQ

Strategies

In normal operation, k, and &, both are set to be 1, and consequently, pure positive
sequence current injection is applied. Between #=0.3s and #,=0.6s, a moderate
voltage dip happens where 7, = 0.5 pu., and a solid one-phase fault is emulated
after 1,=0.6s. Here, P and Q are set to be 100 kW and 30 kVAR. k, and k; are
obtained according to Eq (2.7). According to 0, the oscillations on the active and
reactive powers are eliminated after applying the MOP and MOQ strategies,

respectively.

Voce V)

3
et
=
= etz paanenae ASERASSRLANCERNRTRRRY
?- f — *.--.-'.'u.-'-'f.'.-;1'.'-\_-;"--:';;;%'
X 100 MoQ
0.2 0.3 0.4 0.5

Figure 2.2 Simulation results of MOP and MOQ Strategies: (a) PCC voltage, and (b)
active/reactive powers.

2.6.3 Test Case B: Performance Evaluation of VSS-MAP Strategy

This test case shows the performance of the proposed VSS-MAP strategy. Four
different voltage sags occur for one phase of the grid voltage in /=0.1, 0.25, 0.4,
0.55 s, respectively. To clearly illustrate the performance of the proposed VSS
method, a 0.05 delay is considered after all the fault occurrences in order to compare
the results before and after applying the VSS strategy. Fig 2.3 shows that by
applying this strategy, all three phases are regulated in the desired range of V7,i»—=0.9
pu and Viua=1.1 pu. In £=0.4 s, the voltage sag in phase A is 0.25pu (0.15 pu below
Vmin), so boosting V, with 0.15 pu by using only the positive reactive current will

cause overvoltage in the other two phases. In order to tackle overvoltage in the other
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two phases, the proposed VSS strategy is applied to inject the required negative
reactive current as well as the positive reactive current (see Fig 2.3(b)). In addition
to showing the applied VSS strategy, Fig 2.3 demonstrates that the MAP strategy
has also determined the maximum active power where the three phase currents are
under the pre-set limitation, i.e., 7,&x=200 A. Therefore, the objectives of both
strategies are simultaneously accomplished in this test case: (i) the phase voltages
have been regulated within the pre-specified boundaries, (i7) the maximum active
power has been injected to support the grid, and (ii7) all three-phase currents are

limited to the pre-specified current limitation, Jnax.

s
< e (a)
g — ./ V4 N
g ..................................... N T
= A
S Fault A-to-G Fault | 3 A
z ) {55 m Vga= 08 pu s v‘:::-g, F: :I.: ‘?35 Adto.G Fault
Vga= 065 pu

g 200 |

. | I (b)
=150 ¥ Iq+ and Iq- obtained \

" [ p— Maximum Ip | ——

" 100 4 b b AP by VSS \ e
- R obtained by ‘ k—— I

501 / N \ —

T T\ [~ /

[=3

200

ol — A

- (©
- —lc
¢ 0 Limmited to Imax under all conditions by applying VSS-MAP
2
©
= -100 U
-200
2 00 L v FOROYPYI RO .
§ p VWY * VWWWWVWAAAAANAANY VVVVVVVVVVVVWVWVVVWV (d)
x — L ! AfAAanfAd
5'100 Maximum P obtained by MAP NNV }NV\"W \}wm‘.k
= L,k ol o Nt
3 i | |
: 0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
Time (s)

Figure 2.3 Simulation results of VSS-MAP Strategy: (a) magnitude of phase voltages, (b)
positive/negative and active/reactive components of currents, (c) phase currents, and (d)
active/reactive powers.

2.7 Experimental Results

To verify the analytical expressions, the experimental test system, shown in Fig 2.4,

is also employed. This system contains a voltage source converter connected to the
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grid and operated in the PQ mode. A Semistack intelligent power module consisting
of gate drives and six insulated gate bipolar transistors (IGBTs) is used to
implement the GSI. The switching frequency is 10 kHz. The converter is interfaced
to a dSPACE1104 control card via a CMOS/TTL interfacing circuit. The converter
is connected to a 60-Hz, 110-V (phase-voltage) three-phase grid via a three-phase
transformer. Other parameters are reported in [51]. The proposed schemes are

implemented on the dSPACE for switching-signal generation.

Figure 2.4 Experimental test setup.

2.7.2 Experimental Test Case A: MFC Strategy

This test case shows the results of the MFC strategy. In this case, P=100 W and
O=175 VAr are injected by the GSI. Again, a similar phase-to-ground fault occurs
at 1=2.6 s. In this test case, k, is taken to be 0.8 after the fault occurrence. After it,
the phase currents increase up to 9.5 A. At =11 s, the MFC strategy is activated.
The activation changes the value of the 4, from 1 to 0.79 in order to minimize the
maximum phase current. Using the MFC strategy, the optimum 4, value is obtained
by having three known parameters (i.e., P=100 W, O=175 VAr, and k,=0.8) and
the fault characteristics. The MFC strategy reduces the phase currents to 8 A, as Fig
2.5(b) illustrates.
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2.7.3 Experimental Test Case B: MAQ Strategy

This test examines the effectiveness of the proposed MAQ. Here, P=150W is
injected. A similar phase-to-ground fault occurs in /=1.5 s. Under the fault, the
voltage profile drops from 30V to 25V (%16.6 voltage drop). At =4.3 s, the MAQ
scheme is triggered with the predefined /in:=10A, as shown in Fig 5. In practical
applications, this scheme can be triggered automatically and immediately after the
fault. However, it is configured manually in this test to show the results before and
after applying the MAQ. According to Fig 2.6 (a), the PCC voltage is increased to
29V after applying the MAQ. Also, the injected currents are limited to 10A, as
indicated in Fig 2.6(b).

40 :
M | —Vd+ —Vd-—Vg+ —Vg-|

2
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Figure 2.5 Experimental results of the MFC strategy: (a) faulted voltage, (b) currents.
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Figure 2.6 Experimental results of MAQ: (a) faulted voltage, (b) phase currents, (c) active and
reactive powers.
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Figure 2.7 Experimental results of MAP: (a) faulted voltage, (b) phase currents, (c) active and
reactive powers.
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2.7.4 Experimental Test Case B: MAP Strategy

This test case provides the grid code requirement for the Q injection during the low-
voltage and investigates the application of the MAP strategy. In this test case,
P=225W is initially injected by the GSI, as indicated in Fig 2.7(c). Similarly, a
phase-to-ground fault occurs in =2. This fault causes the PCC voltage to drop from
30V to 25V. At t=4.3s, the reactive power imposed by the grid code requirement is
injected. This injection causes the PCC voltage to increase to 26V, as shown in Fig
2.7(a). At t=8.6s, the MAP strategy is activated to inject the maximum allowable
active power with respect to lini—=10A. As shown in Fig 2.7(b), the abc currents are

limited to 10A under the unbalanced fault and after applying MAP scheme.

2.8 Conclusion

This chapter presented multi-objectively optimized reference current generation
schemes by injecting a proper set of positive/negative active/reactive currents using
four controlling parameters. Analytical expressions were proposed in order to find
the optimal values of these parameters under generic grid voltage condition. The
proposed schemes aim to regulate the three phase voltages, minimize power
oscillations, minimize fault currents, and maximize power delivery, under low
voltage and unbalanced conditions. Depending on the available controlling
parameters, two or three of these objectives can be achieved simultaneously, but
not all of them since there are only four controlling parameters. This multi-objective
optimized operation has substantial advantages in the increasing integration of
GSIs, such as improving the efficiency, lowering DC-link ripples, increasing AC
system stability, complying with stringent grid codes, and avoiding equipment
tripping. The successful results of the proposed schemes were verified using

simulation and experimental test results.
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Chapter 3

Asymmetric Ride-Through (ART)

Guidelines

3.1 Introduction

The integration of renewable energy resources and DG units is
remarkably increasing with no signs of slowing down. For more than a decade,
system operators have been updating their grid codes to address the reliability
concerns of such integrated grids [71]-[74]. First, this chapter briefly overviews the
LVRT requirements and trends in different countries [72]-[83]. Then, a new
scheme, called asymmetric ride-through (ART), is proposed in this chapter to
enhance the system reliability under the short-term unbalanced faults. The ART
scheme aims to enforce large DG units not only ride-through the asymmetrical grid
faults, but also support the grid by proper measures. Based on the proposed scheme,
DG units are required to withstand the short-term unbalanced low-voltages under
certain circumstances. In the ART scheme, specific dynamic boundaries are
developed for three voltage parameters (i.e., positive-sequence, negative-sequence,
and magnitudes of phase voltages). If a DG with a proper voltage support strategy
can meet the proposed requirements for these three voltage parameters, it will

have a successful ART performance. The proposed regulation scheme can be very
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beneficial for the growing integration of DG units as well as other converter-

interfaced units such as grid-interactive micro-grids, and HVDC systems.

In section 3.4, this chapter also overviews the voltage support strategies
(VSSs), under unbalanced conditions, presented in the recent works [36]-[53].
These strategies are categorized into four groups and briefly discussed. The
compliance of the reviewed four VSS groups [36]-[53] with the proposed
ART scheme is studied in section 3.5. Then, a new ART-adaptive voltage support
(ART-VS) method is proposed to enable DG units to meet the ART requirements.
The proposed ART-VS method has the following advantages:

1) supporting the phase voltages under any unbalanced faults to the

maximum capability of the DG,

2) preventing phase voltages from exceeding the boundaries proposed in the
ART scheme by proper combination of voltage boost and unbalance

reduction,
3) being adaptive to the dynamic ART boundaries, and
4) extending the tolerable fault time with successful ART performance.

By applying the proposed ART-VS method, phase voltages are time-
varyingly regulated inside the dynamic boundaries introduced in the ART scheme,
leading to successful ride-through. The effectiveness of the proposed ART scheme

and ART-VS control method is validated by simulation and experimental test cases.

3.2 Overview of LVRT Codes in Different Countries

In the early 2000s, the LVRT requirements were initially mandated by grid codes
of the countries with high wind penetration levels such as Germany [65], Denmark
[75], Spain [76] and other European countries [77]-[78]. Grid code development in
other parts of the world usually follows Europe. In 2011, Chinese grid
code eventually mandated wind power plants to meet a set of interconnection
standards [79]. To increase the amount of wind generation and enhance grid

performance, China currently has plans to continuously update and improve its grid
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code. In Canada, several interconnection requirements have been developed by
different transmission system operators [80]. In the United States, there are also
several regulatory institutions that study and shape national interconnection
standards, such as U.S. Federal Energy Regulatory Commission and
North American Electric Reliability Corporation. In compliance with these national
standards, regional reliability organizations have established their grid codes. Two
prominent examples are the projects conducted by Independent System Operator—
New England in 2009 [81] and the Electric Reliability Council of Texas in 2010
[82] which both have high wind installation targets for the future. As for the future,
more changes and improvements are expected for the grid codes in the

United States.

Typically, most grid codes require DG units to remain connected a minimum
of 150ms [80], during balanced and unbalanced faults. This period can,
however, vary based on the system characteristics (e.g., 400ms in Australian grid
code [72] and 625ms in Ireland grid code [78]) and different voltage sags
(e.g., 700ms in France grid code for voltage sags less than 0.5 p.u. [80]).

3.2.1 Reactive current injection (RCI)

The RCI under grid faults is another requirement identified by some grid codes to
provide the necessary support at the point of connection. In some countries, such as
Brazil with lower wind integration, the transmission system operator does not
stipulate yet the need of RCI during faults. However, system operators in some
countries (i.e., Germany [65], Denmark [75], England [77], Ireland [78], and Spain
[76]) impose RCI requirements for the large DG interconnections to support the
grid reliability under grid faults. The primary grid codes on LVRT [65], [75]-[78]
mainly focused on the interconnection requirements under balanced grid faults.
However, the most recent grid code, published in 2015 in Germany [83], has even
considered the negative-sequence current injection during unbalanced faults. In this
regard, recent studies [59], [84] have also proposed the new LVRT methods with
the negative RCI during unbalanced faults. These developments and continuous

updates in interconnection requirements and increasing demand for
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high penetration of DGs clearly show the necessity of grid codes evolution into
more effective versions. The interconnection codes in different countries should

improve to achieve two crucial objectives at the same time:

1) increasing the penetration level of clean and renewable energy resources,

and
2) enhancing the stability and reliability of the highly-integrated grid.

This chapter thus proposes an extended version of the LVRT curves for the

proper operation of DG units under short-term unbalanced grid faults.

3.2.2 Frequency Control and Active Power Restoration

Frequency and active power control, under the grid faults, refer to the ability of DG
units to regulate their power output to a defined level either by disconnecting or
proper control [80]. The grid codes of Germany, Ireland, Nordic [86], and Denmark
demand DG units to have the ability of active power curtailment. Generally, most
grid codes require high capacity DG units to provide frequency response
and contribute to the regulation of system frequency. The Irish [78] and Danish [75]
codes demand active power control according to the frequency response curves.
According to the German code [65], DG units must reduce their active power with
a gradient of 40% (of the available power) per Hz when the frequency exceeds the
value 50.2 Hz. The British code requires wind power plants to supply primary and
secondary frequency control as well as over-frequency control. The Hydro-Quebec
grid code [90] requires the wind power plants (with rated power greater than 10
MW) to have a frequency support control system. The timeframe for active power
restoration varies in different grid codes. According to British [77] and Irish
[78] codes, the active power must be rapidly restored to at least 90% of the pre-
fault available value within Is after the voltage recovery. While the German grid
code requires restoration with a rate at least equal to 20% of the nominal output
power (reaching 100% in 5s after voltage recovery) [65]. The requirement severity
on the active power restoration corresponds to the grid strength. For example, grid

codes in weak systems demand faster active power recovery to the pre-fault values
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which is crucial for their system stability. It should be noted that the contribution
of this chapter is to propose advanced RCI requirements; and the active power
restoration and frequency control are not the main scope of this chapter. Therefore,
the timeframes of the active power restoration prescribed in the existing grid codes

can also be adopted by the proposed ART scheme in this chapter.

— HBVP

%
Vlhp___‘__ ] wme [ BVP
I  —— HBVN

Figure 3.1 General schematic of the proposed ART boundary curves for the positive-
sequence, negative-sequence, and phase-voltage magnitudes at the PCC of a DG unit.

3.3 Proposed Asymmetric Ride-Through (ART)

Guidelines

It is proposed in this paper to extend the LVRT curves by specifying certain
regulation curves for proper operation of DG units under short-term unbalanced
grid faults. In other words, the proper performance of DG units is defined in terms
of the three important voltage terms at the PCC using three proposed ART curves
illustrated in Fig 3.1. The first curve, named LBVP, defines a lower boundary for
the positive-sequence voltage value, V), (under unbalanced grid faults) that is

similar to the LVRT curves which typically define boundaries for the RMS values

of the voltage at the PCC. Therefore, five time parameters (Tlp ,Tzlp ...,TSZP) and five
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voltage parameters (V. szp . Vslp ) have been embedded in the proposed LBVP
curve to be able to capture the specifications from 23 different grid codes [72]-[80].

For instance, only two 7% and two V"7 parameters are enough to adopt the LBVP

curve of Fig 3.1 from the LVRT codes of Germany [65] and Ireland [78]. However,
adopting from some other codes requires more parameters. For instance, three 7%

and three V7 parameters are required to adopt LBVP curve from the French and

Italian codes [80].

The second proposed curve, named HBVN, defines a higher boundary for the
negative-sequence voltage value, V,, at the PCC. The HBVN curve is important
since it prescribes DG units to support the grid by balancing the phase voltages and
reducing the negative-sequence component. To present a simple yet effective
boundary for the negative-sequence voltage, the proposed HBVN curve is designed

adaptive to the first curve, i.e., LBVP, as demonstrated in Fig 3.1. Thus, it only
comprises one time parameter (7;"") and two voltage parameters (1;",V3"). The

third proposed curve, named HBVP, determines the higher boundary for the phase
voltage peaks at the PCC. This curve is beneficial to regulate the maximum
tolerable voltage magnitudes based on the system and DG unit characteristics and
avoid over-voltages. The HBVP curve is designed to be able to capture the

specifications of the over-voltage regulations in different codes. Thus, it has three
time parameters (Thp,Tth,TShp ) and four voltage parameters (Vlhp ,Vzhp...,pr ) as

shown in Fig 3.1.

As stated earlier, three proposed ART curves aim to extend the concept of the
existing LVRT curves to better regulate the operation of the grid-connected
converters under asymmetric short-term faults for increasing the reliability in
future’s highly integrated power systems. Therefore, the following requirements are

proposed in this chapter for a successful ART scheme, according to Fig 3.1:
1) Vpis (or can be regulated) above the LBVP curve

2) Vn remains (or can be regulated) under the HBVN curve, and
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3) for unbalanced faults, none of the phase voltage magnitudes exceeds the

HBVP curve.

If the applied VSS in the grid-connected converter-based unit can satisfy all
three requirements, the unit can stay connected to the grid to avoid cascaded outages
and support the system reliability. Three proposed ART curves contain 11 voltage
parameters and 9 time parameters in total. These 20 parameters, not only, make the
ART scheme comprehensive and capable of adopting from the existing codes; but
also, provides a proper specific regulation for asymmetric faults. Therefore, each
grid code, based on its system characteristics and requirements, can suggest specific

ART curves similar (or in addition) to its already-established LVRT curve.

Based on the general curves of Fig 3.1, two examples of the ART curves are
proposed in this chapter. Fig 3.2 illustrates the first proposed curve, named ART-1,
which comprises two stages, i.e., withstanding (immediately after the fault) and
recovery stages. The duration of the first stage in the ART-1 is suggested to be
150ms after the fault occurrence. This value can vary based on the specification of
each grid. However, since most grid codes have the first stage duration of 150ms in
their LVRT curves, it is also suggested here for the ART-1 scheme. If the fault lasts

more than 150ms and one of the followings happens:

e the magnitude of the positive-sequence voltage goes under the LBVP curve,

or

e the magnitude of the negative-sequence voltage goes above the HBVN

curve, or
e one of the phase voltage magnitudes goes above the HBVP,
the DG has two options:
e disconnecting from the grid, or

e remaining connected to the grid and supporting the PCC voltage (as much

as it can) to satisfy the ART requirements.
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Here, the goal is to keep the voltage magnitudes within the prescribed
boundaries of the ART scheme as much as possible by boosting the positive-
sequence voltage and reducing the negative-sequence value. Without any support,
when one of the voltage terms passes the corresponding ART curve, it is no longer
necessary to stay connected; but it is still preferred that the DG utilizes its available
capacity to further stand connected by regulating its voltage parameters within the
prescribed ART boundaries. The more one DG can support the PCC to stay within
the prescribed ART boundaries, the more reliability the host grid can have. For the
simplicity, 20 ART parameters of Fig 3.1 are aggregated in six voltage parameters
and three time parameters (as shown with the suggested values in Fig 3.2). Fig 3.3
also shows another proposed example for riding through asymmetrical faults,
named as ART-2. According to ART-2 curves, the faults with ¥, down to zero
should be tolerated up to 150ms. Also, the voltage sags with a V), value more than
0.5p.u. should be endured up to 2s. The values of eight voltage parameters and four

time parameters in ART-2 curves are proposed as shown in Fig 3.3.

N — HBV; v —0
Ve =09pu.
vie VP =115pu
i VP =11pu.
T " =035pu
yin V3" =0.05pu
v - >

| I

| [ i .
qup Tlhn Tslp _ Tjhp time
TP =150ms, T¥ =1.5s, 150ms <T,;"" <1.5s

Figure 3.2 Proposed ART-1 curves.
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Figure 3.3 Proposed ART-2 curves.

3.4 Overview of Conventional Voltage Support Strategies

under Unbalanced Conditions

This chapter overviews the VSSs under unbalanced conditions, presented in the
recent works [36]-[53]. These strategies are categorized into four groups and briefly
discussed. The compliance of the reviewed four VSS groups [36]-[53] with the

proposed ART scheme is studied in section 3.5.

Fig 2.1 illustrated the diagram of a DG unit interfaced with a grid-connected
converter. For any unbalanced condition, the positive and negative sequence

voltage vectors can be written in the off frame as

.|V Vicos(wt+8") | _ |v, V™ cos(wt+67)
vi=| L= ' Vo= = ' (3.1).
Vg Visin(wt+6") Vs —V " sin(wt+57)
To exploit a flexible and supportive performance from a DG unit, its injected

reactive current vector, iy, can be divided into positive and negative sequences as

. .t —
1 —lp+lq +lq or
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i—[ia}— 1, cos(wt+5")

ig | |1, sin(wt+3")
P (3.2),
I sin(or+6") —1 sin(wt+6")
+ +
— 1, cos(wt+57) — 1, cos(wt+6")

where the superscripts “+7/“-” and subscripts “p”’/’q” denote the positive/negative
and active/reactive components, respectively. The mathematical expressions of the

ac-side voltages are

v v ve v, i i
v—v++v—[ i}+{ a]— :gra + fa +Lgdi .a +R, ‘a 3.3),
Vel Vel [Vep] [Ves ‘Lip '

66 9

where the subscript “g” represents the grid components. In the following sub-
sections, different voltage support techniques introduced in the literature [36]-[53]

for DG units under unbalanced conditions are presented in four categories.

3.4.1 Positive-Sequence Reactive Current Injection (PSRCI)

The German grid code, E.ON [65] forces wind farms to support grid voltage with
additional reactive current only during a three-phase symmetrical voltage dip,
amounting to at least 2% of the rated current for each percent of the voltage dip.
The symmetrical voltage dip is defined as the magnitude of the balanced three-
phase voltage drop at the low-voltage side of the interconnection transformer.
Similarly, references [36]-[39] tried to present some strategies to apply this rule in
the case of asymmetrical faults. Therefore, the reference value for the reactive
current, , can be generated by [65]
Veom =V

! gif,PSRCI =2x % X I inax (3.4),

nom

where V,om is the nominal voltage, and Imax is the rated current of the inverter.
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3.4.2 Voltage Support Based on the Maximum Allowable Reactive
Power Delivery (MARPD)

The grid codes in Britain [77] and Ireland [78] denote that wind power plants must
deliver their maximum reactive current only during a symmetrical voltage dip.
Similar to Britain and Ireland grid codes [77]-[78], references [41]-[42] presented
the MARPD for unbalanced grid conditions. Using the MARPD strategy, the GSI
injects the maximum reactive power and respects the phase currents limit under

unbalanced faults by reactive current command of

2 2
Igif,MARPD = Imax _[p (3.5),

where [, is the reference value of the active current. The detailed derivation of

maximum available reactive currents can be found in [41]-[42].

3.4.3 Mixed Sequence Injection (MSI)

References [43]-[45] suggested some strategies which are based on the injection of
both positive and negative currents to support the connection voltage by a
combination of boosting and equalizing the phase voltage magnitudes. According
to [44], both positive and negative sequence reactive currents are injected under

unbalanced faults. The reference values for Eq (3.2) can thus be obtained as

Vl_
v

V, —
V,

nom

_ V
];e-‘{,MSI =k+>< r X]max’ ];e—f,MSI =k x = X]max (36)’

where the recommended values for four parameters of (6) are , p.u., and p.u. [44].

3.4.4 Positive-Negative Sequence Voltage Regulation (PNVR)

In the most recent literature [46]-[53], the voltage regulation strategies aim to
determine proper reactive current reference values to regulate the phase voltage
magnitudes within the desired margin under unbalanced conditions. The
magnitudes of the phase voltages in terms of the magnitudes of positive

and negative sequence voltages are obtained by the following expressions:
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v, :\/(Vp )2 +(Vn)2 +2(Vp)(Vn)cos(7/) +(V0)cos(¢0)
Vy :\/(Vp)z +(V, )2 +2(Vp)(Vn)cos(7/)cos(}/—2T”) +(V0)cos(¢0 +2T”) (3.7),

v, =\/(Vp)2 +(Vn)2 +2(Vp)(Vn)cos(;/)cos(;/+Tﬂ) +(V0)cos(¢0 _27,,)

[\

where V,, Vb, and V. are magnitudes of the phase voltages, andy=6"-5",

7 =6 —5". References [46]-[51] neglect the zero sequence voltage terms and

simplifies the problem. Then, the reference values for the positive and negative

voltage values are obtained in [49] as

2 2
2 2 2 2 2 2
) xVE-yV +\/(xVy —ny) —(Vy —Vx)

Vi =
( ref) 2(x-y)
v2_ o2 2 o2V —(v2 —p2Y

V_)z_xy YVx (xy yx) (y x) (3.8)
( }"ef - 2(x_y) -
where,

Vy = Vmim

V. = min(VmaX,Vmin +max{Va,Vb,Vc}—min{Va,Vb,Vc})

(3.9).
y:min(cos(y),cos(;/—27”),(:08(}/+27”)),
x=max(cos(y),cos(y—ZT”),cos(erzT”))

Finally, the reference values of Eq (3.10) are determined:
]qrif,PNVR = (Ver _Vg+)/X ’ IqrejPNVR = (Vg_ _Vr;f)/Xg (3.10),

where X, is the equivalent line impedance (i.e. X, =wL,). Eq (3.10) provides the

voltage regulation based on the positive and negative sequence voltage values, and
it is named PNVR in this chapter. The positive and negative reactive currents that
fulfill the voltage support method need an estimate of the line inductance. In [46],

[49], the PNVR strategy was only applied to the STATCOM application where
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the reference current only consists of the reactive components. Also, the PNVR
strategy is only suggested for the inductive grids. However, the effects of the
inverter active power and line resistance in regulating the voltage are considered in

[52].

3.5 Compliance of the Conventional Voltage Support
Strategies with the Proposed ART Guidelines

This section examines the capability of the conventional voltage support techniques
[36]-[53] in satisfying the ART requirements. The test system is shown in Fig 2.1
(with the parameters listed in Table 3.2). To demonstrate the performance of these
strategies considering the proposed ART requirements, a short-term unbalanced
(double-phase) fault of Fig 3.4 is implemented. According to ART-1 with =l1s, the
DG is required to withstand at least 0.75s after the fault occurrence since all three
criteria are met until this time (see Fig 3.4(a)). After 0.75s, it is preferred that the
DG utilizes its available capacity to further stand connected by regulating its
voltage parameters within the ART boundaries. If the ART-2 scheme is imposed in
this case, the DG is only required to withstand the unbalanced fault up to 150ms
after the occurrence since the positive voltage goes to the area where disconnection
is allowed by ART-2 (see Fig 3.4(b)). However, it is preferred that the DG uses a

proper technique to regulate the voltage terms within the ART curves.
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Figure 3.4 Test Case A: two-phase fault scenario when (a) ART-1 scheme, or (b) ART-2

scheme is applied.
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MSI Voltage Support
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Figure 3.6 Test Case A: ART-1 scheme with conventional VSSs: (a) MSI [43]-[45], and
(b) PNVR [46]-[53].
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Fig 3.5 and 3.6 demonstrate the performance of the four conventional VSSs
under the unbalanced condition of Fig 3.4 when the ART-1 scheme is imposed.
According to Fig 3.5, none of the strategies can fully ride-through the unbalanced
fault until the fault clearance. As expected, Fig 3.5(a) shows that the PSRCI
strategy only supports the positive sequence voltage. This strategy suffers from the
lack of negative-sequence reactive current injection. Therefore, the un-faulted
phase experiences an overvoltage, there is a high unbalance between the phases,
and the negative sequence voltage remains high. According to Fig 3.5-(b),
the MARPD strategy has an almost similar performance. As expected, the MARPD
strategy uses all the reactive current capacity and causes a higher boost in all phases
in comparison with the PSRCI results. Not only this higher reactive current does
not help the voltages properly but also it worsens the situation by creating higher
overvoltage in the un-faulted phase. As Fig 3.6-(a) shows, although the negative
and positive sequence voltages are appropriately controlled by the PNVR, this
strategy is not successful in avoiding the overvoltage on the un-faulted phase. The
MSI has better results than the other three strategies, as indicated in Fig 3.6-(b). All
phase voltages stay under the ART-1 boundary, and the positive sequence voltage
is compensated above the proposed boundary until 1.1s after the fault. Therefore,
the MSI is the only strategy that could regulate the voltage terms within the
recommended boundaries more than 0.75s (which is the required time imposed by

the ART-1 for this fault case).

===« ART-1Curves
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Vi h
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Figure 3.7 Proposed ART-VS dynamic reference setting for Vmax and Vmin.
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3.6 Proposed ART-Adaptive Voltage Support

As examined in the previous section, the existing VSSs in the literature are not able
to completely fulfill the three criteria proposed in the ART scheme. Sometimes they
fail before the required time of staying connected, and sometimes they do not have
preferable performance after the required time. Therefore, an advanced voltage
support method is proposed in this chapter, named ART-VS. The proposed ART-

VS method has two significant advantages:
1) itis adaptive to the proposed ART curves, and

2) its reference values (for the phase voltage magnitudes) can dynamically
vary during and after the fault to provide the superior voltage regulation

and riding-through capabilities.

The proposed adaptive and dynamic setting of the reference values for the
minimum and maximum phase voltage magnitudes are based on the

system characteristics, and they dynamically change during the ART period as
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illustrated in Fig 3.7. This setting consists of four parameters, Viin-1, Viin-2, Vmax-1,

and Vinax-2. These parameters can be determined based on the system characteristics:
1) line impedance, Xg,

2) type, depth, and duration of the worst unbalanced fault that is needed to
be ridden through, and

3) peak currents of the power electronic switches.

The grid voltage is estimated by the local measurements and using the

following equation:

v, =v—R,i—L,— (3.11).

3.6.1 Determination of Dynamic Reference Values for Minimum

and Maximum Phase Voltage Magnitudes

In the proposed ART-VS method, the desired operation is to regulate the all three-
phase voltage magnitudes such that the minimum and maximum phase voltage
magnitudes, Vyi» and Vi, are dynamically regulated adaptive to the proposed ART
curves. If the rated power of the DG unit and the connecting line impedance are not
small, this objective can be accomplished by reference values indicated in Fig 3.7
for Viyin and Ve For example, in the studied case of the previous section, where
Xg=0.5 p.u. and Inwx=1 p.u., the four parameters of Fig 3.7 can be pre-determined

as follows.
Determination of Vmin-1:

The following equation shows how much boost in one phase is expected

based on the reactive current injection in that phase and the line impedance.

AV, = X1, , i: faulted phase, a,b,or c (3.12).

Therefore, if the maximum current limit is assumed 1 p.u. and X'is 0.5p.u. the

following voltage boost in the faulted voltage can be expected:

AV, <XI; ,=05pu. — Vi =V, <05 pau. (3.13).
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From Eq (3.13) and considering the demand of the ART-1 scheme which is
tolerating the unbalanced faults even down to the zero at the withstanding stage (see

Fig 3.1), a proper Vmin-1 can be selected as
Vinino1 < 0.5 pu. (3.14).
Determination of Vmax-1:

Utilizing the negative reactive current in Eq (3.2), the overvoltage on the un-
faulted phase can be avoided; and simultaneously, the negative sequence voltage
and unbalance factor can be reduced by proper setting of Vyax-;. Therefore, the
maximum reduction on un-faulted phase can be formulated, and Vyux-: can

be determined as
AV IS XTI, =05 pu. = V; Va1 0.5 pa. (3.15).
i:unfaulted phase, a,b, or ¢
In the normal cases, the un-faulted phase voltage is typically 1 p.u.. Thus,
0.5pu.<V.. <1pu. (3.16).

Determination of Vmax-2 and Vmin-2:

Depending on the selected ART scheme, the value of Viar-2 and Viin-2 are
determined. For example, for the ART-1 and ART-2 schemes presented in Figs. 2
and 3, Vyar-2 and  Viuin-2 are obtained 1.1p.u. and 0.9p.u., respectively. Also, for the

simplicity, the following expression can be set

I

min—2 ~

V

min—1 —

V

max—2

V

max—1

(3.17).

Then, Vmin-1 and Va1 can be found based on (14), (16), and (17). For
example, if Vyin-1=0.5p.u. is chosen from Eq (3.14), Vinax-1 is obtained 0.7p.u. based
on (3.17) and the values of Viar-2=1.1 p.u. and Viin-2=0.9p.u..
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3.6.2 Reactive Current Injection

The dynamic reference values of minimum and maximum phase voltage

magnitudes, V'? and V'

i max » that are introduced in the previous sub-section and
shown in Fig 3.7, are used to calculate the proper dynamic set-points for the
proposed ART-VS method. From (3.7), the maximum and minimum phase

voltage magnitudes can be determined by

V=7 (7 ) 207 )7 )y +(7°) 22

(3.18),
Ve =7V (7 +207) (7 )+ (1) A2
where /Ir?lin and lr?lax can be found as follows
if y=cos(y+k%) - A =cos(7/°+k127”) (3.19),
if x=cos(y+k, %) — /’Lflaxzcos(;/°+k227”)

where k; and k> can take 0, 1, and -1 values, respectively, for phases a, b, and c.

Applying V'? and V<

min max

from Fig 3.7 in (3.18), the dynamic values for the V,/, and

V,, canbe solved. It is worth mentioning that Chapter 4 discusses solving the Vv

re ref

and V_

s €quation while considering the zero-sequence compensation.

Finally, the required reactive current references in the proposed ART-VS

method can be set as

+ —
o Vit =V, o Ve Vi
g+ ART-VS ==, q—ART-VS =5
Xg Xg

(3.20).

3.7 Simulation Results

As presented in section 3.5, none of the four conventional voltage support groups
could fully ride through the asymmetric fault of test case A. However, the proposed
ART-VS method provides the adaptive and dynamic voltage regulation. As Fig 3.9
illustrates, the ART-VS method regulates the values of V), V,, and phase voltage
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magnitudes within the ART-1 boundaries and satisfies all three requirements
presented in section 3.3. Therefore, the DG unit experiences a successful ride-
through under this unbalanced fault. To further show the effectiveness of the
proposed ART-VS method, four other simulation test cases are examined in this
section. The fault characteristics of all test cases are reported in Table3.1. Table
3.4 presents the results of the conventional strategies and the proposed ART-VS
method. According to this table, the PSRCI and MARPD strategies suffer from the
lack of negative voltage support. Furthermore, the PNVR and MSI strategies show
better performances. According to TABLE 3.3, the MSI gives proper results in
regulating the phase voltage peaks and insufficient performance in reducing the
unbalance factor. On the other hand, the PNVR is successful in reducing the
negative-sequence voltage and ineffective in regulating the peak values. Thus, these
two strategies are unable to fully satisfy the three requirements defined by the ART-
1 scheme. In contrast, the proposed ART-VS method successfully satisfies all three

requirements in all cases.

Fig 3.10 shows the comparison between the results of the PSRCI and ART-
VS strategies under the time-varying asymmetric fault of the test case E. In this test
case, both faulted phases experience time-varying voltage dip. As Fig 3.10(a)
shows, the phase voltage of the un-faulted phase, in the PSRCI strategy, exceeds the
HBVP boundary. However, Fig 3.10(b) shows that the ART-VS method satisfies

the three requirements and provides the successful ART performance.

TABLE 3.1 Fault Characteristics of Five Test Cases

Faulty phases (p.u.) Vy (p-u.) Va (p.u.)
Test Case A Vu=V,=0.1 0.4 0.3
TestCase B V,=0 0.67 0.33
Test Case C  Vu=Vp=0 0.33 0.33
TestCaseD V,=0, V,=0.5 0.5 0.29

Va(f) = -0.5t+0.6
Test Case E V() = 0.08¢+0.57
V() = 0.75¢+0.1
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Proposed ART-VS
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Figure 3.9 Test Case A: Voltage support by the proposed ART-VS.

TABLE 3.2 Simulation Test System Parameters
Z, j0.48Q e 1500 V
S  1OMVA  Vierws 690V
Inax 200 A f 60 Hz
TABLE 3.3 Experimental Test System Parameters
Imax 20 A (peak) ¥, 208 V
L, 27mH f 60 Hz
Vit 125V Vinin-2 187V
Viae: 166V Vinas-2 229V
05 pin 2V
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Figure 3.10 Test Case E: voltage support results by (a) conventional PSRCI strategy and (b)
proposed ART-VS method.
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TABLE 3.4 Results of the Four Conventional Voltage Support Techniques [36]-[53] and
the Proposed ART-VS Method

Strategy LBVP HBVN HBVP

PSRCI v x v

MARPD - X x
MSI v - v

Test Case B PNVR v v x
ART-VS v v v

PSRCI v X -

MARPD v x x
MSI v x v

Test Case C PNVR v v x
ART-VS v v v

PSRCI v x -

MARPD v x x
MSI v - v

Test Case D PNVR v v X
ART-VS v v v

PSRCI v - %

MARPD - X x
MSI v X v

Test Case E PNVR v v X
ART-VS v v v

52



3.8 Experimental Results

To further verify the effectiveness of the proposed schemes, a laboratory-scale test
system is also employed. The test system contains a voltage source converter
connected to an ac grid via impedances and a transformer. A Semistack intelligent
power module, shown in Fig 3.11, is used which includes gate drives, six insulated-
gate bipolar transistors, and protection circuit. The switching frequency of the
transistors is 10 kHz, showing the computational efficiency of the proposed control
technique. The converter is controlled by a dSSPACE1104 card via a CMOS/TTL
interfacing circuit, and is connected to a 60-Hz, 110-V (phase-voltage) grid.
The software code is generated by using the Real-Time Toolbox under a
MATLAB/Simulink environment for PWM signals generation. The parameters are
listed in Table 3.3. The unbalanced faults are realized using circuit breakers and
different fault impedances for each phase, as indicated for the without support case
in Fig 3.12. Fig 3.13 and Fig 3.14, respectively, show the results of the conventional
MSI strategy and the proposed ART-VS method, under the fault indicated in Fig
3.12. Bottom figures in Fig 3.13 and Fig 3.14 indicate the reference values of the
positive- and negative-sequence reactive currents obtained by the MSI and ART-
VS strategies. As Fig 3.13 reveals, the MSI method fails to satisfy the first two
recommendations in the ART-1 scheme. However, the ART-VS method
demonstrates successful performance in terms of all three criteria of the ART-1

scheme as indicated in Fig 3.14.

53



4 - s —
.

dSPACE

T “Sensg

Figure 3.11 Scaled-down test setup.
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Figure 3.12 Experimental Test: without support.
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Figure 3.13 Experimental Test: (a) voltage without support, (b) voltage and current

components with MSI,
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Figure 3.14 Experimental Test: voltage and current components with proposed ART-VS

3.9 Discussion

The proposed ART curves in section 3.3 can be prescribed for any type of DG
units including converter-interfaced distributed energy resources (e.g., permanent
magnet synchronous generators or photovoltaic), directly-connected generating
units (e.g., squirrel cage induction generators), or doubly-fed induction generators.
Although the main application of the proposed ART curves is high capacity wind
power plants, they can be implemented for DG units with any energy resource such
as wind, solar, wave, geothermal, etc. The proposed curves can also be imposed for

the proper operation of HVDC systems and grid-interactive microgrids.
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Furthermore, the proposed ART-VS method in section 3.6 can be applied to any
converter-interfaced applications such as different types of converter-interfaced DG
units [41]-[42], grid-interactive converter-interfaced microgrids [59], and
converter-interfaced HVDC systems [44]. Since the voltage support in most cases
is obtained using the reactive current, the nature of the energy source (that
is responsible for generating the active power) does not affect the effectiveness of
the proposed ART-VS method. To fulfill the ART-VS method, it is needed to
estimate the line impedance. This impedance can be estimated online [87]-[89]; and
be updated inside the proposed ART-VS control loops. Also, the equivalent grid
voltage can be simply obtained by a Kirchhoff voltage law equation and local
measurements. Since a symmetrical fault can be considered as a simple case of the
generic asymmetrical conditions (with the negative-sequence voltage value equal
to zero), all analyses in this chapter remain intact. The proposed ART curves and
ART-VS control method can thus be simply applied under the three-phase grid

faults.

The specification on the active power limitation during the fault and its
restoration after the fault is an important area which needs similar comparative
research. These specifications vary in different grid codes based on system
characteristics such as grid strength. Although the imposed specifications on active
power restoration by different grid codes can be adopted by the proposed ART
regulation scheme, it is an interesting area for future research on specific
requirements of active power restoration (from the system operator point of view)

under unbalanced grid faults.

3.10 Conclusion

This chapter presented three contributions. First, the LVRT along with the reactive
current injection and active power restoration requirements in different grid codes
were overviewed. Also, the existing voltage support strategies in the literature,
under unbalanced grid faults, were reviewed and categorized. Second, the LVRT

curves were extended for short-term unbalanced faults, and the asymmetric ride-
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through (ART) curves were proposed. The ART scheme prescribes
proper specifications on the regulation of the phase voltage magnitudes and the
positive- and negative-sequence voltages. This chapter showed that even the most
recent voltage support strategies in the literature are not able to fully comply with
the suggested ART specifications. As a third contribution, a new dynamic
and adaptive voltage regulation method was proposed, named ART-adaptive
voltage support. The proposed adaptive voltage support method helps the

connection voltage under any unbalanced voltage sag by

1) regulating all phase voltages inside the ART boundaries within the

dynamic margins,
2) boosting the positive-sequence voltage value,
3) reducing the voltage unbalance factor, and
4) being adaptive to different grid codes.

The results of the proposed ART scheme and ART-adaptive voltage support

were successfully verified by simulation and experimental test cases.
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Chapter 4

Advanced Asymmetric Voltage
Regulation and MAS Scheme in A Single

Grid-Interactive Smart Inverter

4.1 Introduction

This chapter proposes a MAS scheme with an advanced asymmetric voltage
regulation strategy. Under most grid faults, the accuracy of the traditional VSSs
is severely affected due to the existence of the zero-sequence voltage component.
References [47]-[48] aim to regulate the positive and negative sequences of the
PCC voltage. However, it is more desirable to control the phase voltage magnitudes
[46], [49]. Conventional VSSs under unbalanced conditions [46]-[51] generally

suffer from three drawbacks:
1) none of them considers the zero-sequence voltage component.

2) the methods presented in [47]-[49] have been studied only in

the STATCOM applications where the active power is assumed zero.

3) the methods suggested in [46], [48]-[50] have been only applied in inductive

grids, i.e., assuming very high X/R ratio.
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Therefore, this chapter proposes an advanced VSS in a GSI unit, called zero-
sequence compensated voltage support (ZCVS) to address the aforementioned three

issues. It has the following advantages compared to the existing VSSs:

1) It fully compensates the zero-sequence component and accurately
regulates the phase voltages within the pre-set safety limits under
unbalanced fault conditions. The safety voltage limits are

typically imposed by grid codes for uninterrupted operation of GSIs.

2) Unlike most of the traditional methods, the proposed ZCVS is adapted
with any complex grid impedance, e.g. resistive and inductive

distribution systems.

3) The active power transferred by the GSI is also considered. The MAP
equations for the ZCVS is also formulated. Therefore, this technique can

be considered as a MAS scheme.

The delivered active power may, however, become highly oscillatory under
severe unbalanced conditions. This chapter also proposes an analytical technique to
limit the active power oscillations (LAPO) and enhance dc-bus voltage stabilization
while, simultaneously, the GSI is supporting the ac host grid. Both of the last two
strategies, i.e., MAP and LAPO, can be simultaneously augmented to the proposed

ZCVS strategy.

4.2 Proposed Zero-sequence Compensated Voltage

Support (ZCVS) Scheme

The basic requirement in the voltage support is to avoid the over-voltage and under-

voltage at the PCC whenever possible. Eq (3.3) can be expanded as
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v V*)cos(a)t+ 5) +(V_ —~ Vg_)cos(a)tJr 57)

0Q

+

p )sin(a)t+ 5+)—(V_ —Vg_)sin(a)H 57)

_( )
=
_(Lga)]; + RgI; )COS (wt+87)+ (Rgll; —Lga)]q_)COS (wt+67) (4.1),

_ (ngfcj TR, )sin (0t +5) - (Rgllg - Lga)J;)sin (0t +57)

where & and &~ are angles of the positive and negative sequences of the voltage.

If the following expressions are satisfied:

I R I R
_’J’r:_g , _lj:__g (4.2);
[q Lga) [q Lga)

then, the positive and negative components of (4.1) result in

+ + _ + + - - _ - -
V' -Vi=Leol} + R0, V —Vg =R,I, - L,al, (4.3).

To comply with voltage limits, a combination of positive/negative and

active/reactive currents (i.c., 1;, I1,,

I ; ,and /) should be injected into an
inductive-resistive grid to support the grid voltage. The magnitudes of the phase
voltages can be obtained in terms of the magnitudes of positive and negative
sequence voltages by Eq (3.7). From Eq (3.7), the maximum and minimum phase

voltages with zero-sequence consideration can be determined by

= min(7,,V, V)= (1) + (7 4207 ) (7 ) Ay +(7°) 2

V

min

(4.4),

Ve =max(V,. 1, V) =7 +(7 ) +2(7) (7 ) A (1) 28

max max max

where A, , 4., A ,and 1) can be found as follows:
A, =cos(y)
A, =min(4 ,4,,4)
A, =cos(y—%) —
Avne =max(4,,4,,4.)
A, =cos(y+%)
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i An =2 > Ay =cos(7’)

i Ain =y = Aoy =cos(y’ -2

if An=A — Amy =cos(y’+%) ws)
I A=A D o =c05(7") ’
I A =% = Ay =co0s(7’ =)

i A=A = Ay =c08(7° +%)

where y=6"-6" and »° =6°-5". After applying proper ¥’? and v’ in (4.4), the

min

reference values of 7}, and 7, can be solved as

.\ —B+vVB 44’ |
(Vref) = ? Vref e
2 I/ref
__ YV
2(/1max —/”tmm) (4.6).
B=2AxA_ -V,
V, =W =V 2i)’
Vie = Ve =V )’

A general solution (applicable in grids with any X/R ratio) is to apply the
results of (4.6) in (4.3) as

R R
+_ g + - _ g -
RS T R A Nt

gX g g_X g (47)’
Iy =—=5——= XAV, 1) =—55—=xAV,,

9 2 2 q 2 2
Xg +Rg Xg +Rg

where expressions of (4.2) are also satisfied. According to (4.7), the active
components do not contribute in supporting the voltage in an inductive grid. In this
case, they can be utilized to fulfill complementary objectives discussed in the next
section (i.e., MAP strategy). Fig 4.1 shows the control diagram of the proposed
ZCVS scheme.
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4.3 Proposed Complementary Strategies

For an inductive grid, the positive and negative sequences of the reactive
current component were obtained for regulating the phase voltages. In this section,
two complementary strategies are proposed to be applied to the active components
of the current. These strategies can be also obtained for the resistive grids and grids
with any X/R value if the active and reactive components are replaced or (4.2) is

satisfied.

4.3.1 ZCVS with LAPO Strategy

In severe unbalanced conditions, the required negative reactive component of the
current obtained by ZCVS may become high. Negative-sequence current and
voltage components give rise to large oscillations in the active power. Therefore,
the LAPO strategy is proposed to obtain a limit for the negative reactive current
component which prevents exceeding the pre-set maximum allowable active power
oscillation. Using the instantaneous power theory, the output active and reactive
powers of the GSI is calculated by Eq (2.3). Using Eq (2.3) gives the magnitude of

the oscillations on the active power as

p=(vr+vrY+(vir-viry 48
= VL) (VL -V (4.8).
PLL
Vieas
meas Vq — @t
d X Pl -
R Vdc,meas
1 .
e Imeas —|
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Eq o @7 | g |32 Gbe]
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*************************** - Seq. Anlz.

Figure 4.1 Proposed voltage support scheme
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Using (4.8), the equation of the maximum negative reactive current can also
be obtained which limits the oscillation magnitude of the active power to the pre-

set value:

~ 2
\/Pg;ﬁ ~(r vt v

Iy 14p0 = (4.9).

V+

Fig 4.2 shows the control diagram of the ZCVS scheme with LAPO strategy.
LAPO may slightly affect the operation of the ZCVS. However, the GSI operator
can flexibly compromise between the full ZCVS and the limited oscillation on

active power, by using these analytical expressions.

Voc Controller II) DG
ref [
Vdc - "
ol 12— (5 ol P
Vdc,meas - Kis) e w /N/_ o
4
Tp — I;=0—» ot
1p=0—> o |
ﬁ) | q -
max +' - | _ (3.2)
x| Vo| Eq |‘g.L4PO— /,
|4 | (a9) > \in -
meas & |2 -
Vimeas 7 . 4 Seq. Anlz. "
I | ‘y . q
meas Zcrs
set in Inductive | J—
min = Grids g
set >
Vmax
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Figure 4.2 Proposed control diagram to limit the active power oscillations

4.3.2 ZCVS with MAPD Strategy

Augmenting the MAPD technique to ZCVS method ensures four simultaneous

objectives: i) riding through abnormal conditions, i7) regulating the phase voltages,
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i), delivering the maximum allowable active power to the grid and iv) respecting

the current limitations. This section finds the MAPD equation to achieve the

aforementioned goals in an inductive grid. In this strategy, /7 ; and / arealready
obtained by (4.7) to provide the proposed voltage support. The value of 7, is also

set to zero in order to allocate all the available current capacity to 7 ; . Then, (2.5)

can be rewritten as

_ (4.10).

|:ia:| (I;7 +1, siny/)cos(an‘+5+)+([;r -1, cos;/)sin(a)t+5+)
(1;7 -1, sin;/)sin(a)t+5+)—(lg +1,, cos y)cos(a)t+5+)

ip
The af currents of (4.10) are transformed into the abc currents, and the

magnitude of the phase currents will be obtained as

I (Ie)” +Uy)

i2|=| 11, +f1ﬂc) b @G+ 80,0 4.11),
2

I L =B )+ (A~ L1, )

where

IaC:I;+Iq_sin7, I =[;—Iq_c0s;/, Iﬂszl;;—l(;sinj/, Iﬂcz—([;Jrlq_cosy)

as

(4.12).
Then, the phase current magnitudes under the fault can be found by
2 2
2 - . _
I :(1;+Iq sm;/) +(Iq+—1q cosy) ,
3 7+ 2
12=(41;+1 )2+ B Y (4.13)
c —\27p 7703 2 ‘p o4 13),
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B

Iy =11 siny+3 1" +8 1 cosy

2 g
1y :—%I;’ +%]; cos;/—%]; siny
_ 1l g 3o+ _AB -
loy=71,smy—=>=1, -1, cosy 4.14)
Ips ==L +L117 cosy+L 1 siny

Using Eq (4.11)-(4.14), three values are respectively obtained for 7 ; (1;

Ja’

+ + : : _ yset _ yset _ gset .
I, ,.and I}, )inthree cases, i.e., [o= Iy » 6= Iy, and Le=1 .

2
I, =\/Ifneefxz —(Iq+ -1, cosy/) —1, siny

2
~lgi=3lg; +\/(1Q1 +\/§]Q2) _4([Q12 1y’ —Irsfafxz)

I;,b = 2
2
. _IQ3+‘/§IQ4+\/([Q3_‘/§IQ4) 415" +1p4” ~ i)
]p’c = 5
Iy vapp = min(I;,a App s I;,c) (4.15).

Fig 4.3 shows the control diagram of the ZCVS scheme with MAPD strategy.
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Figure 4.3 Proposed control diagram to maximize the active power delivery

4.4 Simulation Results

To demonstrate the effectiveness of the proposed ZCVS scheme with LAPO and

MAPD strategies, three test cases are studied and implemented in this section. The

test system is similar to the one studied in the previous chapter. To avoid the

simplicity assumption of the constant dc voltage source and realistically emulate a

renewable energy resource, the dc voltage regulator is also used in this chapter, and

the dc-link voltage controller generates the active power command of the GSI.
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Figure 4.4 Simulation test case A: (a) magnitudes of the grid phase voltages, and (b) obtained
positive and negative reactive currents by TVSS and ZCVS.

4.4.2 Test Case A: Traditional VSS vs Proposed ZCVS Method

Fig 4.4(a) shows six different unbalanced faulty conditions. Fig 4.4(b) indicates the
obtained [ ; and [, by the traditional VSS (i.e. TVSS) and proposed ZCVS for

different fault conditions. As Fig 4.5(a)-left reveals, TVSS fails to precisely
regulate the phase voltages within the pre-set voltage limits. Over-voltages up to
1.18 pu and under-voltages down to 0.83 pu occur whereas the voltage accepted
limits are set to £0.1 pu around the nominal value. However, the proposed ZCVS

method demonstrates successful results. As Fig 4.5(a)-right shows, the phase-
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voltages of the PCC are precisely regulated between the V°¢ and V% . Also, it is

min max °
notable from Fig 4.5(d) that the dc voltage ripples are also considerablly lower
when the ZCVS is applied.

4.4.3 Test Case B: ZCVS with LAPO and MAPD strategies

First, the result of the ZCVS method with LAPO strategy is presented. The
maximum acceptable oscillation on the active power is set to 0.08 pu as indicated
in Fig 4.6(c). The maximum negative reactive current reference value is calculated

where the active power oscillations are lower than 0.08 pu. As Fig 4.6(a)
demonstrates, the reference value calculated is higher than 7, ,p, . It causes active
power oscillations greater than 0.08 pu as depicted in Fig 4.6(c). To limit the
oscillations, the reference value is limited to 7, ;,», at t=0.5s and t=0.9s, as indicated

in Fig 4.6(a). Therefore, the active power oscillations are limited to 0.08 pu as
shown in Fig 4.6(c). As aresult, the dc voltage ripples are decreased too by applying
the LAPO strategy.

As another complementary strategy, the ZCVS method with MAPD strategy
is also tested in this section. The value of maximum phase current is set to 1.0 pu.
The suitable /, is calculated. Fig 4.7(a) shows that an unbalanced fault occurs at
t=0.3s. The pre-fault active power is 1 p.u. which causes overcurrent as Fig 4.7
illustrates. At t=0.5s the chopper in the dc-side is activated to avoid the overcurrent
and the delivered active power becomes zero, as indicated in Fig 4.7(f). At t=0.7s,
the active current component obtained by proposed method is applied. Thus, the
MAPD strategy allows delivering maximum allowable active power (Fig 4.7(f))
while simultaneously respects the phase current limit (Fig 4.7(e)). As Fig 4.7(b)
shows, the ZCVS is still operating accurately even if the MAPD strategy is applied.
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Figure 4.5 Simulation results of the traditional (left) and proposed (right) voltage support
methods: (a) magnitudes of the PCC voltages, (b) phase currents, (c) active/reactive powers,
and (d) dc voltage.

70



08} ' [ —Im ]
== =|g-LAPO
0.6 i \ —: 5
lq+- LAPO is activated ' (a)
| ‘-‘-b-*. ! -
1 1] I
L
fabe "u"'?'.'.‘u“.';".';’i i 1] it | ' (b)
M
] ! |
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 141
Time (s)
os I | | I | I |
9 ]i Active power oscillation is L “4
ol | limited after applying LAPO — Em'm
2 g el |
02 memams Al L e o] T T T 1T 1] = (c)
o e T AT |
(, N AN |
; : ' i — Vi oscillatiorli is ’—
it r = decreased by LAPO§:
105+ A 14 4 .
Vdc 1 Il ||E-||||'\|||I|i kAL l || ||?| I||'IT|II||;':||'||- R Al T (d)
85} A1) ]
0.9 i g i - '-.'u i i
0.2 0.3 04 ‘.' 0.5 IJ.B - ot 0.7 0.8 0.9 1 14
High Vg oscillation before LAPO ' Time ()

Figure 4.6 Simulation results of ZCVS with LAPO strategy: (a) obtained positive and negative
reactive currents by ZCVS and LAPO, (b) phase currents, (c) active power, and (d) dc voltage.

71



hrm o "".""l‘, ____ '.! """"""""" !"""T"T"'T'.‘
e — AR
: VTR Vil it etk i t (a)
.‘I.J .I..' A Ll 1 n‘ L L’ ui -u' .Ll I -l.‘ LAY ‘!H
I va.bc
e T T
LAV [
0.5 —Va
A=n AR R
o | ®)
g ,MJ,M,MJWIAMJMUMJW,MJWWM"MJ“,,MIIMTLMMMMMWM‘ D
11
1.05
1 I . (©)
0.95 \-..._
Chopper is activated
82 03 0.4 05 _ n.é 07 o.la 09
Time (s)
5a
o | | ‘w) is ;clivated
1 . 1“"_:.fv“-wgwwm\;\ol r |
== I e @
..... 1 %
. - Over-currents i Currents correctly
before Chopper —; ‘ regulated by MAPD
i M h"l\ 1A

ﬁ
—
—
e
=—
=
=
——
——
=—
——
‘ﬁ_—-
—
— T =
—
-
| e ——
e —
| ——
d—
-———
-_—
—=
—

'.l A “ h‘\ 1]1 J\ \
Wl mw‘rw 'Hl’”‘l’ L/ —

A g v
Before MAPD
15 T T T 2 Maximum allowable
| | active power by MAPD
e —
R o ~ ®
) l |n|InHHIHH ll
'HIHHHHH I HU
'0.5 I
0.2 03 04 0.5 o.s n.:r 08 09

Time (s)

Figure 4.7 Simulation results of ZCVS with MAPD: (a) grid voltages, (b) PCC voltages, (c) dc
voltage, (d) active current and positive/negative reactive currents, (e) phase currents, (f) active
power.

72



4.4.4 Test Case C: ZCVS Method under Various X/R Ratios

In the previous test cases, the ZCVS was applied to inductive grids (i.e., X/R>>1).
The ZCVS is tested here in two other systems: a resistive grid and a grid with
X/R=1. Fig 4.8 demonstrates the successful results of the ZCVS. As Fig 4.8(a)
reveals, the ZCVS uses only the active current component in positive and negative
sequences in the resistive grid. However, in the grid with X/R=1, both active and

reactive currents in positive and negative sequences have been utilized, as shown

in Fig 4.8(¢).
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0.8 - L
J— | WM
0.6 = A
= 04 [ .ro i - ]
= J : Only active currents are used !
0.2 P i by ZCVS in a resistive grid : ( )
a
0 ~
-0.2 \
[ 1 T T T
R e -
£ 0.9 Yl ) d \M__
A s : : :
” 01 \.' — : o
. " !
S S S S— ‘
= 3 i Phase voltages correctly : ‘ \
=03 ! regulated in a resistive grid i i
P LR A R A ‘ | (b)
| """ Viim-max ===~ Viim.m _‘u “zh v _\p _“’p b \‘pA' ‘
1 1 1 L L L 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time (s)
Al four components are used |
. 5 by ZCVS in XJ‘R-1 J
= 8 i ,.w
s ftatvinie - N S R Tt 2| (C)
0.2 [ . -—
1 1 1 1 1 1
' Phase voltages correctly
— regulated in X/IR=1 { : : :
1.1 i ; ; v --------é-f\-——-
e e ek
5 0.9 . 3 - " e
g 4 L ! H
LV—¥ VL ‘ ha
0.7 - E v ™ : Jl—’
= H i\ H,
] — B S ; |l (d
> 03 o I O —
0.1 ,‘ = ‘.Iim-mn =7 limemin — v g-a \’g-h "g-t _‘l‘ptt-a _\.prr-b ‘!pct-r ,
. 1 1 I I 1 1 I
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Time (s)

Figure 4.8 Simulation results of ZCVS in resistive and X/R=1 grids: (a) injected currents in
resistive grid, (b) magnitudes of grid and PCC voltages in resistive case, (c¢) injected currents in
X/R=1 grid, and (d) magnitudes of grid and PCC voltages in X/R=1 case.
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74



4.5 Experimental Results

To further verify the presented analytical expressions and demonstrate the
performance of the proposed methods, the scaled-down test system is also
employed. The experimental results of the traditional and proposed methods are
obtained under different unbalanced fault conditions and presented in Fig 4.9. Fig
4.9(c) indicate the obtained positive and negative currents by the traditional VSS
and proposed ZCVS. As Figs 4.9(f)-left reveals, traditional method fails to precisely
regulate the phase voltages within the voltage limits. Steady-state over-voltage up
to 1.32 pu and under-voltage down to 0.68 pu occur by the traditional VSS.
However, the proposed method shows successful performance and accurate phase

voltage regulation.

4.6 Conclusion

This chapter proposed an advanced MAS scheme to precisely regulate the phase
voltages of a three-phase GSI within the pre-set safety limits. Conventional

methods mainly suffer from three problems:
1) ignoring the zero-sequence voltage component;
2) neglecting the resistance of the grid impedance; and,
3) zero active power delivery assumption.

The proposed ZCVS method however addressed these three problems.
Moreover, two complementary objectives were also augmented. First, the limited
active power oscillation strategy provided an improved dc voltage while supporting
the ac-side voltage. Second, the corresponding expressions were proposed to
exploit the maximum allowable active power of a distributed energy resource even
under severe unbalances while still regulating the phase voltages. The proposed
voltage support scheme and two complementary strategies bring significant
advantages to emerging DG units. The successful results of the proposed schemes

were verified using simulation and experimental tests.
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Chapter 5

Parallel MAS Scheme in Multiple
Parallel-Operated Grid-Interactive Smart

Inverters

5.1 Introduction

Parallel operation of converters has been continuously gaining attraction in a wide
range of applications for their modular design, higher scalability, enhanced
reliability, and economical benefits. As their integration increasingly rise, their
contribution in sustaining the host grid stability is strongly demanded. The updating
trend in the grid codes reflects that soon there will be simultaneous requirements
for their LVRT capabilities as well as their effective asymmetrical voltage supports
by advanced active/reactive bi-sequence power provision under unbalanced grid
faults. Addressing these demands in an optimized way becomes very challenging.

This chapter thus proposes a generalized MAS methodology to:

1) coordinate the asymmetrical ride-through and voltage support capabilities

of different parallel-operated GSI units,

2) maximize the utilization of each unit and their collective contribution in

boosting the positive-sequence voltage and reduction of the negative-
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sequence voltage subject to the constraints from both DG and grid points of
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Figure 5.1 A typical POMI structure example: a grid-connected hybrid energy source system
with “n” inverters

The simulation tests on ABB 2.0 MVA central inverters illustrate promising

results of the proposed ideas.

5.2 Parallel-Operated Inverters

Continuously rising integration of grid-interactive converter-interfaced power
units, such as DG units, microgrids, and high-voltage direct-current systems, is a
vital part of the power systems evolution towards future smart energy grids. These
fast developments will bring crucial reliability and stability concerns in future
power grids [59]. Extensive studies have been carried out recently to present
different methods for supporting the PCC voltage under unbalanced grid faults by
a single DG unit, shown in Fig 2.1 [44]-[53]. Chapter 3 overviewed these voltage
support strategies, and Chapter 4 introduced an advanced MAS scheme for a single
GSI. Chapter 3 also introduced a combined regulation scheme, named ART

scheme, for simultaneous asymmetrical voltage support and LVRT requirements
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where different boundary curves are defined, specifically for asymmetric grid
faults. In previous chapters, the ART and MAS schemes were provided for a single
DG unit enforcing its safe operation as well as empowering its maximum grid

supportive capabilities.

However, the coordination of multiple three-phase GSI units for providing
maximum asymmetric grid support, also known as MAS performance, is not
addressed in the literature. This gap ranges from the coordination of MAS
performance for multiple distributed GSI units (e.g., in an active distribution
network or in a microgrid) to effective MAS scheme for the parallel-operated multi-

inverter (POMI) structures.

Most recently, parallel operation of converters has been attracting continuous
attention in different applications, providing the modular converter design
advantages, higher reliability, and economical benefits [93]-[95]. Fig 5.1
demonstrate a typical POMI structure widely utilized in various applications such
as grid-interactive hybrid energy sources [96]-[97], interlinking applications in
hybrid microgrids [98], hybrid multi-microgrid systems [99], multiple parallel-
operated DG units in islanded microgrids [100]-[103] and more.

This chapter proposes an advanced methodology for optimized asymmetric
support performance of a POMI system, named parallel maximum asymmetric
support (PMAS) scheme. The study in this chapter shows that the MAS
performance of each GSI unit inside the POMI structure does not provide the
optimized overall MAS performance. On the other hand, the augmentation of the
multiple GSI units will not provide the optimized overall MAS of the POMI system
neither. These are analytically demonstrated in the following sections. Simply,
neither individual operation nor augmentation will give optimal overall MAS since

in practice multiple GSI units inside the POMI structure will have:
1) different MV A ratings,
2) different safety constraints and fault-tolerance capabilities,

3) more importantly, varied instantaneous operating points.
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The last factor is a common scenario when hybrid energy sources (for
instance wind and solar) are combined to provide complimentary power generation
(e.g., during the day solar is operating at its full capacity while typically wind is
operating at its high capacity during the night),

Therefore, the smart approach would be to tackle this problem by an advanced
coordination scheme between the GSI units for the optimized overall MAS
performance of the entire POMI structure. The proposed PMAS scheme thus aims

to:

1) coordinate the maximum flexible asymmetrical voltage support and ride-

through capabilities of individual units inside the POMI structure

2) maximize the collective dynamic contribution of POMI system in boosting
the voltage and reducing the imbalance subject to the constraints of the plant

and host system

3) keep the active power injection of each GSI unit intact which leads to
power/cost saving in the plant operation as well as host system stability

enhancement

4) set different objectives based on the potential requirements in future grid

codes

These contributions have been illustrated using the simulation test results.

5.3 System Description

The essential objectives through unbalanced faults and providing grid in riding
supports by the PMAS scheme are 1) avoiding any damage or undesirable operation
in each inverter, and 2) flexibly supporting the asymmetrical voltage (i.e., by
boosting the positive-sequence voltage while alleviating the negative-sequence
component) to the maximum capacity of each inverter. Fig 1(b) illustrates a
schematic of a POMI structure with » inverters. An unbalanced grid fault or loading

can cause asymmetrical voltage condition at the PCC. For any
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unbalanced condition, the positive- and negative- sequence voltage vectors can be

written in the aff frame as

L v;’k B _Vk+ cos(wt+35;)

k= _v;,k_ - _Vk+ sin(w t+ 5,:“) 5.1).
~ | Vax | | Vi cos(@t+6;)

e Vi | - | V) sin(@t+ 6y )

The total injected current by k™ inverter can be written in its active and

reactive components as

ik Zip,k +iq,k (52)
To exploit a flexible voltage support performance from each unit, the injected

reactive current vector of the ™ inverter, iy, in (2) is divided into the positive and

negative sequences in (3). These two current components can be written in a vector

form of
. + . + — . —
ek | Iy psin(ot+6; )~ 1, sin(wt +6;)
lgk =lgptigp =\, = . .\ B ) (5.3),
1g.q.k —Iq,k cos (@t +J;, )—quk cos (at + 0y, )

cC 9

where the superscripts “+7/“-” and subscript “q” denote the positive/negative and

reactive component, respectively.

For now, let'by the augmentation be solved s assume that the problem can

method. of the total required reactive currents from all amount The augmented

inverter s for the unbalanced voltage support isz,"¢ .This current can augmented

comprise positive- negative and- .sequencesThe mathematical expression for the

i;*¢ can be found by following the augmentation approach and adopting from the

single DG unit structure][52, [92], as:

. _ -+ . _ o — o+ —
lqaug = q.aug T lqaug = Z (lq,k +lq,k)_(lq,load +lq,load)
k=ln

O e P
q,aug — ’ q,aug —
Xg Xg

(5.4),
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where 7 is the number of inverters and i 4, is the total reactive currents of the

loads. Then, these currents can be divided among the inverters proportional to their

ratings as:
S
+ + _ k +
]qak - Rk']%aug - Z S ) Iq»‘”‘g’
J
i=1:
/ S” (5.5).
[ =R.I _ =——K_T
q.k k- q,aug q,aug
2.5

j=ln
It is worth mentioning that for the augmentation approach the instantaneous
operating conditions and the constraints of allinverters should be the same. The
augmented notion can only be applied if the operating conditions of all units are the

same at the fault instant which is not the case for most of the practical applications.

The peak current limitation of the power switches is the main constraint that
must be considered in the PMAS performance. Applying this constraint ensures
flexibly delivering the maximum allowable supportive currents in positive- and
negative- sequences without exceeding the peak current limitation in the A™ unit.
The analytical expressions of the phase currents can be formulated in the two-axis

stationary reference frame, based on the unbalanced voltage sag characteristics of
(5.1),ie., Vi, Vi, & ,and & as:

b (5.6).

‘ {ia’k} 1, cos (ot +8; ) + 1 sin (@t + ;) — 1 sin (ot + )
l, =1 . =
LBk I;)k sin (et + &8 ) —I;k cos (ot + 5,?)—1;31c cos(wt + ;)
Simplifying (5.6) gives
. I+ I+ +
{fa,k} _|fatk fa2k ® cos(awt +0y) (5.7).
L.k ],El,k 1;2,1( sin (@t +5;)

where

+ + -
Ial,k =Ip,k +1q,k Sln]/k,

+ g+ -
Iﬁl,k —Ip,k —Iq’k sinyy,

+ + -
Lok =1gn —1gx COSTY

+ g+ -
Tpo =—Igx =gk cOS7k
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Now, let’s transfer the currents to the three-axis reference frame by the Clarke

transformation as

I’ik (Ialk)2+(1a2 ()

2

Io |= (—2[a1k+flﬁ1k) +(2Ia2k+\/—[ﬂ2k) (5.8).
2

3
ok | | (=3 Tpx _§[ﬂ1,k) +($ ok _%]ﬂz,k)
This gives the magnitude formulations of the current in three phases. Using

(5.6) and (5.8), the following equations can be obtained

o 2 ~ 2
Ilzim,a’k > (I;,k +1, sin )/k) +(I;’k —1 cosyk) (5.9)
2
Ihmbk—(llpk+f1qk+1qk5m(7k+3))
i (5.10)
T (VER LS L S (7 +Z)
2 Lpk T2 qk T gk COS\Tk T3
2
Ihmck—( 1] \/—qu ]qksu'l(]/k__))
(5.11),
B+ 1+ - NS
5Lk 5Ly ke — Ly oSy —5)
where typically
Limagk = limbk = liimek = Liim (5.12).

5.4 Plane of Negative Reactive vs. Positive Reactive

(NRPR)

It 1s proposed in this chapter to use peak-current equations and draw their
dynamic boundaries in the 7, ; vs /, ,';,k plane, as shown Fig 5.2. This plane is called
NRPR in this chapter. Using (5.9)-(5.11), three analytical relations are obtained

between /7, and / ; % - Eqs. (5.7)~(5.12) show that the relations between /,, and

1 ;’ « 1n the peak-current limitation (PCL) constraints of each unit depend on three

principal parameters:
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1) the pre-set value of Iy, , (based on the k™ unit’s data-sheets),

2) the instantaneous value of the active power component of the current in
that unit, i.e., 7, , which can be a time-varying magnitude based on the

output power of the unit at the duration of support (DOS), and

3) the unbalanced fault characteristics, i.e., 5; , and 0 . For instance, if the

unbalanced voltage sag occurs in phase A, & -5, =« and three

equations of (5.9)-(5.11) are simplified as

- 2 2
I < ,/]hm,k —I;’k —I;”k (5.13)

L+ 10, +\/§1;,k1;,k + 155 < (5.14)
1;3{ n Iq_f{ — I+ J?I;,qu‘,k + Ig?k <Ifox (5.15)

Egs. (5.9)-(5.11) are named EQ-Ia, EQ-Ib, and EQ-Ic, represented in Fig 5.2

in blue, orange, and yellow colors, respectively. Based on these equations, the three
curves representing the relationship between 7_, and 7, for each of the three

phases are drawn in the NRPR plane, as shown Fig 5.2.

5.4.1 Allowable Current Areas in NRPR Plane

Based on the EQ-Ia, EQ-1b, and EQ-Ic equations in (5.9)-(5.11), the graph of

Fig 5.2 reveals important information such as the dynamic non-linear and time-
varying relation between the 7, and 7, ,’;,k based on three varying parameters: 1)
setting parameters of the converters (i.e., limk), i1) instantaneous active power
component of the injected currents (i.e., I;,k(t)), and 1iii) unbalanced voltage
characteristics (i.e. y; ). It is worth mentioning that Fig 5.2 is just an snapshot for
the set parameters of Limx, I;;’k(t), and y,. These parameters vary over time

depending on the operating conditions and the fault characteristics.
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One of the main information extracted from this graph is the allowable current

area at each instant for the flexible combination of the 7, and 7, . The shaded

green area of Fig 5.2 illustrates the snapshot of the allowable current area for the

following conditions: a single-phase to ground fault occurs at phase while Zjmx 1s

set to 1.3 p.u. and ];;’k (t) = 0.2 p.u.at the time of the fault.

UCr: Iy = 02pau., L = 1.3p.u.

(2]
1

5[,_\ :
s \
—

b —— EQ-1Ia
— EQ—1Ib

\ EQ—Ic
5 | . .

-2 -1 0 1
I (pu.)

g,k

ko b

Figure 5.2 A snapshot of the dynamic allowable current area and peak-current boundaries of
phases a, b, and ¢ in the NRPR plane for k" inverter at the DOS when a single-phase to ground
fault occurs at phase “A”, i.e., y;, =7 ( Test Case A).

5.4.1 Allowable Flexible Voltage Support Areas

The allowable flexible support areas (AFSAs) can be also identified in the NRPR
plane for all units. For instance, Fig 5.3 shows the NRPR plane of similar conditions

to those in Fig 5. 2 with two different values of the instantaneous active power, i.e.,
1, ()=0.4pu.and I} ;()=0.8pu.. As shown in Fig 5.3-(a), higher values of Ip will
decrease the allowable current areas in the NRPR plane. For the purpose of this

chapter, only the positive values of 7_, and I, are important. Fig 5. 3-(b) thus
shows the zoomed view of Fig 5.3-(a) to illustrate only the positive values of 7, ,
and 1, . This figure also shows two AFSAs for two values of the instantaneous

active power. Light green and dark green areas show the AFSAs for 7, (t)=0.4p.u.
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and I,,(t)=0.8pu., respectively. As it is clear from Fig 5.3-(b) that higher

instantaneous active power value shrink the AFSA area of the kth unit at the DOS
resulting in lower allowable room for contribution in supporting the unbalanced

voltage by positive- and negative-sequence reactive currents.

UCA- : Lfi-m‘k = l.3p.u.

25

e () — [t with I},‘;\- =04
— EQ—1b with I,; = 0.4
EQ—Icwith [,; = 0.4

151 —— EQ—Iawith I,; = 0.8
—— EQ-1Ib with I;, = 0.8
2" EQ—1Ic with I, = 0.8
25 : ‘ : ‘ : )
25 2 5 1 05 0 05 1 15 2 25
1y (pa) (a)
UCL‘ . Ii-im,k = 13pu
v — \
— EQ)—la with I; = 0.4
1.8+ —— EQ—Ib with I, = 0.4
EQ—Ic with I, = 0.4
L6r —— EQ-Ia with I,z = 0.8
—— EQ—Ib with I, = 0.8
L4y EQ—Ic with I,z = 0.8

0 0.5 1 1.5 2
I (pu.) (b)

Figure 5.3 Two more snapshots of the NRPR plane for a similar inverter at Test Case A when

the instantaneous active power has been increase to 7}, (t)=0.4pu.and I}, (t)=08pu. (b) zoomed
view for the flexible voltage support area.
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Therefore, based on the instantaneous active current value at the DOS, the
allowable voltage support area of the £ inverter may be varied resulting in very
different optimal reference values for the kth unit as well as for the entire POMI
structure. These plots also show the nonlinear relation between the active current

component value and the AFSA resulting in a complex optimization problem.

5.5 Proposed Optimized Asymmetric Support by PMAS

To find the optimal coordination between inverters inside the POMI structure, the
instantaneous available capacity or AFSA characteristic of each unit should be
considered. The instantaneous available current capacity of each converter during
the DOS depends on the instantaneous active power injection by each unit in
addition to its pre-set values (e.g., rating and maximum peak-current). All these
parameters can be varied for different units at the DOS. A common example is the
case of a hybrid energy source with complementary power generation units, e.g.,
wind and solar as shown in Fig 5.1. Typically, one of the units will have limited
current capacity at the DOS since it is injecting a considerable amount of active
power while other units still have extra capacities available for the flexible
asymmetric voltage support since they are operating in lower active power
operating points. This can provide a useful opportunity for cooperation in the
PMAS optimal supportive scheme. For instance, the active power production of the
solar energy system is in its high during the day while wind typically produces its
high active power at night. Therefore, a smart coordination scheme would benefit

from the optimum available capacity of each unit during the DOS.
Fig 5.4 illustrates the flowchart of the proposed PMAS method. As indicated,
it comprises four stages. In the following sections, these four stages are discussed.

5.5.1 Stage I: Obtaining NRPR Equations

In this section, the current boundaries of all inverters based on the fault
characteristic and their individual instantaneous active power values at the DOS are

obtained using (5.9)-(5.11). As an example, Fig 5.5 indicates a case (Test Case B)
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where there is 2-DG POMI structure with different settings and operating
conditions. In this test case, DG1 and DG2 are rated at 40% and 60% of the total
MVA of the POMI structure, respectively. Their peak-current values are set to 1.3
and 1.7 in p.u. of their own ratings (i.e., 0.52 and 1.02 in p.u. of total POMI rating).
In addition, they have different amount of active power injection at the DOS. Based
on these different parameters, a single-phase fault on phase “B” will result in totally

different NRPR curves as illustrated in Fig 5.5-(a) and Fig 5.5-(b).

INPUT: Fault Angle,
Inst. Active Power of
each CIU

y

Peak Current Boundaries in
RCPN Plane for All ClUs

i _

Segmentation of Boundary Curves
into finite number of points

v

Normalizing Boundary Curves of
each CIU to their corresponding
ratings based on POCI total rating

v

Extracting AFSA Boundary Curve
For All ClUs

+ ——

Convolution of Boundary Curves Stage lll

v

Determining Optimal
Values Based on MP, Stage IV
MN, and MPN

Stage |

Stage Il

Figure 5.4 Flowchart of the proposed optimal asymmetric support by PMAS method.

5.5.1 Stage II: AFSA Boundary Curves

In this stage, three boundary curves will be transformed into one curve, named
AFSA curve. First, the positive reactive current of the kth inverter is defined as a

vector:
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2 2
R\ Tiimx —Lpi 3
'R, -12,

; 2
g arsa =0 m Lii 12, (5.16),

where “M” is the number of segments in the AFSA curves, and 7, , is the mth
element of the 7, x5, vector. Also using “Ri” parameter, I, 4r4 vector becomes

a normalized vector of 7, in per unit of the total MVA of the POMI system.

Second, the following equations give the negative reactive current AFSA

vector of each inverter:
Lykm = Ry iy g s V2 s V3,em) (5.17),

— . th —
where 7, ., is the m™ element of the i, ,xg, vector, and

2
=By jm + \/ Bikm” =4Ciim

Mkm = B (518),
2
By km + \/ By im” —4C km
yZ,k,m = 5
2
B3+ \/ Bsjm” —4C km
y3,k,m = 5
where
B, =2(I,si I’
Lk,m = <\ L p e S Y =L g g m COS Yk
By =154 x (\/§ oS y;, —siny, ) + 1y X (cos 74 ++/3sin ?/k)
By im= ];’k x(—«/gcos 7 —sin Vk)+1;,k,m x(cos Yk —J3sin yk)
2 2 2
Crseon = pi” = Limg™ + g m (5.19).

Fig 5.5-c and Fig 5.6-c demonstrate the results of applying the analytical

methods of Stage Il in two test cases.
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Figure 5.5 Test Case B: Single-phase fault on phase “B” and DG1 and DG?2 are rated at 40%
and 60% of the total MV A of the POMI structure, respectively: (a) NRPR curves for DG1, (b)
NRPR curves for DG2, (c) Stage II: AFSA boundary curves for DG1 and DG2, (d) Stage II1:
convoluted AFSA boundary curves, (e) Stage I'V: optimal values of the MTP and MTN
strategies, (f) Stage IV: optimal value of the MTPN strategy
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5.5.2 Stage III: Convolution of Boundary Curves

After identifying the constraints and allowable support areas in Stage I and reducing
the constraints into two smaller and normalized vectors in Stage II, this section
simply convolutes AFSA vectors of all inverters into vectors of vectors or a m*m

matrix for the entire POMI system as:

AR S SCE R AR ASRRY
Ol = o (5.20)
Lgins Hlggan -~ g g |
I Lot iy~ -~ dgrotgram ]
Oiant = o (5.21).
Ly Hgpag o Ty Vg |

Fig 5.5-(d) and Fig 5.6-(d) reveal the results of applying these matrix

convolutions in two test cases where each curve represents the corresponding two
vectors in each column of Q;,,,, and Q,,,,, matrices. From these two figures, it is
obvious that the applied numer of segmentation in Stage I was M=6. The 2D

matrices in Eq (5.20) and (5.21) can be generalized to n-D matrices of O, .,

n

where 7 is the number of parallel DG units.

5.5.3 Stage IV: Determination of the Optimal Values

This section is the final section and it explores the ways to find the optimal reference

values for7_, and I, . Having the Oy, and 0y, matrices, many applicable

objectives can be defined to determine the 7, and 7, of all inverters to provide

the global optimality in the POMI system. In this chapter, three simple objectives

are defined as examples.
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Figure 5.6 Test Case C: Arbitrary asymmetrical fault with y =57 /12 and DGI1 and DG2 are

rated at 70% and 30% of the total MV A of the POMI structure, respectively: (a) NRPR curves
for DG1, (b) NRPR curves for DG2, (c) Stage II: AFSA boundary curves for DG1 and DG2, (d)
Stage III: convoluted AFSA boundary curves, (¢) Stage I'V: optimal values of the MTP and
MTN strategies, (f) Stage I'V: optimal value of the MTPN strategy
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First, the maximum total positive-sequence (MTP) strategy finds the optimal
values of the 7_, and 7, for all inverters where the total positive-sequence
reactive current injection of the POMI system is maximized. This can be easily

determined by finding the maximum value of the Q;;,,, matrix. Since the building
vectors of the Oy, matrix, i.e., iy ; 4pg4 vectors of all units, are ascending the entire

matrix is ascending and the highest point is where

M= RiyTin —I7, for all k=1:n (5.22).

This is also clear from 7, surface in Fig 5.5-(¢) and Fig 5.6-(¢).

Another approach can be the optimal points to maximize the total negative-

sequence (MTN) reactive current of the POMI system. This means the highest point

in the Qj;,,, matrix. This can be also seen in Fig 5.5-(e) and Fig 5.6-(e) where the

following sets for the values of the 7, and 7, of the DG1 and DG2 are obtained.
Test Case B:
];,1,1 =0 1;,2,2 =0.18pu. 1,,;,=045pu. 1,,,=0061pu. (5.23).
Test Case C:

+ _ + _
I[71,=0.153 I},,=0072pu. 524
]q_’l’z = 0507[)“ I(;’z’z = 0186pu

As a third and better approach we can define our objective to maximize the

following statement:

Oviert =& Ohpar + & Onpenr (5.25),

to combine both positive and negative-sequence reactive currents and provide

optimal flexible asymmetric voltage support. The result of applying this function is
shown in Fig 5.5-(f) and Fig 5.6-(f) where o™ =a™ =1.
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Figure 5.7 ABB PVS980 Central Inverter Model [104] block diagram interfacing two

renewable DG units, i.e., 2MV A wind and 3MVA solar, to 20MVA grid

0.5

-0.5

0.5

-0.5

o
)
o
w

4 1 0 2 B op 2

I T |

—Vpee,a
— Vpce,b
Vpee,c

e e

I—
e e S

)

LI DL )

0 0.1 0.2 0.3 0.4 0.5
I
1 \ ----- Vgrid,p
—\/pce,n
08—\ | oee Vgrid,n| |
0.6 ) —Vpee,n [
0.4
0.2 § ;
) [J“-»— tk
0 0.1 0.2 0.3 0.4 0.5

Time (seconds)

93

(a)

(b)

(c)



Figure 5.8 Test Case D: Conventional voltage support method [43]-[45] (a) grid voltage, (b)
PCC voltage, (c) positive- and negative sequence voltages of the grid and PCC.
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Figure 5.9 Test Case D: Conventional voltage support method [43]-[45]: (a) active and
positive/negative-sequence reactive currents of DG1, DG2 (b) phase-currents of DG1, DG2, (c)
active and reactive powers of DG1 and DG2.

5.6 Simulation Results

The proposed methods are examined on a simulated version of a practical test
system, adapted from a typical ABB ABB PVS980 Central Inverter [104], as shown
in Fig 5.7. This POMI structure is connected to the medium-voltage distribution
system in Ontario, Canada. The details of this distribution system are provided in
Chapter 6. The system parameters are reported in Fig 5.7. The POMI system
interfaces a 2MVA wind farm and a 3 MV A solar farm to a 27 kV distribution grid.
Each DG has its own integrated energy storage system to balance its dc-link

voltage.
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Fig 5.8 shows the result of applying the conventional voltage support method
[43]-[45] with constant reactive current injection under the unbalanced fault. This

method has three drawbacks:
1) It is not a maximum unbalanced voltage support.

2) The active power in DG1 (see Fig 5.9-a-left and Fig 5.9-c-left) is
disrupted.

3) There is no coordination between 2 DGs support. There is neither
adjustability in the support process since it is just a constant reactive

power injection based on the unbalanced voltage.
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Figure 5.10 Test Case D: Proposed PMAS voltage support method (a) grid voltage, (b) PCC
voltage, (c¢) positive- and negative sequence voltages of the grid and PCC.
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Figure 5.11 Test Case D: Proposed PMAS voltage support method: (a) active and
positive/negative-sequence reactive currents of DG1, DG2 (b) phase-currents of DG1, DG2, (c)
active and reactive powers of DG1 and DG2.

On the other hand, the proposed PMAS method addresses these

insufficiencies as illustrated in Fig 5.10 and 5.11.

1) Fig 5.10 shows better positive voltage boost and more negative voltage

reduction.

2) Furthermore, Fig 5.11 reveals the smart coordination between the two
DGs. It is clear from Fig 5.11 that DG2 injects more supportive reactive
currents in the positive and negative sequences since its active power

injection at the DOS is relatively smaller than DG1 (see Fig 5.11-a).

3) Fig 5.11-a and Fig 5.11-c also show that despite higher asymmetric
support by the PMAS compared to the conventional method, the proposed
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method does not disrupt the active power injection of DG1 due to its

coordination mechanism.

5.7 Conclusion

This chapter proposed an advanced methodology for optimized asymmetric support
performance of a parallel-operated multi-inverter system, named the PMAS
scheme. The study in this chapter shows that the maximum asymmetric support
performance of each inverter unit inside the parallel structure does not provide the
overall optimized performance. On the other hand, the augmentation of the multiple
inverters will neither provide the optimized overall maximum asymmetric support
for the parallel system. This is due to the differences on the inverters different MVA
ratings, different safety constraints and fault-tolerance capabilities, and more
importantly, varied instantaneous operating points. Therefore, the smart approach
would be to tackle this problem by an advanced coordination scheme between the
inverter units for the overall optimized asymmetric support performance. The

proposed PMAS scheme thus empower the parallel multi-inverter system to:

1) coordinate the maximum flexible asymmetrical voltage support and ride-

through capabilities of individual units inside the POMI structure,

2) maximize the collective dynamic contribution of POMI system in boosting
the voltage and reducing the imbalance subject to the constraints of the plant

and host system,

3) keep the active power injection of each GSI unit intact which leads to
power/cost saving in the plant operation as well as host system stability

enhancement, and

4) set different objectives based on the potential requirements in future grid

codes

The simulation tests on ABB 2MVA central inverters illustrated effectiveness

of the proposed ideas.
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Chapter 6

Decentralized MAS Scheme in Multiple
Distributed Grid-Interactive Smart

Inverters

6.1 Introduction

The active power injection of DG units before and during the fault occurrence is an
important factor affecting the maximum amount of allowable voltage support by
individual DG units. Therefore, to allocate the supportive currents from each DG,
the instantaneous capacity of each DG (i.e., instantaneous available capacity under
the fault) plays a crucial role. The autonomy of the coordination scheme can also
be highly beneficial since it eliminates (or at least reduces) the reliance on
communication systems, central data acquisition/processing, and supervisory
control. This leads to saving the costs while increasing the reliability of the highly-
integrated active distribution networks (ADNs). However, coordinating the
asymmetrical voltage support among multiple DG units while maximizing their
contribution is very challenging for the autonomous/decentralized methods since

there exists many constraints but no communication between the units.
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The main achievement of this chapter is to propose an autonomous
cooperative scheme to address these objectives. The main contributions of this

chapter are the followings:

1) A comprehensive decentralized asymmetrical ride-through scheme is
proposed in this chapter. The objective is coordinating the flexible
asymmetrical voltage support contribution of multiple converter-interfaced
DG units in an ADN such that their supports neither interfere with each other
nor worsen the faulty situation. There is no need for the central control unit
in the proposed coordination scheme, avoiding the high costs of
communication infrastructures and increasing the reliability and flexibility

of the ADN and DG units.

2) The active power injection of DG units is not affected during the support
time; saving power and cost (important from the DG owner point of view)
and improving the host system stability (important from the system operator
point of view). This is achieved by considering both instantaneous active
power injection and active power oscillation limit of individual DG units

during the support in the proposed strategies.

3) The maximum flexible asymmetric voltage support performance is not
compromised whenever one DG reaches its limits since other DG units can
instantaneously compensate for that due to the cooperative nature of the
proposed method. In addition, the over-voltage problem on the un-faulted

phases are considered in the coordination scheme.

A new concept is proposed to build a comprehensive coordination scheme,
named maximum support point tracking. This technique is achieved using the

identified boundary limits and dynamic support points trajectories.
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Figure 6.1 Active distribution network with (a) single and (b) multiple DG units.

6.2 Multi-DG Active Distribution Network

A single DG unit connected to the grid under the unbalanced condition is indicated
in Fig 6.1(a). Extensive studies have been carried out recently to present different
methods for supporting the PCC voltage under unbalanced grid faults by a single
DG unit [36]-[53].

On the other hand, a multi-DG system under unbalanced grid faults,

illustrated in Fig 6.1(b), has not been thoroughly investigated in the literature. The
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voltage control techniques in active distribution networks (ADNSs) proposed in the
existing literature are commonly classified as centralized and decentralized
methods. An in-depth literature review of these two categories is presented in [ 105]-
[107]. The centralized voltage control methods typically use communication signals
for controlling distributed loads, multiple DG units, and distributed storage
systems. Such an active centralized scheme results in the accumulation of the
information and requires signal processing and decision-making units as well as
communication infrastructures to transmit all the signals [108]. Although the
centralized methods can lead to optimal management of the ADNs and economic
dispatch of DG units with high accuracy and controllability, in theory, they suffer

from several important drawbacks in practice:

1) computation complexity in gathering and processing the information and

optimal decision making;

2) challenges of optimal decision making based on the limited information,

e.g., when the information of one area is not available;

3) defected operation in the entire network in the case of a failure in one

control unit;

4) high costs of building communication infrastructures; and (5) undesirable

impact on the plug-and-play feature of the distributed units [105]-[106].

Therefore, some efforts have been carried out in the recent literature to
propose proper decentralized voltage control methods in microgrids [106]-[107],
[109]-[114] and ADNSs [105], [115] as well as distributed consensus-based control
strategies in smart grids [116]-[117]. However, none of these studies has considered
asymmetrical voltage support and LVRT performance improvement in ADNs with

multiple DG units.
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6.3 Proposed Decentralized Maximum Flexible

Asymmetrical Support Tracking Scheme

The essential objectives in riding through unbalanced faults and providing grid
supports by a single DG unit are to avoid any damage or undesirable operation in
the DG unit, and flexibly support the asymmetrical voltage (i.e., by boosting the
positive-sequence voltage while alleviating the negative-sequence component). Fig
6.1(b) illustrates a schematic of an ADN with n converter-interfaced DG units. An
unbalanced grid fault or loading can cause asymmetrical voltage condition in the
entire distribution network. For any unbalanced condition, the positive- and
negative- sequence voltage vectors can be written for each unit (similar to the

unbalanced voltage equations for the POMI system in the previous chapter) as

. v;,k V. cos(wt+5y) _ | Vak Vi cos(wt+3; ) 6.1)

Vi = = s Vp=| = ).
VZ',k V. sin(wt+65;) Vak V. sin(wt+0; )

The total injected current by & DG unit can be mathematically formulated

as e =iy g +igg (6.2).

To exploit a flexible voltage support performance from distributed units, the
injected reactive current vector of the k™ converter, iy, in (6.2) is divided into the
positive and negative sequences in (6.3). These two current components can be
written in a vector form of
ia,q,k} I,y sin(@t+6;) =1 sin (ot +6;)

. o+ — q.k
Lk Tlgk Tigh =] . =, N - (6.3).
LB.q.k —1 g, cos(wt +6; )~ 1, ; cos(wt+ 0y )

For now, let'of the total required amount s assume that the augmented
reactive currents from all distributed units, i/*¢ ,for the unbalanced voltage support
is available. current can comprise positive augmented This- and negative-
sequences and can be found by following the notions for the single DG unit

structure] .[52] -[51It is worth mentioning that for conventional augmented

approaches the operating conditions of distributed units should be assumed to be

the same.
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Figure 6.2 Control system diagram of the proposed DMAS scheme embracing the DSPM and
MSPT blocks

After determining the total required positive- and negative-sequence currents
by the augmented notion, the problem becomes dividing the total supportive
currents between the distributed converters. The Kirchhoff’s current law gives

. . .total
lgug = Z lq,k _lqo,lgad (6.4),
k=lin

where 7 is the number of distributed units and i;O;gi . 1s the total reactive currents of

the loads. The positive and negative-sequence can then be divided based on the

ratings of the distributed units by drop-based approaches.

For an effective distributed voltage support, the nearest converter (i.e., with
the lowest line impedance) can contribute more to support the voltage, if all the

converters have the same amount of the available capacity for additional reactive

103



current injection. Therefore, the default distributed assignment of the set-points can

be realized using the following equation:

Igk = ZAZ lqgr gk = ZA} Iq.g (6.5),

j=ln j=ln
where X; is the inductance of the line connecting the i™ converter to the PCC. The
ratings of the DG units and their corresponding peak currents during the
asymmetrical condition must also be considered prior to the augmentation.
However, this augmented notion can only be applied if the operating conditions of
all distributed units are the same at the fault instant, or there exists a central control
unit. Hereinafter, the time interval in which the proposed voltage support method

is applied is called the duration of support (DOS).

To find the decentralized coordination between individually optimized
flexible asymmetric voltage supports of multi-DG structure in Fig 6.1(b), the
following points should also be considered in addition to the rating and maximum

peak current of each unit:

1) Available capacity of each converter during the DOS: There might be a case
that one unit reaches its maximum current capacity at the DOS since it is
injecting a considerable amount of active power while other units still have
extra capacities available for the support (since they are operating in lower
active power operating points). This is a common scenario in ADNs with
both solar and wind energy units which can create a useful opportunity for
cooperation. During the day, the active power production of the solar energy
system is typically in its high while during the night wind produces its high
active power. Therefore, a smart coordination scheme would benefit from

the optimum available capacity of each unit during the DOS.

2) Active power oscillation of each converter during the DOS: This parameter
should be kept under control for a stable operation and reliable distributed

support. High active power oscillation (due to the severe unbalanced faults)
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harms the frequency stability of the ac-side as well as dc-side voltage

stability.

3) Un-faulted phase voltage magnitudes: The over-voltage on the un-faulted
phases must be avoided. This can be achieved by the dynamic nature of the

proposed method.
4) Maximum utilization of the ™ unit in a dynamic and autonomous manner.

The proposed coordination scheme is named decentralized maximum

asymmetrical support tracking (DMAS) which encompasses two core blocks:
1) dynamic support point movement (DSPM), and
2) maximum support point tracking (MSPT).

Fig 6.2 illustrates the control system of the proposed DMAS scheme with its
DSPM and MSPT blocks. These control blocks are explained in the following

sections.

6.4 Identified Constraints for MSPT Method

This section explains how to find the maximum allowable support of £ DG
unit. The MSPT method defines two criteria: maximum tolerable active power
oscillation limit (POL) and peak current limit (PCL). Then, the appropriate
reference values for the positive- and negative-sequence reactive currents will be

determined.
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Figure 6.3 Proposed MSPT approach with FRPN strategy

6.4.1 Active Power Oscillation Limit (POL) Constraint

Based on the instantaneous power theory, the output active power oscillation

terms of the £” DG unit is calculated as

D=vi. i +v.if (6.6).

The maximum active power oscillation of the k™ unit can be formulated as

- - — |2 - 2
Pmaxk = \/(Vk+1q,k Vil )"+ ) (6.7).
Therefore, depending on the instantaneous amount of 7, in the K™ unit, the

following relation between the 7, and 7, is obtained:

2
-, ~
\/Plim,k _(Vk I;,k) + Vi Ly
Vk+

I, <

. (6.8).

This is the first obtained constrain between 7, and 7, . Eq (8) is named EQ-

POL for representing the POL constrains the MSPT graphs. The EQ-POL boundary
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is sketched as a straight line in Fig 6.3 in magenta color. This analytical equation

does not allow the active power oscillation of £ unit exceeds its corresponding
limitation, A, . The value of A, is set by the converter’s manufacturer or owner.

This feature thus avoids any undesired damage to the converter and the control
system of the ™ unit. Furthermore, it enhances the ac-side frequency stability and
dc-side voltage stability during severe unbalanced grid faults.

Piimm = 0.65p.u., Ijijpym = 1p.u.
‘ ' —EQ_POL |

1.2 —EQ—PCLs with I, =0
—FEQ—-PCLs with I, = 0.25p.u.
1 —EQ-PCLs with I, = 0.5p.u. \
= EQ—PCLs with I, = 0.75p.u.
508
&
0.6
s
0.4
0.2 :
0 .
0 0.2 0.4 0.6 0.8 1 1.2
+
I (pa) ©
, Ip,l = 055pu, Ilim,l = 1p.u.
—EQ—-POL
—FEQ—-PCL-a
0.8 —EQ-PCL-b|
. EQ-PCL—c
3 0.6 1
\g Piim, = 0.4p-u-
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L‘@O.“ !
0.2 G
0

0 0.2 0.4 0.6 0.8 1
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Figure 6.4 Allowable flexible voltage support areas of (a) m™ DG unit with four different values
of I, at the DOS, and (b) /" DG unit with four different values of Py, at the DOS

107



It is worth mentioning that the EQ-POL boundary may be time varying during
the DOS featuring the dynamic characteristic of the proposed MSPT since (8)

indicates that the relation between 7, and / qt 4 in the POL constraint of the &A™ unit

depends on:

1) the instantaneous value of the active power component of the current in

that unit, i.e., I;,k , during the DOS, and
2) the unbalanced fault characteristics, i.e., ¥, and V.

6.4.2 Peak-Current Limitation (PCL) Constraint

The peak current limitation of the power switches is another important constraint
that must be considered in the MSPT method. Applying this constraint ensures 1)

flexibly delivering the maximum allowable supportive currents in positive- and

negative- sequences and ii) autonomously setting the reference values of 7, and

I ;“,k without exceeding the peak current limitation in the ™ unit. The analytical

expressions of the phase currents can be formulated in the two-axis stationary
reference frame, based on the unbalanced voltage sag characteristics. Similar
analysis to the parallel system in the previous chapter can also be carried out here.
Eq (5.9)-(5.11) can be also used here for the peak current limitation constrains in
distributed GSI units. These equations are respectively named EQ-PCL-a, EQ-
PCL-b, and EQ-PCL-c, represented in Fig 6.3 in blue, orange, and yellow colors,
respectively. Based on these three equations the graph of Fig 6.3 becomes complete.

These three equations besides the EQ-POL determine the non-linear and time-
varying constraint boundaries for ., and I,;. In summary, these boundaries

depend on three factors: 1) setting parameters of the converters (i.e., limis and
pumiS), 11) unbalanced voltage characteristics, and iii) instantaneous active power

component of the injected currents. Based on these three factors, the four curves
representing the relationship between 1, ; and / q+’ « are drawn in Fig 6.3 to better

illustrate the proposed MSPT approach.
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6.4.3 Allowable Flexible Voltage Support Areas

Based on the proposed ideas in this chapter, the allowable flexible support areas
(AFSAs) can be identified in the NRPR plane for all units. As a first example, the
AFSA of the k" DG unit is shown with the green area in Fig 6.4 considering its pre-
set configurations as well as instantaneous operating points at the DOS. The green
areas of Fig 6.4 show other examples of AFSAs. Fig 6.4(a) illustrates four different
AFSAs (from light green to dark green) for four different values of the active
current of the m™ DG unit at the DOS. Therefore, based on the instantaneous active
current value at the DOS, the allowable voltage support area of the m” DG unit may
be varied resulting in very different optimal reference values for the positive- and
negative-sequence reactive currents of that specific unit. It is clear from Fig 6.4(a)
that higher active current values of the DG unit at the DOS results in lower
allowable room for contribution in supporting the unbalanced voltage by positive-
and negative-sequence reactive currents. These plots clearly show the nonlinear
relation between the active current component value and the permissible values for

the supportive reactive currents in positive- and negative sequences.

Fig 6.4(b) also demonstrates four different AFSAs (from light green to dark
green) for another DG unit based on four different values of the maximum tolerable
active power oscillation. Based on Fig 6.4(b), if the maximum tolerable active
power oscillation amount of the /M DG unit decreases, the available area of its
flexible voltage support contribution will shrink. Therefore, other DG units shall
compensate for the shrunk area of support in the /" DG unit in the collaborative
MSPT approach within their own available green areas. The introduced AFSAs
give useful insights on how to drive appropriate strategies in a decentralized manner

to achieve coordinated flexible support by multiple distributed units.
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Figure 6.5 PCL equations for the entire range of possible asymmetrical fault types, i.e.,

e =0: % : 2z for two different cases.

6.4.1 Simplified MSPT

We can also use a simplified version of the MSPT approach in the control system
(i.e., MSPT block of Fig 6.2) to reduce the computational complexity. Fig 6.5
demonstrates all possible EQ-PCLs for any type of asymmetrical faults. Fig 6.5
reveals an interesting feature in the NRPR plane: for any type of asymmetrical faults

we can find two useful points (i.e., full positive support point, Py, and full negative
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support point, Pss) such that a line connecting these two points gives a good
estimation of the all possible EQ-PCLs boundaries. This simplification approach
effectively removes the dependency of the PCL equations (5.9)-(5.11) to the
asymmetrical fault type. Manipulating (5.9)-(5.11) gives

. - + . 2 2
Pﬁys : quk =0, Iq’k’fps =\ lim,x _[p,k (6.9).

L O B T
Using this simple approach enormously expedites the calculation and can be

very efficient in the case of real applications with low-speed processing units.

Ip.k = 05}‘3{1 R’im,k = 0-25p‘u-aflim,k = lpu
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—EQ-BAMP
? 0.6 1
& = _ﬁ_‘_\ Y
= Prp
~~0.4
Pbamp.j’
o T
, | | \
0 0.2 0.4 0.6 0.8 1

I, (pu.)

Figure 6.6 Maximum support point tracking with BAMP

6.5 Proposed Strategies to Determine Maximum Support

Points by DSPM

Now that we have identified the constraints and allowable support areas, the final
stage of the MSPT approach is to find the optimal reference values for 7, and

in an autonomous way for individual units. The following subsections introduce
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two strategies to track and find the optimal values for I;“, r and I, without any

communication between the distributed units.

6.5.1 MSPT with Flexible Ratio between Positive- and Negative-
Sequences (FRPN)

The relation between the desired 7, ; and / ; « values can be defined by:

I, V., =V, AV,
cJ]r,k _ g+ ref,J/i _ k+ = M prpy (6.10).
Loy Vigx—Vg AV

This equation governs the ratio between the desired positive and negative
voltage supports, i.e., Mrrpw, and it is named EQ-FRPN. The EQ-FRPN is the line
sketched in green color in Fig 6.3. The maximum support points are thus
determined by the intersection of EQ-FRPN line and one of the boundary curves,
i.e., EQ-POL, EQ-PCL-a, EQ-PCL-b, and EQ-PCL-c. For example, points P; and
P>in Fig 6.3 indicate the peak-current limitation of phase B and the maximum
values for the positive- and negative-sequence reactive currents respectively for

M pgpy =0.15 and M gppy =0.3. Point P3 shows the peak-current limitation of phase

A and the maximum values for the positive- and negative-sequence reactive

currents for M jpy =0.6 . The slope of the EQ-FRPN line can vary flexibly during

the DOS to reach the equilibrium point between the distributed units in an

autonomous way.

6.5.2 MSPT with Bounded Autonomous Moving Points (BAMP)
Approach

As opposed to the FRPN strategy, the MSPT with the bounded autonomous moving

points (BAMP) does not require a ratio between / ;  and I . Instead, it suggests

defining one initial support point (Pjp) and one final support point (Psp). The

corresponding 7, and 7, for the initial and final points can be obtained by
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1, q.k,isp — ZA} ISP ) q_ kjisp — ZA} lSP
X X;

Jj=ln j=ln

(6.11).
kf Ak AVfSP Iygfip= Ak AVfSP
q s5p = z > gk, Jsp z
Jj= ln/ Jj= ln%(

These expressions are named EQ-BAMP and depicted in Fig 6.6. According
to Fig 6.6, the voltage support area for this case (i.e., without constraints) includes
both green and gray areas. However, if the MSPT constraints are applied, then the
moving points will be limited to just the green area. Two very useful features can

be extracted from Fig 6.6.

1) Generally, if the positive-sequence reactive current increases during the
dynamic voltage support (e.g., starting from point Pjy), it is most likely to

hit the PCL constraint boundaries.

2) Generally, if the negative-sequence reactive current increases during the

bounded moving points strategy, it is most likely to hit the POL constraint.

Based on these useful features obtained from the NRPR plane, we can
properly design our MSPT approach with BAMP strategy (see Fig 6.2). It is thus
proposed in this chapter that the MSPT with POL constraint is applied to adjust the
negative-sequence reactive current while the equations of the PCL constraints are
considered for regulating the positive-sequence reactive current. The simulation

results will better clarify the proposed concepts
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Figure 6.7 Studied Test System: A typical medium-voltage distribution system in Ontario, Canada

6.6 Simulation Results

The proposed methods are examined on a practical test system, adapted from a
typical Hydro One system, the medium-voltage distribution system in Ontario,
Canada [118]. The system parameters are reported in Fig 6.7. This 27-kV
distribution network consists of three large renewable plants (2MVA wind farm,
2.5 MVA solar farm, and 3MVA hybrid plant). As Fig 6.7 also indicates, the pre-
set PCL/POL values of three DGs are different (lpea,i=1.5 p.u., lpear,2=1.2 p.u.,
Lpear,5=1.8 p.u., Plim,1=0.5 p.u., Pjim2=0.5 p.u., and P 3=0.7 p.u.,).

6.6.1 Test Case A: Conventional vs Proposed

A double-phase fault occurs at =0.1s and clears at /=0.4s, as shown in Figs 6.8 and
6.10. Fig 6.8 and 6.9 show the results of the conventional asymmetrical voltage
support method [44], [83], [91]. In the conventional approach, all three DGs inject

similar amount of positive- and negative- sequence currents, respectively,
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proportional to the positive-sequence voltage reduction (from a specific value, e.g.,
0.9 p.u. [44]) and negative-sequence voltage rise (from a specific value, e.g., 0.05
p.u. [44]). Although there are huge differences between the instantaneous
supportive capacity of each DG (in addition to differences between their pre-set
values, i.e., ratings and PCL/POL constraints), they inject both sequences with
respect to two simple droop control techniques. Due to the simplicity of the
conventional method, some grid codes have adopted it [83]. However, the results
obtained from the conventional approaches are neither sufficient nor coordinated.

This is clear by comparing Fig 6.8(b)-(c) with Fig 6.10(b)-(c).
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Figure 6.8 Test Case A: Conventional voltage support method [44], [83], [91] (a) grid voltage,
(b) PCC voltage, (c) positive- and negative sequence voltages of the grid and PCC.
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Figure 6.9 Test Case A: Conventional voltage support method [44], [83], [91]: (a) active and
positive/negative-sequence reactive currents of DG1, DG2, and DG3, (b) phase-currents of
DGI1, DG2, and DG3

On the other hand, Figs 6.10 and 6.11 illustrate the results of the proposed
scheme. The active current components of DG1 and DG2 are high during the DOS.
Event-1: According to Fig 6.11(b), in the first milliseconds after the fault
occurrence, the peak-current in phase 4 in DG2 hits the limitation. Therefore, the
proposed MSPT method tries to autonomously and dynamically adjust the positive-
sequence reactive current of the DG2 (see Fig 6.11(a), event-2) so that the peak-
current limitation criterion is satisfied while still contributing to the distributed
voltage support (to the maximum capability of DG2). Event-3: To compensate for
this shortage, DG1 autonomously tries to inject more positive-sequence reactive
current as it is clear from =0.2s to =0.32s in Fig 6.11(a). Event-4: At this point,
DG1 also hits the peak-current limitation in phases 4 and B, as shown in Fig

6.11(b). Therefore, the proposed MSPT method autonomously keeps its positive-
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sequence reactive current constant, as indicated in Fig 6.11(a), event-5. Event-6:
From this point, DG3 autonomously tries to inject even more positive-sequence
reactive current, as accelerated increase is observable in Fig 6.11(a), to compensate

for the shortcomings of positive-sequence support in DG1 and DG2.

Comparing Fig 6.8(b)-(c) with Fig 6.10(b)-(c) clearly illustrates the superior
performance of the proposed DMAS scheme in supporting the phase voltages as

well as in improving positive- and negative-sequences of the voltage.
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Figure 6.10 Test Case A: the proposed DMAS scheme, (a) grid phase-voltages, (b) PCC phase-
voltages, (c) positive- and negative- sequence voltages of the grid and PCC.
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Figure 6.11 Test Case A: the proposed DMAS scheme: (a) active and positive/negative-
sequence reactive currents of DG1, DG2, and DG3, (b) phase-currents of DG1, DG2, and DG3

6.6.2 Test Case B: Proposed Scheme under Severe Conditions

In this test case, two different voltage drops 100% on phases 4 and 50% on phase
B (as shown in Fig 6.12(a)) have been applied to test the proposed coordination
scheme. The result of the DMAS voltage support is presented in Fig 6.12(b). Fig
6.12(c) also illustrates the improvements in positive- and negative-sequence
voltages. During the dynamic and autonomous operation of the proposed DMAS
method in this test case, five noticeable MSPT events happen (i.e., first in DG2,
then in DG1, and finally in DG3). Event-1: At =0.15s, the peak-current limitation
of DG2 (Fig 6.13(b)) causes to reduce the positive-sequence reactive current (Fig
6.13(a), event-2). This event is autonomously compensated by accelerated increase
in positive support contributions from DG1 and DG3 from =0.15s, event-3. Event-
4: Another main MSPT event occurs at 0.22s in DG1 due to peak-current limitation.

Event-6: A few milliseconds later, another MSPT constraint occurs at =0.32s
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where the active power oscillation of the DG1 hits the pre-set maximum allowable
limit (Fig 6.13(b)). Therefore, the DMAS immediately reduces the negative-
sequence reactive current in DG1 (Fig 6.13(a), event-7). Event-8: As expected,
DG3 autonomously and quickly respond to this shortcoming by an accelerated
increase in its contribution in injecting negative-sequence reactive current (Fig 6.13
(a)). Event-9: Finally, at /=0.35s the fourth MSPT constraint happens in DG3 due
to its peak-current limitation. These nine events all happen autonomously without
having any communication between three units. This test case clearly demonstrates
the main contributions of this chapter: 1) the decentralized nature of the proposed
coordination scheme; 2) maximum flexible asymmetrical voltage support of
individual DG units and their cooperative support; 3) intact active power injection
of all DG units during the DOS; 4) effective performance of the proposed DSPM

and MSPT concepts while respecting the important boundary limits.
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Figure 6.12 Test Case B: the proposed DMAS scheme, (a) grid phase-voltages, (b) PCC phase-
voltages, (c) positive- and negative sequence voltages of the grid and PCC.
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Figure 6.13 Test Case B: the proposed DMAS scheme: (a) active and positive/negative-
sequence reactive currents of DG1, DG2, and DG3, (b) phase-currents of DG1, DG2, and DG3

6.7 Conclusion

This chapter presented a comprehensive coordination control scheme for
maximized and flexible asymmetrical grid support by multiple DG units in an active
distribution network. In addition to being decentralized, the proposed coordination

scheme benefits from three additional features:

1) a maximized flexible asymmetrical voltage support that does not affect

the active power injection of individual units at the time of the support,

2) maximum support point tracking of each unit considering current,

voltage, and power constraints, and

3) wise dynamic support points movement. Furthermore, this chapter
introduced new concepts including allowable flexible support areas and

support points trajectories represented in the negative-reactive-current vs.
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positive-reactive-current plane. These concepts were applied in the

proposed scheme.

They are also useful for further research in this area. The proposed
comprehensive scheme was tested in the simulated version of a distribution network
in Ontario, Canada. Test results illustrated the superiority of the proposed

techniques compared to the existing methods in the literature.
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Chapter 7

Conclusion and Future Work

In this chapter, the main findings of the thesis are summarized, and future work

suggestions are presented.

7.1 Thesis Achievements

The achievements of this research project can be summarized as:

1) The available control strategies under asymmetric grid conditions for a

grid-interactive inverter was thoroughly studied.

2) A novel maximum asymmetric support control scheme (i.e., MAS
scheme) was proposed based on the analytical methods. This scheme
enables grid-interactive inverters to use their full potential to flexibly and

optimally support the asymmetric grid voltage.

3) An advanced reference current generation scheme was suggested. This
scheme has multiple objectives such as minimizing the power
oscillations, maximizing the average active or reactive power delivery,

and minimizing asymmetric fault currents.

4) A comprehensive guideline for riding through asymmetric faults and

simultaneously supporting the grid (i.e., ART scheme) is introduced. This
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5)

6)

7)

scheme enforces large DGs to properly regulate the phase voltages within

the pre-set dynamic limits under short-term asymmetric low voltages.

A novel dynamic voltage regulation method is also proposed to accurately

address the ART specifications.

A new voltage support scheme with improved accuracy in regulating the
phase voltages at the PCC within the pre-set safety limits was introduced.
This method addresses the drawbacks of the existing approached by
considering the zero-sequence voltage compensation, the output active
power and being adaptive to complex grid impedance (i.e. with resistive
and inductive parts). Two complementary strategies are also augmented
to this method: the adjustable limited active power oscillation and the
maximum active power delivery strategies. These strategies enabled the

proposed voltage support method to have MAS capability.

A unique MAS scheme was proposed for multiple GSI units in the parallel
structure which enables the maximum collaboration between the units in
flexible and optimal asymmetric voltage support. This method was called
parallel MAS (PMAS) technique. In addition to ordinary MAS
capabilities, PMAS added the following advantages to the parallel multi-

inverter structure:

a. coordinating the maximum flexible asymmetrical voltage support
and ride-through capabilities of individual units inside the parallel

structure,

b. maximizing the collective dynamic contribution of parallel
structure in  boosting the voltage and reducing the

imbalance subject to the constraints of the plant and host system,

c. retaining the active power injection of each inverter unit intact
which leads to power/cost saving in the plant operation as well as

host system stability enhancement, and
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d. setting different objectives based on the potential requirements in

future grid codes.

8) Another unique MAS scheme was proposed for the autonomous
coordination control of multiple inverters in the distributed structure. This
scheme is named decentralized MAS tracking (DMAS). While achieving
the optimal coordination between the MAS performance of each inverter,
the DMAS eliminates the dependency of the control system to
communication infrastructure. The DMAS scheme is realized using two

core concepts:

a. The maximum support areas were introduced in the positive

negative reactive currents plane.

b. The dynamic support points movement were proposed by two

autonomous strategies.

7.2 Future Works

The proposed control and regulatory schemes (i.e., ART, MAS, PMAS, and
DMAS) can be examined and applied in different applications such as different
types of converter-interfaced DG units, grid-interactive converter-interfaced
microgrids, interlinking converters inside hybrid AC/DC microgrids, and modular
multi-level converter-based HVDC systems. They can be further explored for
various type of energy resources such as permanent magnet synchronous generator-
based wind turbines or converter-based photovoltaic systems, squirrel cage
induction generators, and doubly-fed induction generators. Further investigation is
required for the application of the proposed schemes for micro-units, such as small
roof-top solar panels and electric vehicles. Since the voltage support in most cases
is obtained using the reactive current, the nature of the energy source (that
is responsible for generating the active power) does not affect the effectiveness of
the proposed schemes in theory. However, further study is needed to validate this.
Also, the algorithms can be extended to utilize the active current component in the

supportive techniques. The specification on the active power limitation during the
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fault and its restoration after the fault is an important area which needs similar
comparative research. These specifications vary in different grid codes based on
system characteristics such as grid strength. Although the imposed specifications
on active power restoration by different grid codes can be adopted by the proposed
supportive and regulation schemes, it is an interesting area for future research on
specific requirements of active power restoration (from the system operator point

of view) under unbalanced grid faults.

7.3 Expected Significance

This research intends to identify the critical challenges of emerging grid-interactive
smart inverters under asymmetric grid conditions. Some of the most significant
benefits of this project are as follows: (1) tackling the reliability challenges brought
by the increasing integration of distributed inverters into the existing power grids,
(2) enforcing large DGs and microgrids to provide maximum support to the grid
under abnormal conditions to guarantee the stable operation of the host system, (3)
applying the advanced control schemes in different configuration (i.e., parallel- and
distributed structures), and in various application, i.e., a single DG system, hybrid
ac/dc microgrids, and active distribution networks, (4) facilitating the booming

growth of high renewable and clean energies integration.
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