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Abstract

Climate change has forced the world to move towgrdateruse of green energy.

This shift is likely to result in a significant increase in renewable energy penetration,
which will be reflected in the future of the electrical grids. However, this increased
penetration causes operational challenges, such as sedreaystem inertia and
emergence of weak grids. Gifidrming converters are a promising solution for
enhancing the stability of electrical networks; further, these converters address the
operational challenges due to renewable energy penetration. &sirs hfocused on
virtual synchronous machines (VSMs), which are a particular type off@mung
converters that are implemented without an inner current control (CC) loop. This VSM
implementation can provide better inertial response than othefogning structures

with an inner CC. However, it cannot limit the current through the converter during a
fault. Therefore, different gri€brming implementations are reviewed in this thesis.
Subsequently, a review of the FRT techniques for different stratdgeussed in the
literature is provided, followed by a discussion on the basic VSM structure and
multiple FRT strategies with regard to their limitations and requirements. Thus, a
standard solution that uses VSM as the primary controller with a convahiinmer

CC acting as a backup controller during fault conditions is established, which is
referred to as a dual VSM control structure. The switching action between the primary
and backup controllers is dependent on an accurate fault detection alg&iidn (
Meanwhile, the conventional FDA reported in the literature has limitations in some
scenarios. Thus, the limitations of the conventional FDA in weak grids and unbalanced
conditions are discussed, and a new FDA with improved performance is proposed.
Two types of sensitivity analysis are conducted to study the dynamics of the proposed
control approach. The first analysiwestigateshe sensitivity of the proposed control
structure to different fault locations in strong and weak grids, whereas thedsecon
analysis mvestigateshe sensitivity of the controller response to changing controller
parameters. The second analysis is introduced as a reference for tuning and improving
the proposed control structure. Further, the synchronization loop within thapbac

controller is studied, and common synchronization techniques are compared, including




a new synchronization technique. Finally, the comparison shows the recommendations
for the synchronization techniques, which can support the stable behaviour of the

backup contréwith maximum reactive current injection during faults.
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Chapter 1: Introduction

Chaplter

Introduction

1.1 Background

The worldis facingthe consequences ofimate change largely caused by carbon
emissionsin November 2021, the $68Conference of Parties (COP26), whiclths
decisionmaking body of the United Nations Framework Corigenon Climate
Change, was held in Glasgow, UK to discuss climate changerapdsecoordinated
actions to reducs risks. According to theadviceof the Climate ChangeCommittee
countries shoultbrmulatea plan to reductheir carbonemissionsin response to this,
the UK haglanned to reducis carbon emissia@to 68% by 203®f that in1990[1].
In the field ofelectricity generationcooperation is being established betwdes
academiandindustry towardseplacing conventional carbamittingenergysources
with greerer alternative. For conventionalenergygeneratiorsourcege.g.coal and
stean), synchronous machines (SM&present large portiorof the electricenergy
sourcedor grids interface These machineare mechanical systerttsatare capable
of inherently providing inertia and damping to the electrical sys#&mong the
rerewable energy sourcesch asydro, wind, and solarwind and photovoltaic (PV)
systemare the most common technologeging to theidow cost andhighreliability.
Meanwhile,PV and wind us@ower convertergistead ofa SM to interface with the
grid. With the continuous development bigh voltage direct currer(HVDC), the
future of electrial grids will be dominated by power converiaterfacedgeneration
In the UK, offshore wind generation is expected to increase from 9 to 83.1 GW by
2050[2]. In Australia, the combined wind arsblar market sharen the national
electricity markethas reache@0% [3]. In the ERCOT (Texa9g grid, wind energy is
20% of the total energygeneration and itcovers 156 of the average total energy
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consunption andup to 54% of the instantaneous powensumptior{4]. In Ireland,
according tcEirGrid, thetotal wind generatiorwas upto 4300 MW in 202Q which
was37.9%o0f the totaklectricitygenerationand the total renewable energy generation

is targeted to be 70%f the total energy generatiday 2030[5]. Meanwhile some
global challenges can lead amincreasen the renewable energy generation share,
such aglobalchangsin energy consumptioowing to nationallockdowrs caused by
COVID-19. In the UKin the summerof 2020, demand on thedectrical griddropped

by 18% leadingto a significant increase in the share of renewable energy sources such
as wind and solagnergy[1]. These examples show that thehallengegposedby the
increasegenetration of reneableenergyneedto be addressed to avoid unexpected

catastrophiconsequences.

Two main challengeposedby the increasedpenetration of convertenterfaced
generationare voltageand frequencyinstabilities [6]. Voltage instability occurs
because of the intermittenature otherenewable energyenerated byind turbines
or PV systemswhicharebuilt in remote areasncluding offshore wind farmd'hese
areas are connected to the grid through a long transmissioaduigng inweak grids.
The long transmission linereateshigh impedance betwedhe renewable energy
generationsourceand the grid, which makes the voltage at plment of common
coupling PCQ very sensitive to any disturbanaedeasily changed by reactive power
injection[7]. This phenomenors different fromthat ofstrong grig in which voltage
variationsdo notaffect thePCC voltage as it is secured by the strong grid voltEge.
weak grid phenomeam causes another serious problem with the most commonly used
synchronization techniquealledphaselockedloop (PLL). PLL requires a stiff grido
maintainsynchronizatiorj6], specific tuningand operatn references in weak grids.
Furthermore,frequency instability mostly occurs inlow-inertia systens because
renewableenergygeneratiormethodsmostly donotrely on SMs, so thatthe absence
of mechanical rot@reduceshestoral kinetic energythatcanbereleasd in theform

of inertia. During power imbalancefrequency disturbance occumshich can be
charactesed by the frequencyadir, rate of change offrequency (RoCoF)and
restoration timeFigure 1.1 shows a simplified ketch of the three charaetistics

wherefrequency nadir is the loweatceptabldérequency reached aftardisturbance,




Chapter 1: Introduction

RoCoF represents how fast the frequetttgngs after the disturbance, and restoration

time isthetime requiredto stabilize the frequency to the nominal acceptable range.

Restoration time

Frequency nadir

Figurel.1. Simplified behaviour of the frequency response adteisturbance in the
active power on fault[8]

These charaetistics are usually determined by the grid operatachieve alesired
stable operationThe RoCoF of the system &fected by the inertia of the system
thus,a decrease itheinertiacauses amcreasean the RoCoFafter grid disturbance
[9]. In the UK, the loss of main protectiomses RoCoF relays, which detect and
disconnectenergy generations with high RoCoF valu¢$0, 11] This type of
protection can lead tiipping in weak gridsduringfrequency disturbancélence the
limit of the RoCd- relays was changed from 0.5 to 1 H/2016[12]. However, tle
resettingof the relaysis not sufficient becausethe decreasen system inertiastill
requires furthesolutiors to contain theccompanyingroblem.Anotherissue caused
by the lowinertia systenis theinability todampenafrequency disturbandeherently
Becausdraditionalconvertefinterfaced generatiorcannot providenertia, therefore
frequency changecan lead tanstability andlack of frequencyrecoverywithout a
proper frequencygontrol Figurel.2 shows different timescales$ frequency dynamics
and controin which aninertial response is created through the kinetic energy stored
in the rotor of theSM. The inertid respmse of theSM lastsup to 5s andis an
instantaneous response to a frequency change. pherary and secondary contsol
are activatethy changing the active and reactive power refereranesthey takeome
secondsand minutes respectively The time required fothe tertiary control and
generator reschedulirgngefrom a couple of minutes teeverahours.Although the

standarctonverterinterfaced generatiotontrolhasafasterresponsé¢han the primary
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control,itstimescale is slower timahat ofthe inertial respons&hereforethestandard
convertefinterfaced generatiooontrol needs to be improved to achieve a similar

performance to the inertial response.

[DInertial Response

[ Primary Control of Convertdnterfaced Generatio
[ Primary Control

[ Secondary Control (AGC)

[CJTertiary Control

Il Generator Rescheduling

—

H

|
|
|
|
|
|
s 30s 15min 75min time

Figurel.2. Timescales of frequenaglated dynamics in conventional power systems
and frequency control through converieterfaced generatioj]

Onesignificantfrequency everthat caised anajor electricity disruption was recorded

in Great Britain on 9 August 2019[13, 14] The incidentaffectedover 1 million
customersincluding hospitals and rail servigeand it occurredvhenan overhead
transmission line was struck by lightninglornseawind farm, with a maximum
capacityof 1200 MW, was affected by voltage fluctuatioaier the lightning strike

The event triggered an unexpected response from the outdated control system, causing
the protection system tteloadthe capacityf thewind farmfrom 799 to 62 MW13].
Further generation disconnectgied to further decrease in frequerszych thabver

1 million customers were disconnected owing to tbe frequency demand
disconnection actioto restorethe generation and demand balarnid@s event is not
considered as a lowertia system but a clear example of the consequences of
frequency disturbanceld5]. Therefore, a new method is teegd to supporthe
frequencystability of non-synchronous renewable energy sources.
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Moderngrid code specify requirement$or renewable energy genevagsuch agault

ride-through(FRT). Additionally, renewable energy gendoat systemsnust provide
reactive powersupportand primary frequency supppds well asdampenpower
oscillations according to their capabilitiessimilar to conventional synchronous
generationsystems[16]. The grid coderequirementsegardinglow voltage ride

through in European countriesre presented in[17, 18] A review of FRT

specificationsin different grid codedor renewable energy generatisystemsis

presented in19]. A study on different reactive power management methéals
renewable energy generation is introducel@@j as a FRT requiremerAdditionally,

the tecimical requirements fagrid-connected wind power plain USA, Chinaand
Turkey are presented [&1, 22]

Severalsolutionsfor low inertiahave been proposesluch as increasing the number
of synchronous condens¢28], usingflexible alternating current transmission system
(FACTYS) devices to enhance voltage support and fault cup28htadoptingnewfast
frequencyresponse (FFRechniqueg24], and upgrading the converter controllers to
form grids [24, 25]

Meanwhile,FACTS devices or FFIRequires a time torespond andtheyincrease the

grid expansiortosts

A grid-forming converterwhichis apromising solutioncanproducevoltage at the
corverter terminals without an external gf@b, 27] One of the mosivell-known
types of gridforming convertes is VSM, which emulates thbehaviour of &SM in
different degrees of detail. VSMs can provide an inertial response simitaattof
SMs [28], achieve stable response in very weak g8, andhave black start
capability [27]. However, the VSM structure requires further gtudcluding the
assessment of conveiteonverter interactions aratidition ofnew energy storage to

support inertial power provisid30].
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1.2 Scopeof work

Although VSM controllers emulate the behaviour of SMs, the inherent current
limitation of power electronic converters makisemunable tadeal withfault current
in the same way aSMs. SMs are more tolerant to current increase thaower
convertesowingto their thermal inertial hereforecurrentlimitation teciquesneed
to be considered in VSNMased power converter controllensdernormal and fault
conditions.During normal conditiosin which the voltage is in the nominal range
VSM strudures can limit the current through an active power controloop for
structure without a current controlleror directly through the current controlldor
other structuresThe control loopcankeep the current below thmaximum current
rating. Howeverunderfault conditiors, the active power loofAPL) cannot limit the
current for structurs without a current controllerhence,an alternativecontrol
structureis required tqrotectthe power converter during fasilfThe alternative loop
mustsupportthe grid underfault conditionsby injecting reactive powdyased on the
recommendations alectrical grid codesThisis requiredor voltage support anthe

protectiondevices in the power system to opelate identify the fault conditions.

The scope athisthesisis to investigate the FRT capabilibf VSM structure without
a current contrddr. This thesisbeginswith the review oexistinggrid-forming control
structures and the FRTstrategies introduceldy several authorsSubsequentlythe
currentlimiting capability of aVSM structueis investigated, anthe control structure
limitations and requirementse identified Further an improvedcontrol dructure is
proposedfollowed byanaly®s and assessmentsderdifferent types of faultsinder
different grid conditios. Finally, a compaative analysis iprovided toimprove the

response of the proposed structure.
1.3 Contributions

This thesismakessomeimportantcontributionsthatcan helpresearchrs toimprove

the performance of SM structures. These contributioase
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1 A steadystate current limitation technigseitable for VSM structuresithout
acurrent control loops proposedThe technique can mitigatke overcurrent
caused by changes in the grid voltégyerecalculating the active and reactive
power references

1 A newFDA is developedusing sensitivity analysis along with an improved
solutionto enhancehe operation of the VSM control structuier different
fault typesin strong and weak grid conditionsnotherFDA is alsoproposed
to providedetectiorflexibility underseveral grid condition Thesealgorithms
and control structure improvements are based on a study of conventional VSM
structure without a current control loognd they address thieitations of
the solutiors proposed in past studies

1 A new synchronization techniqugintroduced, wicth is a possible alternative
for future control structures.Subsequently possible synchronization
techniquesthat canreplacethe PLL in the backup current controllare
investigatedThis studyalsoinvolvesstability analysis using the phase portrait
of different synchronization loopsParametric sweep analysis then
conductedo determinethe appropriatéuning parametersf each controller.

1 Finally, all the synchronization techniquese compared to higjght the
advantageand disadvantagef each technique.

1.4 Thesis structure

This thesis isstructuredinto six chapters Chapter 1 provides the background and
rationale for this study

In Chapter 2the conventionatonverter controlalsoreferred to as gridiollowing
converter contrglis explainedThe traditionalconverter controtomprises amner
current control loouilt according taconverter modelThe references of the current
controller are fed throughactive and reactive power controBerwhich are
independently controlledecausethe PLL ation guarantees ih independence
Subsequentlygrid-forming control structurearereviewed, with specal focus on two
categories 0¥/ SM structuresThesecategories are based on the order oSiemodel

usedto buildthe converter control structurféurther a comparison tabls presented
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to summarize the different structures according tactmdrol loopsFinally, different

FRT techniquesadoptedn VSM structuresare reviewed

In Chapter 3theVSM controllerarchitectures explainedanda techniqués proposed
for limiting the activeand reactive poweeferenceshrough current calculationshe
uncontrollable fault current behaviouwf the VSM is then explained and
recommendatiasfor alternative control loopare proposedly investigating different

FRT strategies

In Chapter 4the conventiona/SM structurefor controling fault currens in all fault
types is discussed he conventionastructureis first discussednd then subjected to
unbalanced faultanderstrorg and weak grid conditions. Ehstudy shows thahe
structure requires improvemetuscause ots limitations. Subsequentlythe structure
is improvedso that ithas a wider stability margin that covarsbalanced faults in
weak grid conditioa The structure is then subjected fawlt location senskity
analysisto verify its reliability. Furthermore, parametric sweep analysisonducted
andused as a reference for tunitige control structureAn improved fault detection
algorithm (IFDA) is thenintroduced, which further improves the conditicius
identifying unbalanced faults in weakgrid conditions.In addition the proposed
structure withIFDA and theconventionalgrid-following converterare compared
showingthe reliability of the proposed control structure compared tadnemonly

usedstructures.

In Chapter 5 different synchrorgation techniqueshat canreplacethe PLL in the
backupcontroller of the VSM structurare explainedParametric sweep analysis i
then conductedfor eachtechnique andthe tuning of each technique is discussed.
These techniquesare then comparedand ther individual advantage and
disadvantage are highlightedFinally, the conclusions of this thesis are provided in
Chapter 6.
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Chapter 2

Literature Review

2.1 Introduction

In this chapter thevoltagesourceconvertes (VSCs) of the most common topologies
are discussed hen, the contrslused for thea/SCs are describedndcategorsed into
grid-following and gridforming structuresin the next sectionthe VSMs of grid-
forming converterswhicharecorsidered the most promising control structifrem
the authod perspective, are discuss&libsequentlythe key points of different VSM
topologiesare summarisedrinally, the FRTof the VSM and different methodef
enhancing the FRT capabiliof the VSMarediscussed

2.2 Electrical grid decarbonisation challenges

TheUK has ambitious plans of achieving a net zero emission goal by&tb6everal
measureshave been proposedto reach this goa[31]. Thesemeasuresinclude
decreasing the use of natugas in heatingreducingthe use offuel-based vehicles,
and decarbonisingelectricity generation. The last objective requires increasing the
penetration of renewable energy generatibowever,it is faced with several
challenges regardingrid stability and reliability. National Grid ESO envisio@s
electricity generation o&pproximately83.1 GW from offshore windfarmsy 2050
[32], as shown irFigure2.1.
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LW Scenario Total
Installed Capacity

e 2050 — 83.1 GW ) . East Scotland
2030 — 42.0 GW g [20507] 9.3 cw
oA 2030 51 GW
» 2025 — 23.9 GW £ 2 12025 5.8 6w
° 2020 — 9.6 GW i 2020 0GW
= . ’I,-"
- < Dogger Bank
North Scotland N [2050 | 10.8 Gw
[2050 18 GW = 2030 7.6 GW
2030 6.5 GW . Y |2025 | 4.5 Gw
|2025 256w { E 2020 0.4 GW
|2020  |osaw L . “ —
g C
$ = Eastern Regions
N Wales & Irish Sea e | [2os0 I%
[2060° ] 15.4 aw 020 7.4 G
— siow |2025 [10.1 GwW
[2025 276w N - (2020 44 GW
2020 2.7 GW i~ e
L ) Aty A e———— South East
e~ [2050 |21 caw
s 2030 1.7 GW
e [20250 ] 1.3 aw
(| 2020  [136w

Figure2.1. Installed offshore wind capaciby 2050[32]

This penetration causes unexpected challenges that require immediate at@ardion.

of thechallengeds changingthe electrial system properties such as system strength.
System strength is defined by the Australmergy MarketCo mmi s s itleen as
characteristic of an electrical power system that relates to the size of the change in
voltage following a fault or disturbandet h e p o w e [B3]. One oft thee main
contributors to voltage stability iSM, and by decreasing tH&Ms with respect to
converterbased generation, treystem strength decreaséglditionally, the shor

circuit level, which is proportional to the system strength, is expectadndicantly
decrease over the nepgarsowing to an increase irenewable energgenerationas

shown inFigure2.2.
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Key

(min SCL)

Key

(min SCL)

D [ 13-15kA ‘t,t T [ 15-15kA
11-12kA / 11-12kA
9-10kA 4 9-10kA
7-8kA : 7-8kA
<TkA <7TkA

Figure2.2. Expectedshort-circuit level inGreat Britainfrom 2020 to 203(34]

Both of these phenomenad tothe concept of weak gridahich is aserious problem
affecting the reliability and potectionof electrical systemsin a poweiconverter
dominated network, weak gedequire a different tuning for the protection system.
Moreover, it was reported that the standard vector current controller with a PLL had
limitations in weak grids as theLP might exhibit unstablebehaviour.Figure 2.3
shows the risks presented by the power conveirtesgeak gridsusing a PLL, which

showsmore than 50%ncrease iralarge area ofsreat Britain

2020 2025 2030

» »
[\

Q
Key Key
(% of year at risk) (%of year at risk)
0 o% v 0 o%
0 1-15% O 1-15%
16-50% p 16-50%
51-75%

51-75%
76-100%

Key

16-50%
51-75%
76-100%

76-100%

Figure2.3. Risks presented by PLL iGreat Britainfrom 2020 to 203(34]

In addition to weak grids, the decreasenechanical inertiprovided bythe grid as a
result ofreducedSM penetration has introduced further challengégure2.4 shows

the expected trend of the national inertiaGreat Britain by2030, which clearly
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indicates thathe declining inertia is becomingignificantand the impacts of such a

change requires detailed study.

National Inertia

150 200 250 300
] | | |

Inertia (GVA.S)

100
]

50

~| = Two Degrees

Steady Progression
= Consumer Evolution
o — = Comunity Renewables

\

T T T T T T
2020 2021 2022 2023 2024 2025

Year

T T T T T
2026 2027 2028 2029 2030

Figure2.4. Inertia trend upo 2030[35]

The lowinertia problemhas attractethe attention of several governments, and some

solutionshave beersuggestedas presentedn Table 2.1. The tablepresentsthe

initiatives taken by some countrigssolvethe lowinertia problemrevealing thagll

the countries are moving towardhe same concept of emulating inertia through

renewable energy sources.

Table2.1. Low-inertia solutiongy different countrie$36]

Country Nominal frequency [Hz]
(TSO, Year) (Frequency nadir [Hz],

maximum duration [s])

Applied solutions

Great Britain [37] | 50 (49.5, 10)
(National  Grid,
2015)

9 Adopting self-regulated loac
enhancemest

1 Adding synchronous
condensers

i Utilising renewable energ

sources with emulated inertia

13
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i Establishing ew storage
systems based on synchronc
energy €.9. compressed ai

energy storage)

Ireland [38] 50 (47, 20) 1 Seting the maximum
(EirGrid, 2013) renewable energy penetratic
to 70%

1 Renewable energy sources i
expected to emulate inertia

1 Adding synchronous
condensers and mechanic
stabilisers

i Increasng the RoCoF relay

setting from 0.5 to 1 Hz/s

Australia [39, 40] | 50 (47.5, 9) 1 Seting a minimum

(Australia Energy synchronous generat

Market Operator, penetration

2018) fEmulaing inertia  through
renewable energy sources

United States[41] | 60 (59.3, 0.5) 1 Adding ancillary services€.g.

(Electric synchronous inertial response

Reliability fUsing flywheel for fast

Council of Texas, frequency regulation

2018)

In this section, thetwo main problems for the future of electlayrids have been
identified aslow-inertia systemsand weak grids. The study of thesetworktypes
requiresthe investigation othe standard control approach for power convedacds
its limitations. In the next sectias inertia emulation through the control structures
mentionedin the literatureis discussedand the limitations of these structu®

explainedfocusing orFRT as the main topic of this thesis.
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2.3 VSC structure

The comma VSC structures are twéevel, threelevel, and modular multilevel
convertes. The twelevel convertercomprisestwo switches per phasand each
switch connedto eithera positive or negative DC voltagas shown irFigure 2.5.
The DC source representise DC side of theconverter which caneither be a
renewable energy source oH&DC. The thregphag AC terminals are represented
by phase Aphase B, anghhase Cand theyare connected tathreephaseAC grid.
The switches are controlled through phésewidth modulation(PWM) inputs, which
are created using the controller structure output.

PWM PWM PWM
A* B* (o
DC _ [ Phase Phase Phase
Source | A B C
PWM PWM PWM
A B C

Figure2.5. Two-levelvoltage source convertstructure
2.4 VSC control structures

Grid-following structures control the active and reactive pevbased orthe angle
measured at #hconnectiorpoint using a PLLFig. 2.6 shows @achematiaiagramof
a representatio of a simple griefollowing model. Meanwhile,grid-forming model
represerdtion is used toproducevoltage and frequency, and a simple schematic is

shown inFigure2.7.
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A4

VSC

Y

Control vse
onTroll Control
Figure2.6. Grid-following model Figure2.7. Grid-formingmodel

2.5 Grid-following controllers

There are several implementatiosfsthe current controlleincluding theU Krame
and dg-frame implementations[42]; however, the traditional dgoriented vector
current controller is commonly used. This vector controller transforms sinusoidal
voltages and currenisto DC values that can be controlled using simgleportional
and integrallPl) controllers.To track the grid agle, aPLL is usedto synchronize with
the grid voltage In the following section the constructios of vector current

controlles aredescribed
2.5.1Innerloop control

The vector current controller relies on the relagiup between the current psiag
through the filter impedance between the converter terminals and thd-RU@2.8

shows asingle line diagranof the converter terminals and PCC.
Converter

ICabe Rc Lc
L [%& 7, " AAA LYY Y |
| + +
VCabe Uabe

$ L L

Figure2.8. Singleline diagram of a converter connectiona®CC

The equatioafor the single line diagram in the abc fraareexpressed as

16



Chapter 2: Literature Review

0 6 Y m on Q VS L | Q
0 0 mn'Y mn Q n o m="70 (2.1)
0 6 mn m Y 0 non b 2o
Substitutingd @Q ,6 YQ and’Q ‘@ |, then
w Y Y m n O b T oMo Q
&) Y n'Y m O n o0 nm=—"10Q
® Y m m Y O non o 29
. 2.2)
10 m m O
On 10 m O
T m 10U O

wherew is the converter terminal voltag®,is the PCC voltagéy is the filter

resistancel) is the filter inductance, and is the grid frequency.

The dqgvectors compared to the abc vectors are showfigare 2.9, at which the
alignmentof the dg componentssed in the thesire easily explained

Figure2.9. dq planealignmentshiftedfrom abc plane

Theabc framds transformednto the synchronous reference fransng Eq. (2.3):

® Yo (2.3
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AiOAT & & Aio &
y o o
OBt OB} = OEL =
o o
whered is the angle of thd component
Theequatiors arethenrewritten as follows
0 0 Y 10 Q 0 m QQ
b 6 10 Y T m b Qo0 (2.4)
By applying Laplace transform to the equatione obtain:
L‘) v ron n UQ Or
Y 1V 10 (25)

v 10 Y b o

These equations can be used to build the cucamttrol according to internal model

control method43], as shown irFigure2.10.

Uqg

Gcc(s) Ved

¥l

i ¥l
1
—>®—> GS) a@—»ch

Ug

Figure2.10. Current control structure

Q i Q 2.6)

where
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Q 0 hQ Al (2.7)
t t '

wheret is thetime constant of theontroller loop.

2.5.2 Outerloop control

There are different types of outer loop structuiretheouter loopstructureconsidered
in this sectionpactive and reactive powease useds references for the current loop.

The outer loop contrat calculateds follows

'Y 0 Q0 o0 T (2.8)
0 Q
) —_— (2.9)
48
-Q ’;‘m
r _— (2.10
78
0 A v, v, e/
Y c 0 Q Q m (211
~ (0}
0 < b U Q (2.12)
~ (6]
L (2.13)

The independent contsofor boththe active and reactive poweese guaranteed by
the PLL operation. The principle of operation of the PLL synchronizatitmaithe

reactive voltage componenb 1t Therefore, Egs. (2.12) and (2.13) can be
simplified to

0 -0 Q (2.14)
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~ (0]
i oo (2.15)

This operatiorguarantees thdhe active power control can control the direct current
component’Q, whereasthe reactive powercontrol can control the quadrature

componentQ
2.5.3 Limitations and challenges

The current controller has control bandwidth limitation in weak gi4d4. This
problem is caused by the fact that in weak gride value ofthe shortcircuit ratio
(SCR)is belowthree andgrids withSCR values belowvo areregarded agery weak
grids. The lower th&CR the higher the grid impedance.

Y6 Y (2.16)
W

where® is the reactance of theguivalemn Theveningrid impedanceepresenting the
equivalent of network impedancd=or a reactive network the impedance is mostly
reactive impedance, which leads to the neglection of the resistance. Accordingly, the
circuit shown inFigure2.11 can be usedtget the active power equation (power angle

equation).

Figure2.11. Simple representain of a gid connected VSC

Thepower angleequationis given by:
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0 ————OE&I (2.17)

wherel is the angle difference between voltageandO

As shownin Figure2.12, the maximum active power decresas SCR decreasas
network impedancé increasesThisindicateshat for a low SCRthelinear aredor

the power convertestable operatiois limited.

SCR=5
SCR=3]|
SCR=2
SCR=1] ]

5/6

N

~~

(o))
T

Active Power [pu]
NS
(o)) (o)}

16

0 4 /2 3nl4 T
6 [rad.]

Figure2.12. Active powerversug for different SCRs

The VSCactive power reference must consider suchnatation especially ifthe
networkequivalentimpedancewvas change as a result of faylbecaus¢his leads to
the instability of the converter controller the case of low SCRalues As reported

in the literature current controlles in weak gridshavean instability challenge and

several solutions have besuggestef45, 46] such as enhancing the outer loop based

on the gain scheduling controller aradopting amultivariable droop synchronous

current control strategy.
2.5.3.1PLL instability

PLL is a source ofinstability for the converter controllgd7]. The PLL tends to
instability in low grid strengthlin this sectionthis instabilityis studiedbased on the

PLL linear model whose schematic shownrrigure2.13.
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. 1
0 Gou(s) |- s TPLL
Uth
Hp|_|_(S)

Figure2.13. PLL linear block diagram

The controllefO i is expressed by:
P
0 i 0 T i (2.18)
The feedbacks expressedy:
6 O00E+ |
(219
6 O0OE+ANNO AT-O0EI
Where — is the angle of thgrid Theveninequivalentvoltage
By linearisingEq. (2.19) the following equations are obtained:
w 6 OBl OEHS3 AT-0A110 3
(2.20)
6 3 o Al© | ¥ 6 OE+ W T
oY o0 OE+ W (2.21)

TheT 9(° angleproves that the PLL inherently impasequarteicycle delay for angle

detection.
Assumed 6 OE+ W

Oi 08 (2.22
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The characteristic equationttsengiven by:

i Q o0i —— m (2.23)

a 2 %sen (2.24

As mentioned in the modelling of the current controller, the equation for-the g

components given by:

b QY b gz 100 6 (2.25)

By increasing the inductanafe gcomponent of the PCC voltage is increadduls,
for the PLL tomaintainthe synchronization processreference angle-) is applied
which forcesthe converter to applgvoltage with a ecomponento cancel out theq
component of the voltage at the PCC. Basically, the PLL output angle (ncreases
by increasing the PCC voltagewing to an increasein the Thevenin network
impedance caused by the low SCR. Therefanéncreasen the network impedance

leads toanincreasen the PLL angle, whiclextends beyonthe stability region ofhe

power angle equation and makes the PLL angle vtalinerease ove(-), which is the

limit of the converter angle.

A simulation wagperformedo show that the PLL output loses stability whieaSCR

is very low.Figure2.14 andFigure2.15 show he PLL output frequency for different
SCRsin which SCRis the highest and SGI® the lowestThe SCR; valuesin Figure
2.14andFigure2.15are equalFigure2.14 shows the frequency measured by the PLL
for different low SCR, revealingthat the PLLUost stability at SCR when the active

power referencevasrated at the maximum actiy®wer capacity.
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1.013 - : : :
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Figure2.14. Grid frequency measured by PLL for different SCRa @iaximum
active power referenced,= 1 pu SCR; > SCR > SCR > SCR

Figure2.15 shows another simulation to verify that the PLL caaintain itsstability

for lower SCR atanactive power reference below the rapeiver capacity.

1.013 -
) ;’r
@ SCR,
§ 1 SCR,
g SCR,
8
L

0.987 ' ' ' '

0.2 0.4 0.6 0.8 1

Time [s]

Figure2.15. Grid frequency measured by PLL for different SCRaractive power
reference below maximumeP= 0.9 pu SCR; > SCR > SCR

The PLL lost stability at SCR = 1.hecausethe angle of the converter voltage
increaseds the power reference increds€he converter angwascalculated using
both the valugof the PLL and anglereated bythe PQ controllerwhich represents
the active power reference required by the active power controllereféher the
higher the active power referendde higher the angle of the converter voltage,

resulting inan angle that is in the nonlinear region of the poamegle relatioship.

2.5.3.2Inertial provision

Another challenge withtraditional vector cuent controllerss the lack of inertial
supportInertid support has become crucial for the future of eleaitgdds dominated
by renewable energy sourdds8]. To tackle this problepthecurrentcontrollerbased

VSC needs @ be improved by adding extra loops to improve the irestgport

24



Chapter 2: Literature Review

capability[49-53]. The referencell9, 50, 53]suggest adding an extra loop that uses
the PLL output to recalculate the active power reference, as shokigure 2.16,

thereby enablinghe gridfollowing converteito respond to frequency disturbasce

Converter

Xe PCC Xn

|Cabe
L : |
= H appr—""" . .
WpLL Uabe | ICabe
PLL Y Y Egrid
6ru] L] abce/dg
PWM =
P*
Reference | ida* | Power Inertia | Yda idg
Ve limitation controller || support
cdq Q*
[i 0a™| Q PT— Power
Current calculator
controller

Figure2.16. Grid-following control withaninertid support block

However, the gridorming controller is better than the gffiollowing controller

regarding its ability to respond to changes in frequ¢baj/

Therefore the traditional vector current controlleeedsto have a minimum of two
extra loops to tackle each problemndother control structures may be preferred to

solve these challenges.

2.6 Grid -forming controllers

In theliterature several griedforming controlles based on converter voltage and angle
have been presenteds shown irFigure2.7. Some of these topologies replace the
traditional PLL synchronization with a reliatdéernative whereasothers emulate the
mechanical inertia and damping behaviooi SMs Figure 2.17 shows he
classification of gricforming controllers, whichare discussed in the following

sections.
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Grid-forming
droop controlle

D ————

controller

IEPE topology
Grid-forming Inducverter

High-order |/ Synchronvertef
Virtual model
oscillator .
control

—

KHI topology
VSM

 EEE———

Ise's topology

Simplified Synchronous
order model power controlle

VSYNC
topology

N——

Figure2.17. Classification of gd-formingcontrollers

2.6.1 Grid-forming droop controller

The simplest form of a gritbrming controller is the droop conttet, whichis based

onfirst order equatiomasthefollowing mathematical expression:

(2.26)

where Dp is the droop coefficientthe active power and” is thereference frequency

equivalent to theominal frequencyFigure2.18 shows he synchronization schematic
of the droop controller

6¢

V*

6droop
5 1 G droop % V|C
P —Filter Dp Q —Filter Dq

(a) (b)

Figure2.18. Grid-forming droop controller(a) synchronization loop, (b)
reactivevoltage control loofp54]
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The droop controller voltage is controlled through a reactive power contusiiey

the expression:
L5 U OAQ0* O (2.27)

where Dq is the voltage droop coefficient arids the nominal voltagelo emulate
boththeinertia and dampingehaviounof SMsusingthe droop controller, a firgirder

filter is required teemulate the inertial response of such a control strufiaije
2.6.2 Power synchronization controller

ABB [56, 57] proposed gopular structurealled power synchrogation controller

(PSQ, whichis shown inFigure2.19. The synchronization loop controlleomprises

an integrator, which calculates the converter angle through the active power error. The
original control structure has no inner current control Iddrefore during faultsa

current control loop with PLL is activated to mitigate the fault curréime. transition
between the two control structures is based on comparing the measured current to the
maximum converter currerg® , SO that when the measured current is above

s@ the CC with a PLL is activated to limit the converter outputent.

Converter

PCC Xn

T | I

Egrid

Control !
|V]c |

Voltage
synthesis
<
o |1
g |»
J
(0]

Normal Condition

T o )

Ho 2 PLL :

20 |

HE S Current }

>|l|c - 1L gl |
[ >lllc -max | 1251 Conto

'Vlc »
Fault Condition

Figure2.19. Overview of the VSC controller based on powgnchronization control
[58]
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2.6.3 Inducverter

Another type of grid-forming controller discussed in the literature is inducverter,
which is shown inFigure 2.20. The inducverteemulatesthe charactestics of the
induction machingandbuildsthe VSC control structurgccordingly{59]. The control
structure is complex as the synchronization pnitducesthe rotor stator and slip
frequenees which havefour equations represented by four interconnected |Jdops

producethe synchonization frequency.

Converter

E‘ﬁ Xe PCC Xn
L | {} 9, YY) I .
l — ﬁbc_— Uabe
Synchronization unit / Current damping l Egria
(s [pwm ] | od P
| ng | | G ,%\ Oslip 1+3s I abc/dq | | =
E0 | - . as
> | s+z . L |
| 2 | s+n i ? T,J |
g2 | [£ 1 T |
| 2?‘3 T'Cabc s|[Js+D [ : % Power [+
h | ge| Virtual T ] Calculation |
| inertia
abc/dg \;_——————P—Q _
: * L PI P

Controller core

—_—— — — — — — — — — — — —

Figure2.20. Schematiadiagram of annducverte59]

2.6.4 Virtual oscillator control

Virtual oscillator control is one of the recent control structwréh grid-forming
capability.This type of control structuregoplies the behaviour of a weakly nonlinear
onelimit oscillators, such as Van der Pol oscillg0] and deadzone oscillatof61],

on the converter controller dynamic3he control structure benefits froitine
synchronization capability between converters starting faorandom initial point.
Figure2.21 showsa threephase schematic of the virtual oscillator con{héhn der
Pol oscillator), and the equationare givenin [62]. A comparison of the transient
response between the virtual oscillatontroland dro@ control isprovidedin [63],

in which an isolatedmicrogrid system was used in varying voltage and frequency
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rangesBased orthe studythe virtual oscillator control ltha better performancehan

the droop controller.

O
i e
o )] g A1 Ubl/ e
kD ] 3R VT O abc[
| e
\ /

Figure2.21. Threephase virtual oscillator modg4]

The most commdwy used gridforming structurds VSM, whichis categorsed into
several implementatiopas discussed in the following section.

2.6.5VSM structure

VSM was originally created by emulating tB& behaviour on the power converter
control. Ths implementation wasfaced with challengesbecausethe dynamic
behaviour and current capacity of a power converter are very differenttfos@ ofa
SM. Thereforemultiple VSM implementatiosithat mimicSMswith different degree
of detailhave been proposed in the literaturable2.2 presents thelassification of
theseimplementatios based on the degree of emulation of 8. The first group
comprisesconverter control structusethat mimic theSM behaviourusing above
second ordeBM modeling equations. The second groegnsists otonverter control
structurs that adopthe mechanical propegs of SMs and apply swing equation

dynamics on the converter controller.

The structures included in the table are accompanied with refereactdse
implementatiorof eachstructureIn thefollowing sectionthe VSM control structures

are discussed and compared
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Table2.2 Classifcation of different VSM converter controllers

VISMA Approach Method 1[64-71] and
others.

VISMA Approach Method 2[68, 72] and
Based orhigh-order SM| others.

model equations

Synchronverterf/3-83] and others.

Kawasaki Heavy | nd
topology[73, 84, 85]and otlers.

| se | ab &, 8blang aHers.g y

Based on simplified
Synchronous power controllgf3, 8690] and
order SM mode
_ others.
equations

VSYNC topology[85, 91:95] and others.

VSM converter controllecan be represented as a voltage source in series with an
impedanceas shown idrigure2.7. A grid-forming converter can supp@tow-inertia

grid [96], and a VSM(consideredasatype ofgrid-forming convertey exhibitsgood
performance in weak grid conditisf97]. Additionally, VSM canprovide inetia[97],

which decreass as a result ofincreasingpower convertebased source§34].
Moreover,it can be tuned to provide a specific inertia and frequency darbpse

on power availability[85]. The implementation of VSMcan be dividednto two
categorieshigh-order and simplifieebrder moded.

2.6.5.1High-order model

Inhigh-orderVSM model full SM behaviour is applied tinepower convertecontrol.

The popular implementations are discussed in this section.
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2.6.5.1.1EPE topology

The Institute of Electrical Power Engineering (IEPE) at the Clausthal University of
Technology in Germany proposed the VISMA struciut®. The VISMA structure
was built in two approache¥ISMA method 1 and VISMA method 2. The general
schematic of the VISMA method is shownRigure2.22, whichis based on thhigh

orderSM model.

Converter

Voo == | I
—_I_— Method 1 input: U +
F or
Method 2 input: ic ‘ Egria
Method 1: Current controller then PWM VISMA Method 1
Or - Or =
Method 2: PWM Method 100utputi i< | VISMA Method 2
r

Method 2 output: v ¢*
Figure2.22. General schematiaf the VISMA methods [72]

Figure2.23 shows he schematikof VISMA method 1 and 2[64-67, 73, 85, 93, 98]
The VISMA methodscomprisetwo parts electrical and mechanical partThe
electrical parimitatesthe stator windings ad synchronous generator, which consists
of the stator resistance; Rnd inductance 4 The nominal voltage peak kS used to
generatethreephase voltage using the convedtexalculated angle (from the
mechanical part)lhe electrical part in VISMA method 1 takes the grid voltage as an
input to calculate the current referenedereashe electrical part in VISMA method
2 takes the grid current as an input to calculate thag®elreference. The mechanical
part of each method contains two important mechanical characteristam®ent @
inertia J and mechanical damping fadibfused to calculate the damping torquse. T
The mechanical part is responsible for calculating tmeexer angle so that electrical
power is calculateth the electrical parndthen translated to electrical torque The

mechanical torque reference an be chosen to represém torque oa certainSM.

31



Chapter 2: Literature Review

(Electrical Part ™
| > |
U ic | ‘I Rs > 'I-B/ | » /X
| | Power |
| calculator
| € calculator | | e# | |
| V* o Threg-phase d. | | V* Thret_e-phase d. |
builder ) builder )
e == == — e === == =
|/I\-/Iechanical Part \ |/I\-/Iechanical Part \
1 1
(s D = | f D < |
| 71 S| pd | | T 1) e |
Y
| T 6 >4 1T | T —6x 13 U
| ¥, |s]¥s I | ¥, |s]¥s |
T T
N— — i _______ } N— — i _______ }
(a) (b)

Figure2.23. VISMA methods: (a)oltagd current modebf VISMA method 1]85],
(b) current voltage modebf VISMA method 2[68]

VISMA method 2 wagreatedo overcome the stability problern§VISMA method
1[72]. Moreover, the output of VISMA method 2awvoltage that improvess black
start capabilit)comparedo that ofmethod 1. A comparisoof both methodss given
in the literaturg68].

2.6.5.1.2Synchronverter

Synchronverter is anothbigh-order VSM modelwhichwas invented by Prof Zhong
as a improvementto VISMA method 1 Thus, both synchronverter and VISMA
method 2 were created during the same period. Acaptdithe authors ifi74], the
implementation of synchronverters requires energy storage at the DEigite2.24
shows he schematic of a synchronverter, where curteamnd voltaged are measured
at the PCC to create the converter voltageThe converter frequency and angle are
calculated using a synchronization loop similar to the mechanicabfoiue VISMA
methods. The synchronization loogesthe active power referen® to calculate the

mechanical torquenfusing the natural frequen€y. The damping torque is calculated

by multiplying the calculated frequency with the damping factofTBe electrical
torque is also calculated using the curf@#nd excitation field Mr. The mechanical
inertia J is then used with the equivalent torque to calculate the converter frequency.

The converter voltage is calculated using the voltagkreactive powerontrol loogs.
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The voltage control loop takes the voltage eamdcreates a tevant reactive power
based on droop gaingDMeanwhile, thereactive power loop calculates the field
excitation Mis using the gain K from the voltage loop output, reactive power reference
0°, and reactive power calculated using the converter frequamtyield excitation
output. The PLL in this structuis used onlywhenthe system startas discussed in
[74].

Power System
Part

[U] Amplitude

= |le—ud
Detection a

Figure2.24. Schematic of gnchronverter contrdB9]

2.6.5.1.3KHI topology

KHI topolog is a high-order VSM model similar to VISMA method Wherethe
automatic voltage regulator (AVR) modeland governorof the KHI topologyare
similar to the electricaland mechanicapars of VISMA method 1 respectively
Accompanied by phasorbased current generator, the structure calculates the current
reference to be used by a current controller. Unlike VISMA methothe KHI
topology uses PLL to support the frequency output of the governorRanpe2.25
shows he schematic ahe KHI topology.
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Figure2.25. Current contrebasedigh-orderSM model[85]

2.6.5.2Simplified-order model

Simplified-order VSM modelis an implementationtype that mimics the basic

mechanical property (swing equati@f)SMs onthe power converter controller.
26521 sedbs topology

Prof Ise fromOsakaUniversity, Japan, createld e 6 s t, whicb is @ gnyplified
structure based on the swing atjan of SM given by Eq((2.28) [73, 85}

d o (2.28)

where0 is the power input of the prime movaey, is the output power of the
synchronous generator, ald is thespeed of the machin€his equation represents
the mechanical property of th&M discussed in thenigh-order VSM model

implementations.

The simplifiedorder VSM modelis implemented without the fulEM electrical
equationsthereby reducinghe complexityarising fromseveralcontrol loopsFigure

2.26 shows he schematic of the control structure, where the VSM controller is used to
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calculate the converter angiadthe readtre power controller is used to control the

converter voltage.

VSC
e M W ey
Energy |
Q* Storage 1
(P&
A
vr PWM
VSM |~ 1 o
control Gs s gSV | cabd] Uabe
WY
T :
p* P Power/ frequency |
Q meter B

Figure2.26. Simplified-orderVSM structurg85]

The simplifiedordermodelis used in different applicatiori86, 1006108]. PLL was

ncl

uded i n t he orisirgmovedan modes edhtsol ssucturesc t ur e

However, PLL is usually required at the starting of the power converter.

2.6.5.2.2Synchronous power controller

Synchronougpower controller (SPC) is another type of simplifiedder VSM model
implemented using an inner currentpo&igure2.27 shows theschematicof a SPC
structureg[89, 90] TheSPCstructure has aactive and reactiveuterloop controllers

with the addition ofvirtual impedance and current controller black/ irtual

admittances used as a filter stage for the currenaswwementand itcan replace the

filters used to decrease the ripples and transient disturbances.
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Figure2.27. Synchronous power controller scheif8@]

2.6.5.2.3VSYNC topology

VSYNC topology originated from the VSYNC EuropeBroject [92]. Figure 2.28
shows he control schematic of the topology, which uses control parameaeis D
asthe inertia and damping factgrrespectively,and 4 and 0 asthe inertia and
danping of the reactive power loop

Vector

synthesis PWM

Figure2.28. VSYNC block diagranj109]
Summay of the VSM implementations

Table2.3 summarses the control blocks besglthe VSM primary blocks. Tdtable
considers thevarious VSMtypes describecearlier which aredivided into two
categories high-order andsimplified-order VSM moded. In the high-order VSM
model, the absence of the active/reactive outer loop requires extra control loops to
define the active and reactive operating paw~eguired forthe VSC connected to
renewable energy sourcddoreover the use of mechanical torque as a reference

requires an accurate conversion between the electrical system and emulated
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mechanical system, which requires a lot of tunimgeachperfect emulation with
accurate referencegnlike the synchronverteti¢ KHI dructure has an inner current
controllerthatindirectly controls current through the torque control loop. This makes
the KHI structure more similar to the standard vector controller with different outer
loops howeverthe disadvantages of the standardent controllelcan also extentb

the KHI structure.Although the synchronverter has no current control log,
implementation is complelecauset requiresseveral control loops with higbrder
equatiors (abovethe fourthorder).The simplified-order VSM modeis preferred ag

can be easily applied and tunéuls,it can be builusingasecondorderor third-order
equation.In this category of VSM modsgl the main control loops discussed are the
outer activefreactive power loopsnner current control loop, and PLL. Most of the
implementations use PLL at the beginning of operatiomever thisis not required

througloutthe operation.

Table2.3 VSM implementation summary

Active and _
_ _ _ Innercurrent Using a | General
VSM implementation | reactive
loop PLL comments
outer loop
Poor
Can be used
VISMA black
T No after the control| No
=3 method 1 start
= structure .
e capability
o
fi Improved
2 | VISMA black
No Inherent No
g method 2 start
Q. -
@ capability
KHI Yes Yes Yes -
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Synchronverte

Yes

No. The current
can be indirectly
controlled
through the
torque control

loop

Can be
used at
the
beginning
of
operation
or during
theentire

operation

|]apow NSA Japio-paudwis

ISE

Yes

No

At the
beginning
of

operation

SPC

Yes

Yes

At the
beginning
of

operation

PSL

Some use
active power,
whereas
othesuse
both active
and reactive

powers

In some

implementatios

At the
beginning
of

operation

VSYNC

Yes

No

At the
beginning
of

operation
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Table2.4 presents the classification of the VSM control methods, whichonginally
introduced i110]. In thetable the implementationare classifiecdshigh-order and
simplified-order moded. The columns show structures with a direct PVithé control
structure output is voltagektructures with cascaded voltage and current, and

structureswith a current vector reference.

Table2.4 Classificationof the references in the literatucr VSM controk [110]

Model output Cascaded
voltage | Current G |
enera
Direct PWM and vector .
comments
VSM implementation current | reference
controllers
Voltage output
formulation of
the VISMA VISMA
Seventh | concep{68] concept
orderor and asin
fifth-order | synchronverter (641,
reduced | conceptasin 93],
T [65] Voltage
) order SM | [74],[82] and ’ _ _
= 66 amplitude is
e model others by the _ [66], :
3 Possible [67] provided by a
= (secondor | same authors ; _
3 . [68] reactive power
o third order) '
@ combined Also in[83], [69], control loop.
with [111],[75]. [70],
mechanical Similar [71],
dynamic concept in (112}
[56] and
otherg[76],
[77], [78],
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[118], [119],
[120], [121].

[79], [80],
[81].
| seds ¢
Second [100], [101], | Analysed
order model | [102],[103], | in[122].
) swing [113], [105], _ A Simple
3 . Ongoing - : .
j=1 equation and [107]. wudv of similar | implementation
= Stu 0]
3 voltage Y concept | that can be
o _ VSYNC control . . :
;.:_ amplitude , asin | combined with
i roject[92], system
g providedby project[92] ; y. _ [124], any control
114], [91], uning in
% thereactive [114], [91] J [95]. scheme.
[115], [116], [123].
power
[117]. Also in
controller

2.7 Review of the ault ride-through capability of VSM

The FRT of a griforming converter is essential for gridnnected applications. After
the huge penetration tfie renewable energgeneratiorinterfaced with the AC grid
using a converterelectrical grid codesequire that thesegenerabn types must
contribute in large disturbance evengsg( electrical faults). InGreat Britain new
specifications for gridorming convertershave been suggest¢t5], in which the
converter should respond within 5 ms of the voltage disturbamase of fault§l26].
Moreoverthe converter should be able to absorb 2%edfinbalanced current without
any alterations in the voltage source waveforms. However, maintaining the grid
forming capabilityduring faults is not strictly mentionedithin the specifications.
This leads to infinite possibilities for creating a FRApable gricforming converter,

including losing the gridorming capability during faults.
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During faults the main objective of FRT is to maintain the current within acceptable
limits [127], which is vitalbecause¢he thermal capacity of treemiconductor switches
of the power converter is limitefll28]. Meanwhile synchronization stability during
faults is a challenging problef®4]. The research communitg addressing this
problemby either considering an externalinternal solution. The external solution
may require extra hardware to be added to the power systaot) operatesiuring
faults. The authors if129] propose a bridgetype fault current limiter that actsly

on the fault current. Another approach was used by the rauiih§130], andthey
proposd an external stabilizer &xternallysupport the FRT of the VSC. Other authors
in [131] suggestd using smart transformers to pmove the FRTHence the external
solution can improve the FRT of any type of power converter contridbwever,
adding extra hardwate the system is not coesfffective, especially if this service can
be provided by the existing VSC. Therefore, convestéiwvare modificatiobased on
the implementation of the control structusethe most common approach for grid
forming converters.In Section 2.6, different implementations for grifbrming
controllerswere explainedand each type Waa different behaviour during faults.
Thus a new classification can be made for the FRT of-fniching converters
according to the controller implementation and capabilities. The main categories of
this classification are gritbrming converters with an inner current control I¢dpO0,
127,128, 13240}, as shown ifrigure2.29%(a), and control structures without an inner
current control loo141-147], as shown irFigure2.29(b).
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Figure2.29. Grid-forming converters with FRT classificatiofa) grid-forming
convertemwith aninner current loop, (byrid-forming converter without a current
control loop

In the gridforming converter wh inner current control loop, the curresiiccurately
calculatedbecaus¢he current controller facilitates this process. However, cuineint
needdo be set to avoid overcurrent during large disturbances. Some authors gaturate
the current loop referencgd28, 132, 134140, 146153] either by traditional
saturation (limitng the maximum and minimum values) or by adaptive saturation
based on damping gains to decrease the references in case of Adalsive
saturation is one form of virtual impedance tmatdifiesthe references of the current
or voltage controller based on constant or variable ¢gait¥s 128, 132134, 136, 139,
140,146-:148, 150, 151, 15355]. Someauthorg[127, 128, 132, 134, 136, 139, 140,
147,150, 151, 153uggestdusing both techniques émsurecurrent limitation during
faults. Furthermore some authors suggedtmaintaining the gridorming control
while changing the references during fa{&7, 134, 136, 148\herea®ther authors
swggeseddisabling the gricforming loops and switch control mode to achieve faster
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dynamics[132, 136, 137] Figure 2.30 shows a general control structure of the
common techniques uséal limit current. The traditional saturation block is used to
limit the current references of the current controllend two types of virtual
impedances arshown according to the literatureepresenting the twasesof the
virtual impedanceccording to thelesired behaviouThenominal references of the
grid-forming block are P* and Q*meanwhile,some authors suggest thatthese
references can be changed tb &d Q* during faults Moreover, the gridorming
block can be substituted during faudts that the fault control block is activated to
change theutputvoltage V and frequengy to fault voltage Vand fault freqency

1 , respectively

Converter
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_T |

' Virtual |
rol

nImpedance, :
PWM botypel ke —o |
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re_ = arrT === '||C * V & 6 ) I I
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I Il type2 | — | control f o
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|l m————— |
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Figure2.30. General structure of grid-forming controllerwith an inner current
control loop with the most common current limitatstrategies

Several researchers have adopged-forming controlles with an inner current
control loop; howeversomeof thesecontrollershavecertainlimitations. The authors

in [156, 157]reported amnstabléehaviour related to the virtual impedance, and other
authors in[135, 158] reported instability issues related to the currentresiee
saturation. In additiortheauthors irf159] reported that a griforming controller with

an inner current control loop requires careful tunimdjich can increase the
implementationcomplexity of the control structure, especially for lewitching

frequentes
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In this thesisthe gridforming controller without an inner control loeyas adopte.
This controller can emulateinertia, avoid PLL problems, operate in weak grid
conditions and avoid the limitationsf the current control loop. However, the absence
of current control loop imposes sagnificant restriction onthe current limitation
capability during faults. The authors[it¥6, 147]useal voltage oscillator topology to
emulate the VSM behavioutlthough nocurrent control loopvasaddedthe voltage
oscillator gains chang@o emulatehegrid-following behaviour and limit the current
during faults. Moreover, the authors [h44, 145]developedan optimal voltage
regulator with anmpedance shapinghose behaviourthangs underfault conditions

to limit the fault current. Other authdis42, 143]Jintroduced a gricforming converter
without a current controller, which switches to gitdlowing modewith a current
controller during fauk to mitigate the fault currenfrigure 2.31 shows asimple

representation dhe behaviour o& gridforming control structure during faults

Converter
ICabe Xe P(|:C Xn
1 M —— N
Uabe [Cabc Egria
PWM -
) Grid -forming =
\ controller without :
) current control loop [+

Switches

I
q
. . I

[
|| |
| : R
« 4 controller with JI

: current control loop |+~

Figure2.31. Schematic ofa grid-forming controller without an inner control loop
with FRT strategy

Table 2.5 summarizes the FRT strategies for giadming converterdased orthe
previous discussiorThe solutiongroposed irthe literatureandreferences aralso
included in the tableThe table ca be used as a reference for ¢godning FRT

strategies.
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Table2.5 Summary of the gridorming FRT classificatios

Grid-forming FRT strategies

Structure with an inner current contr
loop in normal conditiors [110, 127,
128, 132140]

Structure without an inner curre

control loop in normal conditia[141-
147]

1 Virtual impedanc¢l27, 128, 132134,
136, 139, 140, 14648, 150, 151, 153
155]

1 Current reference saturatifi8, 132,
134140, 146153]

9 Both virtual impedance and currel
saturation[127, 128, 132, 134, 13(
139, 140147, 150, 151, 153]

fChange in referencesdluring faults
[127, 134, 136, 148]

1 Grid-forming modeis disabled[132,
136, 137]

9 Control mode switcH142, 143, 146,
147,160]

2.8 Discussion

Although there are several gridorming controller implementations, the most

commory usedare VSM structuresbecausethey inherently provide inertia and

damping similar to the tradition®M behaviour.Simplified-order VSM structures

seem to be more applicable in reduced control loapdicating easier tuning.

Simplified-order VSM models without an inner current contiadp, such as ISE,

VSYNC, and PSCcan be more stable in a wide range of grid strengths as the fast

dynamics of the inner current controller is not included. Therefore, these models can

be easily represented as a voltage source, which is ideal forfgnithg converter.

However, the absence of an inner contrdéardsto poor and unstable response during

faults.
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Furthermorebased orthe FRT strategies for gribrming converters with a current
controller, some authors implemedthe current controller in positive sequence only
[127, 128, 133, 13840, 148, 150, 151, 153, 15%hereastherauthorsalsoincluded
negative sequence controll¢i82, 134, 149, 152Most of the authors prefeedthe
positive sequence controller only because it is easier to implemenirentowever,
becausdhe grid codeequiresinjecting a small percentage of unbalanteoltages
negative sequend®s more complianceith the grid code. As statedrlier, thefocus

of this thesis is on VSM implementations without a current controller, whacie
better performance during normal conditions. According to the literaturéjein
absence of a current dooller, an alternative control mode is required to achieve
current limitation[142, 143, 146, 147, 160ln the next chapterpossible alternative
control modesthat can be used taleterminethe best contrégr in severe fault

conditionswill be discussed

The analysis will be more focused on simulations as almost all the authdrs use
simulatiorsto verify the proposed strategyeverthelessg power angle curve will be
used to justify the instability of VSMwithout a current controller during faults as
discussed 133, 135, 139, 153, 155Moreover,a phase planwill be used to show
the synchronization stability of different synchronizatieohniqueg141, 146, 161]
Some of the authors in the literature ignore asymmetrical fault assesfh2&nts31,
133, 135, 136, 13841, 143, 146148, 150, 155]which arerequired to validate the
FRT strategy. Therefore, both symmetrical and asymmefacits will be used to
assess the proposed FRT stratfld7, 132, 134, 142, 144, 145, 149, 1H33, 160]
In addition few authors discusslfault conditions in weak gridd27, 131140, 142,
144, 145, 149, 15153, 155] whereather authors discusdonly thebehavious of
symmetrical faultdn weak grids[128, 141, 143, 14d48, 150] In this thesis the
results of symmetrical and asymmetrical faulis weak grids will be alidated
Moreover, this thesis will focus on steashate and transiefault currentd127, 13,
132, 133, 135, 136, 13841, 143, 146148, 150, 153, 155, 160Furthermore the
effect of the algorithm used to switch between controller ma@ssnot consided in

past studiedn this thesisthe effect ofFDA will also be discussed.
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2.9 Chapter summary

In this chapter the challenges of high renewable energy penetratene discussed,

as well as/SC control structuresvith multiple control approaches. These approaches
included the traditional vector current controller with active and reactive outer loops
as the ideal form of gribllowing converter. Further grid-forming converter
structures were introduceslich aslroopcontroller, power synchronization controller,
inducverteryirtual oscillator control, and VSM. VSM can inherently provide several
ancillary servicesincluding inertia and stable operation in weak grids. The VSM
implementations were classified into twategories The first category is thhigh-

order VSM model, which emulates the mechanical and electrical characteristics of
SMs. The structures in this categdargely share the same featurémwever some
differences existin the inputs and control loojaf eachstructure The second category

is the simplifiedorderVSM model, which mainly considethe mechanical equation
(swing equationpf SMs. Different approachesith slightly different synchronisation
loops were preseted to implement the simplifiedrder model. Some of these
structures use PLL during full operation to correct the converter avigggeasthers

use PLL during the start of operation only.

FurthermoreFRT was introduced by categorizing the VSM congtolicturento gric-
forming controllers witraninner current control loognd gridforming controllers that
switch to different control modeThe control structures wiiminner current loop can
limit the fault current by saturating the current refeemngsing adaptive virtual
impedance or by switching the outer loppst multiple inner current control loops
can limit the VSM bandwidthin contrast VSM control structures without a current
controller usually switch to an alternative control structwrang) faults. Therefore,
the structure that considgthe current control only when it is requirethét is,during

faults) isamore appealingesearch route
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Chapter 3

Current-Limiting VSM Structure

3.1 Introduction

There are various VSM structures discussed i@hapter 2While thesestructures

can control current using different approaches, current controller is the most dominant
controller. However, some authamsnsidercurrent controllewith PLL as a source of
instability in weak grid conditios]162]. Therefore, a VSM structure without a current
controller or PLL is considered the ideal solution oeventinginstability in weak

grids, which igdiscussedh this chapter.

In this chapter, te VSM control structure isanalysedto reveal the relationship
betweenthe controllerand SM parametersThe currerdimiting capability of the
control structure isnvestigatedanda limiting strategy for the steaestate operation

is introducedFurthermoreseveraFRT implementationare introducedtb explain the
possibility of limiting fault current without a current controller. The implementations

are:
1 Limiting the balanced fautturrent by using backup control loops.

1 Developing aVSM structure capable of injecting reactive current during

faults.

This chapter is divided into the following sections: Section3.2, the controller
architecturas describedin Section3.3, the normal operationf the currentlimiting
techniquas discussedn sectiorn3.4, the VSM response to faulsstudiedln Section

3.5, the FRT techniques presentedand this chageris summariseth Section3.6.
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3.2 Description of thecontrol structure

The controller used in this chapter emulatesSMusing a variation of the swing
equaton to createan APL and AVR for the voltage controlleFigure 3.1 shows he
simplified-order VSM model, which is similar to the simplifiedder VSM structure
discussedh Chapter 2. The proposed controller is created using two control loops with
Pl controlers,and itis reliable simple toanalyse and tune. Moreover, the control
structure does not use current control loop nor PLL to obtain the @%3)ehereby
avoidingthe problemsassociated witfPLL (e.g.PLL instability in weak grids)163,

164]. The control structurdas two different loopsone loop controls the voltage
magnitude at the PCC while the other loop controls the power acting on the converter
voltage angle. Thelescription of thecontroller isprovidedin the following sub

sections.

Converter

PCC

W”OT_E |/6APL Gr(s) - ‘ |
| ICabc
© q | PT—l 3(UqgicgtUdica)/2 L_ ‘ abC/dq 4—[_0
PWM o— Modulation | u ‘
d 1
i ‘ abC/dq T o Uabc
| oo
|

Figure3.1. Simplified-orderVSM control structure

3.2.1 APL control

The VSM structure shown iRigure3.1 is a simplified version of SM emulation and
is based on thBSC in [165]. The APL controller consists of a PI controller that can
be easilytuned, which calculates the converter angle to exchange a particular amount

of active powerA PI controller is usedh this control instead of a P controller to
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emulate both the inertia and damping behaviours of the swing equBtiemrtontrol

structurecomprisesan APL PI controller G(s) given byEg. (3.1):

" 0 — (3.2

where kp and kp are the proportional and integral gairof the Pl controller

respectively

The gains tuning of a®\PL control can becalculated from the SG swing equation.

The first step to finohg the equivalency is to manipulate the SG swing equainven
by:

(3.2)

where H is the inertia constanta&i s t he r at e d sictioengolrated powe
speed orsynchronougated frequency, D is the damping facter,is therotor or

converter angle,#is the mechanical power, andi®the electrical power.

The swing equi#on can be used as a forward path in the cldsep transfer function,

and the gainkis the synchronizing torque coefficient. The natural frequencyand

damping factor of theSM are given by:

17 Q . © T
- = 3.3
e Zmlis C oY o (3.3)

N

A similar relationshipexistsfor the VSM APL, which represents the relatgmp

between theAPL and converter angle. The closledp natural frequency amd

damping coefficient+ of the VSMAPL are expressed by
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T ’?’ < !Q ‘Q
] Q0 Ok —

0 (34

Finally, theclosedloop transfer function parametensEqgs.(3.3) and(3.4) are equated

sot h ant= mmand- —.

Therefore, the integral coefficiekit, can be tunedy:

% 1
Q COT (3.5)

Additionally, theproportional coefficienkp-r can be tunedy:

Q o O 2 3.6
v ©°%5 36)

Figure3.2 andFigure3.3 show he effecs of changing the Pl parameters of tieL,
andthe simulabn parameters aggresentedn Table3.1. The active power reference
waschanged from 3 to 5 MW at= 10 s.Figure 3.2 showsthe active poweresponse
to three differenD values.It can be seerthat the increasein damping decreases
the oscillations. Therefore, the change in the proportional gainchanges the
damping as presented in Eg. (3.6). Moreover, the waveforms iRigure 3.3 shows
the effect of changing the inertia#while keeping the damping constant, so that
the increase ininertia decreases the RoCoRherefore, the inertia is changed by

changing the integral gain asliscussedin Eq.(3.5).
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Active power [MW]

Table3.1. Simulationparameters

Parameter Value
Lc 0.0398 H
Rc 1.25 Y
kp-P 106
Ki-p 10°
Ki-v 0.6
kp-V 8
Nominal value of b | 20.4 kV (peak)
Nominal value ofcanc | 160 A (peak)
4 AV
Ref
——H=2s, D=10°
H=2s, D=2x10°
———H=2s, D=3x10°
9.5 10 10.5 11 11.5 12
Time [s]

Figure3.2. Active power response t@ryingproportional gain of th&PL PI
controller

52



Chapter 3: Currentimiting VSM Structure

5 : .
2 I\
= 4l
. ]
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8. Ref
03 —H=2s, D=10°
= 5
(&) = =
g H=3.5s, D=10

——H=5s, D=10°
2 1 1 1 Il
9.5 10 10.5 11 11.5 12

Time [s]
Figure3.3. Active power response t@ryingintegral gain of thé\PL Pl controller

3.2.2Voltageloop andeactivepowercontrol

The voltage magnitudaf the converteis controlled using a PI controller(S), which

can be tuned as described165].
The voltage controller equationgs/en by:

Vi "sy U (3.7)
whereV' is the voltage referencf)| is the measured voltage at the P@GJV¢, is
the converter voltage magnitude.

Gv(S)is a PI controller, whicls described as
O i —_— (3.8)

where kp-v and ki-v are the proportional and integral gains of the voltage loop PI
controller, respectivelyFigure3.4 shows he block diagranof the voltage controller.
The PI controller is used to control the voltagsle keeping the error to a minimum.
The output of the PI controllas saturated to keeghé¢ voltage within the standard

voltage limits.
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oGS v

U

Figure3.4. Voltage loop controller emulatirgnautomatic voltage regulator

Meanwhile, aeactive power controller can replace the voltage IBaure3.5 shows

the block diagranof areactive powecontrollerwith voltage loop.

Q — GBI Veq

Q v

Figure3.5. Reactive power controllavith voltage loop

The reactive power controll&q(s) is a Pl controllerand it is given by:
O i —_— (3.9

wherekp-g andki-q are the proportional and integral gairespectively. This controller
is used to control the reactive power sigraidthe output is added to the nominal
voltage0®. The output is a voltage signtlat @n be controlled using the voltage

controller discussedarlier.

Figure 3.6 and Figure 3.7 show he reactive power responses f@rying control
parameters of the reactive power controller. The reactive power referascieanged
from O to 2 Mvar at 10 s. Theguresshow thata decrea® in the proportional gain
caused a@ecreas@n the steadystate timewhereas amcreag inthe integral gaired

to anincreasean the initial oscillations. Therefore, the recommended tuning values are

those otthe low proportional and integral gai
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2.5 T T T T T T

1.5} 1

Reactive Power Reference
- -4 —10-2
kp_Q—5x1O , Ki_Q—10

—104 —10-2
05 ko =10k o=10
—-10-° —10-2
k,q=107 K, o=10
0 1 L 1 1 L
9 10 11 12 13 14 15 16

Time [s]

Reactive power [Mvar]

Figure3.6. Reactive power responsevaryingproportional gain of the reactive
power loop PI controller
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©
>
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Q 1 Reactive Power Reference | |
154 —10-3 =101
% o kp_Q—10 , ki_Q—1O
: _1n-3 _ 2 i
LSEB kp_Q—10 , ki_Q—5x10
0 —10-3 —10-2 1
_— kp_Q—10 , ki_Q—1O
_05 1 1 1 L 1 1
9 10 1" 12 13 14 15 16

Time [s]

Figure3.7. Reactive power responsevaryingintegral gain of the reactive power
loop PI controller
3.2.3 Measurements arabntrollerparameters
The voltage and current theabcframe ardransformednto thedqframe using Park

transformatioras follows
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Yoo Y .. . ¢ A

o Rio Ao L Liie & (3.10)
o o o o o
T'Y L TY L 1 TY o “

o Logi oer & loer & (3.11)
o o o o o

wheredq andéy, represents the dq components of the voltage at the &y, Y,
and™Y;are sinusoidal voltages the PCC voltageThe same equations are alssed
to transform the currents fromato dq frameThe voltage magnitudél| is calculated

using

SYs Y Y (312

The active and reactive povegarecalculatedusing the followingequations:

, O

L — 010 071 (313
~ 0, e

U c 0Q 070Q (3.19

The controlleparametershould be chosen according to the converter capability and
system limitationsMeanwhile, thanaximum values ahevoltage loop Pl parameters
are limited by the converter voltage limithereas the minimum values are limited by
the grid voltage recommendations and stand&dditionally, the APL PI parameters
must be tuned with a low bandwidth similara®M. The energy storage for inertia

emulation shoul@lsobe considered when choosing the power controller gains.

3.3 Steadystate current limitation algorithm

Theproposed/SM structurecancontrol current throughn APL. However a steady
state currertimiting technique is required to maintain the converter safety during
steadystate conditions. In case of voltage variations, the control strusigmences

can causean unexpectedncreasein current. Therefore, a reference limitation
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algorithm based on active/reactive poweioritisationis introduced. The algorithm
uses voltage measurement, active poveerd reactive power to predict current
subsequentlydetermiing whether to maintain or limit the required references
according to the predefined priority. The proposed algorithm does not require a current

controller, whichenablegshe VSM structure to operate under weak grid condition

The active or reactive curreptiority is selectedaccording to the grid code. The
references for the converter controller are active and reactive pavedthe apparent
poweris defined as:

'S 0 U (315

where|S|is the magnitude of the complex powRiis the active power referenand
Qs the reactive power referenéteference$ andQ are the inpwgof the algorithm.

The current magnitude is calculatey
IS| = 3UJ|1] cal (3.16)

where|U| is the magnitude of the phase voltage measured at the PQ{camslthe

phase current needed for the limitation process.

The current is compared to a maximum value to satisfy the condition:
] cat > |1] c-max (3.17)

Then,based orthe prioritsing sequence, the power references are recalculated using
[I] maxin Egs.(3.16) and(3.17) to yield

% SYEQ (3.18)
If the reactivgpowerpriority is activated, the new active power is recalculated using:

¥ 33 0 (3.19
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while keeping the reactive referenmanstantin contrastif the active power priority

is activatedthe reactive power is calculated using:
§) 6 0 (3.20

while keeping the active poweonstant

However, if the reference is set to zero and the current valudasl nosatisfy the
condition inEq. (3.17), the other power reference is decreased while maintaining the

initially controlled poweiat zero.

Figure3.8 shows he full contoller architecture. The controller uses measured voltage,
as well as thactive and reactive pow&to estimate current as previously discussed.

6 Prew
OKP_ ."ﬁ P Gp(s) <—®<— «— P*
! f
P

PWM 6d Current -
O— Modulation Limiting
Vg Qrnew
e A=
v Q U]

Figure3.8. First proposed curreslimiting controller

3.3.1 Simulationresults

The simulation was performed using MATLAB/Simulink. The converter ratiagb
MVA and wasconnected to a 26V MV network. The power system architecture is
the same ahatshown inFigure3.1, except for the control structure, which is specified
in each simulation case. The magnitude of the grid vokemgchange to emulate
voltage sags and thrgdhaseto-ground fauls. Table 3.1 presents thesimulation

parameters.
3.3.2Normaloperationreferencdimitation

Voltage variations or undesired reference changes in the systeincreasethe

current magitude above the converter limit. Therefore, a test caseestablishedo
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ensure that current is controlled during normal operation through the power references.
The controller shown ifrigure 3.8 wasapplied to the wind turbine converter shown

in Figure3.1. The active power refereneeasset to 5 MW and kept constant during

the simulation.Meanwhile, thereactive power referenogas changed from 1 to 3

Mvar to represent voltage variations in fi@ver system. The active power, reactive
power, and current magnitudeeremeasured at the PCC and are showfignire3.9
andFigure3.10.

5.5

p*
P

P* |
P

5
45} ﬂ

7 7.5 8 8.5 9
Time [s]

Active power [MW]
Active power [MW]

4 4.5 5 55
Time [s]

»

Q* a*l |

Q

Reactive power [Mvar]
N

Reactive power [Mvar]
N

7 7.5 8 8.5 9
Time [s] Time [s]
180 " ; " 180

160 1 r/—

140 : : : 140
4 45 5 5.5 6 7 75 8 8.5 9

Time [s] Time [s]

160

Current [A]
Current [A]

Figure3.9. Active power, reactive powgasnd converter current magnitudedctive
power priority)

As shownin Figure 3.9, the algorithm reduckthe active power to keep the current
magnitude to the set limi&l64 Apead While delivering the desired reactive power.

The activepower prioritywasvalidated through a second case showRigure3.10.
The active and reactive power waveforms showddgability of the controllerin
redudng the reactive power andonsequentiyimiting the current magnitude to
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approximatelyl64 Apeak The current waveforms show transients at 5s and 8s,

because the change in bothcive and readive power as shown in the figure.
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160 > 1

Current [A]
Current [A]

Figure3.10. Active power, reactive powgaind converter current magnitudetfve
power priority)
Meanwhile, the response speed of theferencein limiting the currentwas slow
becausehe currenwasvery high during the threphaseto-ground fault from 5 to 6
s, as shown irFigure3.11. Therefore an alternative approach is required to limit the

fault current.
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Figure3.11. Reference limitation fault response

3.4 Simple VSM fault response

Figure2.11 shows agrid-connected VSC controlled as VSlEind he expression for

the power exchange ggven byEq.(2.17). During a severe faylthe VSC can reach
point where it actg an isolated modeasshown inFigure3.12.

|
¥ I %
VE 1g( R

Figure3.12. Schematioof an isolated VSC

For an isolated VSC, thmurrent can be expressed by

o1 — o — (3.21)
The active power is expressed by
0 wWOAT-© (3.22)

In this casethere is no relatiship betweery and0. Therefore, the current can be
directly controlled by the voltageagnitude
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A time-domain simulation was used itovestigatethe response of a VSM structure
without a current controlleHere,a controlled voltage source was usedepresent
an ideal VSC without a DC sidandthe gridwasrepresented by a Thevenin egulent
using a voltage source and impedaikégure3.13 shows he timedomain simulation
results for the voltage, current, P, Q, and change in omega. Apthaseto-ground
faultwasapplied from 5 to & with no switching in the control structure.ségnificant
increase in the reactive powens observedsthe same voltage was applied in the
voltage control as irthe normal condition.However, the simulation does not
consider the converter limitations, which are the DC bus voltage and the
maximum converter current. Therefore, the behaviour during the fault can be
different, and a power angle curve will be used to explain the diffence between

a saturated current control structure with and nonsaturated current control

structure.
30 _
2 :
° g
20 F
8 2
O —
> (&)
10 - <
4 5 6 7
Time [s]
(a)
= § =40
& 1000 | o 3
5 £ 220
3 3
(0]
0 14 0
4 5 6 7 4 5 6 7
Time [s] Time [s]
(b) (d)
2
(o)
(0]
k%
s 0
3
<
-2 ‘ !
4 5 6 7

Time [s]
(e)
Figure3.13. MATLAB simulationresultsfor the response of a VSM to a thwee
phaseto-ground faulthroughthe PC(Q(a) voltage (b) current,(c) active power(d)
reactive power, ane) synchronization loop output
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Figure 3.14 shows the power angle curves for a VSC with no current saturation
represented in blue, and a VSC witburrent saturation represented in red. The
red curve is shifted 90 degrees from the blue curvend limited to Pgatas a result
of the current saturation, so that the converter is assumed to be unity power
factor as presented inN166]. The solid curves representing th@peration during
normal condition, and the dashed curves represemg the operation during
voltage sag condition. The VSC with no cuwnt saturation operates at point A,
then in a voltage sag condition the operating point changes from point A to point
B. Under this condition the active power is less than the active power reference
therefore the converter virtual speed accelerates arid increases. At point C the
control structure determines the next operating point either to be point D or
point F. In case of a control structure with no current saturation, the converter
operation moves from point C to point D. Afterwards, if the fault isleared at point
D, then the operation is moved to point EAt point E the active power is higher
than 0° leading to the deceleration of the converter virtual speed, and finally the
operation returns to point A. SinceThe problem of this scenario is the @anverter
current at points D and Ecan behigher than the maximum converter current
because the control structure has no limitations on the output converter current
The second scenario is foa control structure with a current saturation, which
moves the operating point from point C to point Finstead of point D This leads
to decreased active power hence lower currenifterwards, if the fault is cleared
at point F, then the operation is movedo point G. The active power at point G is
higher than the ative power reference, that makes the converter virtual speed
decelerates. The operating point is moved to point H, at which the current
saturation is not applied. The converter keeps thdeceleration,and the converter
operation moves to point A.The secom scenario keeps the current below the
maximum current and maintains the current safety, therefore a FRT strategy is
required to limit the current during the fault the same as the action of the current

saturation.
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P

Pc

sat

™

Figure3.14. Active power curveinderthe normal and fault conditions

Consideringanother scenariom which a current controller existhe orange line is
limited below the converter limit. This case allows the converter to inject current
within its capability, and with a propeelectionof the current referencthe stability

can be maintaineduring fault

3.5 Fault ride-through strategy

One of the main requirements of a V&Cto limit current during faults and ride
through the fault to support the grid. However, the simple VSM structiigume3.1
cannot limit the fault curreptas explained inSection 3.4. Thus it needs tobe
reinforced witha FRT strategy tgrotectthe VSC and comply with the grid coda.
the nextsulsectionsfive FRT strategiesre introducedo improve the simple VSM
structure.In thefirst strategy the APL referencdas changedin the second strategy
the voltage loop referengs changedvhile disabling the synchronization loop. The
third strategy is commdy used in the literatureand itinvolves the adition of a
current control loop with virtual admittance and current reference saturation. The
fourth strategy involves limiting the currelny feeding the PCC voltage through the
converter terminalshe fifth strategynvolvesswitching to a vector current controller.
Further FRT strategies can be foundiippendix A at whichthe samecorclusionis

obtainedas theconclusionfrom the strategies shown in this chapter.
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3.5.1First FRT strategy

Based onthe discussion irSection 3.4 and the PPU curves inFigure 3.14, the
synchronization loop is the first control looplde modified Becausective power is
reduced during faudf the first FRT modification is to chang&et active power
reference to zero during fault. This metremhfirmsthe relationship between P aid
during faultsand can be used to identifthe synchronization problesrof a simple
VSM during faults Figure3.15 shows he schematic o& control structurdor the first
strategyin which the active power reference is changed to zero asirdgal signal.
The change is highlighted with a red baxhich will also be used in theother
strategies. The integrators used in baxthive power and voltagmontrollers are reset

using the same ideal source usedwtchthe active power reference.

| |

| * I

np e Gr I P '
R @ {e0l B Tes |
PWM ! 6d P
o— Modulation

t T Gv(s) <—®<— v*

Figure3.15. Schematic of the first FRT strategy

The active power control parameters in this simuladi@the same athosepresented

in Table3.1; howeverthe proportionadnd integrafains of the voltage controlleare
changed to 10 antlOQ, respectively The control parametemwere variedising trial

and errorto improve the output results. The control structwastested for a 500ns
balanced fault from 5 to 5.5 andthe results are shown Figure3.16. The results
showthatuncortrollablefault currentreache 10 pu. Moreover, the voltage waveform
shows that the voltage controller injedavery high current to maintain the requested
voltage reference. The first observation from the results is that the voltage reference
needsbe changed during fawdtto avoid excessive current injection. The second

observation is that th&PL instabilityled to an uncontrollableurrent during faulas
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the active power waveform figure3.16(b) shovedthe same active power injection

even after changing the active power reference to zero.
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Figure3.16. First FRT strategy resuit&@) PCCvoltage andcturrent waveforms, (b)
active andreactive waveforms

The APL failure can alsde asa result ofchanging the operating mode of the VSC
from gridconnected mode to isolated moedjich wasa resilt of the solid three

phase fault between the VSC and grid. Therefore, the power angle equation can no
longerbe applied as explained irSection3.4. In conclusion the APL should notbe

used during faultswhereas the voltage loop referemmeds tdbe changed during
faults Thereforethe APL will be disabled in the following FRT strategies.
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3.5.2Second FRT strategy

This strategy is an improvemetatthe first FRT strategyHere, he APL is disabled
during fault, and only the nominal frequency is used to derigectimverter angle.
Moreover, the voltage controller reference is changed to zdmmitofault current
which is only effectivefor solid faults Figure3.17 shows aschematic of the control
structure for thesecond strategywherethe change of the control loop is highlighted
with a red box. Th&PL wastuned using the valuesrable3.1; howeverthe voltage
controllerwastuned to provide the best results so that the proportemalintegral
gains were50 and4000, respectivelyin this case, mideal signalvasused to swich
the control loops to focus on the control structure behaviour. The sigsakt at the
beginning of the fault and reset 20 ms after the fault clearamaehich the fault
current transient is minireéd. This signalwas also used to reset the conteol
integrators at the beginning and end of the fault. The controller ganskept

constansimilar tothose ofthe first FRT strategy.
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Figure3.17. Schematic of thesecond FRT strategy

Figure3.18shows he results of the second FRiFategyfor balanced faultsAlthough
thecurrent in this caseasdecreasgto zerqg a high transiemvasobserved at end of
the fault whichis due to the absence @turrent controllerAfter the fault clearance
with zero converter voltagéhe grid currentvashigh, requiringfast current control
action.Based orthe results, the VSMticture has slow behaviguwrhich leads ta
slow decreasén the fault current and the high transient is an indication of the
necessity ofncorporatinga fast current controller. Moreover, the current waveforms
for a singlephase fault shown iRigure3.19 are uncontrollablgfurtherindicatingthe

requirement for a current control loop.
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Figure3.18. Second FRT strateggsults for balanced fasit(a) PCCvoltage and
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Figure3.19. Second FRT strategy for a singlbase fault
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3.5.3Third FRT strategy

The third strateghas beemdopted by several authors in the literatare] itinvolves

the addition ofan inner current control lodj boost performance during faults. The
inner current loop has a fast behavjouhichlimits thefault currentfasterthanwhen
only voltage controlis used The virtual admittance block is used to calculate the

current reference through the voltage controller outgirtg:

D o KO ﬁ (3.23)
where R is the virtual resistance and L is the virtual inductdfideal admittance can

be usedo shapahe impedance of the VSC, and some authaxgsuggestdvarious
admittance parameteffer current limitation. In this casehe virtual admittance
parameters are constantend a saturation block is added to avoid surpassing the
maximum current limitFigure3.20 shows theschematic of the third FR3trategyin
whichthe synchronization loop svitchedby a simple voltage condition. The voltage
condition is high when the measured voltage is below 90% of the nominal voltage,
otherwise the output is lovileanwhile, he voltage condition output is usedreset

the controller integrators. The current control@ri is a Pl controller, and the tuning
parametersor this control structurarepresentedn Table3.2. Theparametersvere
selectedto provide the best performance. The change in the control structure is

highlighted with red border iRigure3.20.
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Figure3.20. Schematic of the third FRT strategy

Table3.2. Parameters of théird FRT strategy

Parameter Value
o) p T
ko) p T
Q p T
o) p T
0 Y pT
o) Py pT

Rv pgTm
Lv p

Figure3.21 shows he results for the third FR3trategyin which the current is limited

to the maximum of the saturation blaakdthe transients do not exceed 1 plihough

the results arepromising for balanced faglt the structurehas low performance
regardingunbalanced faudt as shown inFigure 3.22. Therefore, an alternative
solution is still requied to limit the current in different types of faults. In addition, the
inner current control loop with fast dynamics can limit the slow VSM dynamics
Hence,adopting an alternative control loops during faults is beneficiakpanding

the capabilities ofhe VSM structure.
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Figure3.21. Third FRT strategy resultéa) PCCvoltage andturrent waveforms, (b)
active andreactive waveforms
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Figure3.22. Third FRT strategy response to a sirglase fault

3.5.4Fourth FRT strategy

The fourth strategy aims to limit balanced and unbalanced c¢aulents and the
schematic of the control structure is showrrigure3.23. The control structure uses
the measured dq voltage component so that accordibg. {@.5), Vcdaqg mustbe equal
to Udqto limit icaq to zero Meanwhile,switching betweeithe control loops is ideal
hencethe converteswitches instantaneously at the beginrohtaultand recovers 20
ms after the fault clearance to decrease the transient&\Plhis also disabled during
fault because thective power controller fails to synchrarias discusseshrlier The
difference between this strategy atie previous strategies is th#tis strategyis

designed to limit the fault current.
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Figure3.23. Schematic of thiourth FRT strategy

72



Chapter 3: Currentimiting VSM Structure

The results for balanced fasilare shown inFigure 3.24 in which the currentvas
limited to zero during steady state and some transigrsobservedtthe beginning

and end of the fault. The current decrease was slowettthbwofthe previoustrategy,
which shows the advantage of the inclusion of a current control loop. Moreover, the
response to an unbalanced fault is showRigure 3.25, revealingthe magnitudes of
three currents. The current magnitudes showttigaturrents are not limited below the

maximum, whichindicatesthe necessityof adding a current control loop.
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Figure3.24. Fourth FRT strategsesultsfor balanced faud#t (a) PCCvoltage and
current waveforms, (ldctive andreactive waveforms
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Figure3.25. Fourth FRT strategy for unbalanced fault currents

3.5.5Fifth FRT strategy

The fifth strategy is to switch from VSM modmdernormal conditios to current
control loopunderfault conditiors. Here, thesynchronization loop isisabledsimilar

to those othe previous strategies. The current control te@dqframe and the output

of the synchronization loop is used for the transformafibe.styematicof the control
structure is showm Figure3.26. The switching between control loops is ideadda
signal generatas usedso that the set signal stamstantaneouslgs the fault occurs
andthe reset signal stari® ms afer the fault clearance (set according to the lowest

transient). The simulatioparameterare providedn Table3.3.

|
| FRT loop |

% [1 6 | L1 Gp(s) <-®<_P*
y

PWM S et
o— Modulation

Figure3.26. Schematic of the fifth FRT strategy
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Table3.3. Parameters of théfth FRT strategy

Parameter Value
Q p T
o) p T
) 0
Q NS
o) PR L pTT
o) oY p T

The resultsfor balanced threphase fault are shown inFigure 3.27 in which the
current magnitude waveform showlsat the current is below the maximum limit
during fault. However, the currents are uncontrolldbiea singlephase fault, as
shown inFigure3.28. In addition, inthecase of unbalanced fagllthe algorithm used
to switchthe control loops fakd and an ideal signavasused hencethe algorithm
used for switching loopsequires further studyMoreover a negative sequence is

necessaryo limit the unbalanced fault current and keep the VSC safe during various
faults.
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Figure3.27. Fifth FRT strategyesultsfor balanced faudt (a) PCCvoltage and
current waveforms, (bgctive andreactive waveforms
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3.6 Chapter summary

In thischapterthe simplifiedorder model of the VSM structuveas discussedvhich
wasimplemented without a current controller or PLL. The tuning relahiggbetween

the VSM structure an®M was discussed. Therthe control parameter sensitivity
analysis verifies the relation between flecontroller parameters and the inertia and
damping factors-urther the FRT capability of the VSM structure was discussed, and
the uncontrollable fault current was highlightédtechniquefor limiting the current
during normal conditiom based on limiting the controller referencess also
described The technique can be adapted to priggitihe active or reactive power
according to the grid code. HowevérJimits the fault current only during normal
conditiors but fails after subjecting the control structure to a fatllierefore, some
FRT strategiesvere investigatetb obtain the key elements required developinga

FRT strategy that maintasrthe power converter safety cwasomplieswith the grid
code. The FRT strategies included changing the control strueferencesdisabling

the synchronization loop or integrator of the synchronization loop, adding an inner
current control loop with a virtual impedance and saturdilook, anddisablingthe
VSM control loop angwitchingto current control loop. Thaststrategy was the best
choice becauseit maintairs the full VSM capabilities in normal conditisnand
provides full current limitation capability in fault events. Hewer, a positive and
negative current controller is required to control the fault current regaddliggefault
type. Moreover, an extensive study is required for the algorithm used in switching
between controller loop® ensure thathe proposed control structure is reliable and
resilient. In the next chaptera proposed control structure with all the outcomes

covered in this chaptés discussedas well aghe algorithm used for switching loops.
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Chapter 4

New Fault DetectionAlgorithm for Dual
VSM Structure

4.1 Introduction

The motivation ofthis chapter is to assess the algorithm responsible for switching
between controlleras it has been largely neglected in the literaturbus the
limitations of thedual VSM structureare discussed in detail in this chapférst, the
behaviour of a conventional FDA inspirby [58, 148, 167])which is used in thdual

VSM structure to switch between controll§s8, 152, 167, 168]s discussedsecond

a new FDA is proposed to mitigate the limitations of the conventional FDA in low
SCRs and differarfault types. The limitation of directly controlling tle@irrent control

(CC) reference is presented. In addition, an outer loop is presented with a current
reference saturation method inspired[b§9] to limit the current in both weak and
strong grid conditions. The full proposed control suetis referred to here as the

improveddual VSM.

Two types of analysis are conductedetaluatethe performance of the proposed
controller: fault location sensitivity and control parameter sensitaiglyses The
fault locationsensitivity analysis siws the response of the proposed structure to
balanced and unbalanced faults in low and high S@R4 itis used to verify the
reliability and performance of the proposed structure.cbmérol parameter sensitivity
analysis demonstrates the difference controller behaviour when each control
parameter changeand itis discussed for low and high SCR grid conditions, which

can be used as a tuning reference for such a control structure.
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Thedual VSM structure configuration @iscussedn Section4.2 In Section4.3, the
FRT capability ofadual VSM structure for high and low SEGR discussedn Section
4.4, theimproveddual VSM structure and new FDdye discussedin Sectiord.5, the
improveddual VSM structures validatedthroughfault location sensitivity analysis i
low and high SCR In Section4.6, the response sensitivity to control parameters
assessed. I18ection4.7, another FRT algoritin is proposedFinally, the chapteis

summarised in Section 4.8

4.2 Conventionaldual VSM configuration

The dual VSM structur§l48, 152, 165, 168¢onsists of a primary VSM controller
without CC and backupositive and negativep() CC for fault conditions. When a
fault is detected, the FDA switches from VSM to CC mode. The main parts of the
controller are viblage and current sequence calculation, VSM controller, backup

current contrgland FDA.Figure4.1 shows he full converter control.

Converter

PCC

L
T

- =
S 1 e S Primary controller —_
s| VSM Structure Ueg® . ﬁ‘
6 Fig. (3.1) f— | abc/dg* 0 Usb
PWeliModulation T T T T T | |
Udg”
Vedg \ i ‘
e Backup controller | Gi(s) abcfdg <<I« ‘
Current control Structure [ E— ‘ |
Fig. (4.2 — icdq*
9. (4.2) ) 1 ‘ Gri(s)l<]abc/dg* o |Cab
—————— s | |
Ty T T icaa | \
. Voltage condition G '(s)|‘ abc/dg-
| n q
S Eq.(46) [ | e s
| Current condition |_ | |  Voltage and C?"?T ‘
‘ Ea@n | _Pn sequence calculation __
\. Fault detection algorithm /

Figure4.1. Dual VSM structurepnvoltage and currertalculation(purple) VSM
structure (ed),current control structurebfue), andfault detection algorithrmavy)

In this study, the grid is represented &yl hevenin equivalerdnd is considered a
standard modefior assessinghe performance ahe FRT & VSCs [148, 170173].
The grid equivalent voltagerid Thevenin resistance, and Thevenin ctdoce are

denotedby Egrig, Rn, and Ln, respectively The converter voltage is Mg and the line
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reactor resistance and inductance araril L, respectively. The PCC measurements

are the voltage dcand current Igc
4.2.1 Measurement anskequence calculation

The dual VSM structure uses PCC measurements for all the control |Baps.
transformation is applied to the PCC measurements to calculate the dqg components.

The q component is aligned to the active power and the d components 23 by 9

A notch filter Gi(s) is used to decouple the pn sequence of the voltage and asrent

follows:

s 00
6 30 (4.1)

w h e rriés the centre frequency of the filter ang (3 the filter quality factor.

An extra firstorder filter is used to filter the voltage componeritthe pn sequence
to enhancghec o nv e r t e r [074], whithahhsh kimet cgnstanty. The pn

sequence components are,Q ,6 ,andQ for the voltage and current.

The primary controller (VSM controller) used in this stimgsthe same schematas

thatshown inFig. 3.1, and the voltage is controlled using a voltage controller.
4.2.2 Conventionalpn sequence current controller

A conventional pn sequence CC is used as a backup controller during grid fault
conditions. The pn sequence CC is bas€ld 52, 165, 168and can control the current
during balanced and unbalanced faults. The control structure sh&igume4.2 takes

Uqd", Icqd”, Ugd, and lgd from the pn voltage and current components calculation. The
references Ig' ", Icqd * of the pnsequenc€C are used to set the current limit during
faults. The converter voltagef thepn sequences are ytand Ved. The negative
sequ@ce converter voltage component is added to the positive sequence converter

component using the conversion block(dq’) based on Eq4.2).

80



Chapter 4: New Fault Detection Algorithm for Dual VSM structure

6 Ai¢- OEJ— ¢ w2
6 OEd— Al®- © '
The control structure consists of a current control loop Pl controbe(si5175],

which isexdained in sectior2.5.1

A PLL is used for synchronization with a PI controller O, which is given by:

i 0 = (4.3)

where k-pLL and kpLL arethe proportional and integral gaiof the PI controller
respectively The ratio between the control parametersiikkp-pLL dictates the
bandwidth of the controll€il76]. Low PLL bandwidthsvere suggested ij176] to

stabilise the standard controller during faults in low and high SCRs.

6PLLO_/—
O Udg™
Vedg O lcdg*
4—'—0 Udg
| O icdq'
—o Ge

\ Backup controller
Current control Structure /
N~ — - - - . o . .

Figure4.2. Schematic of then sequenceurrentcontroller packup controller)

4.2.3 Conventional FDA

The conventional FDA uses positive components to calculate the Tr,sidmelh is
the FDA output that determinashetherthe operating mode is a normal (VSM
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structure) or fault condition (alternative structure). The conventional FDA tommsli
are developed based fi#8, 165, 167hnd expressed lBqgs.(4.4) and(4.5):

0 o $s (4.4)

E E 9s (4.5)

where |Uin is the minimum voltage magnitude measured at the PCC (as specified by
thelocal grid codepnd ||c-max is the maximum current magnitude chosen below or

equal to the maximum current capacity of the converter switches.

The primary operating modetise VSM (when both Eqg4.4) and(4.5) are false and
Trsignal=0) wh os e oruchapge tn req@enag relationto the pover, and
voltageloop output Vag. The backup operating mode is the @en either Eq(4.4)
and(4.5) is true and Tr signal = 1yvhose outputs are , change in frequency in
relation to the change in the d voltage componendg, ¥ndCC voltage outputThe
converter angled: is derived after adding the change in frequency to the rated

frequencyas reference*.

4.3 Study of FRT capability in strong and weak grid conditions

To show the limitation of the conventiordlal VSM structurea model was created

in MATLAB/Simulink and simulated undemunbalanced fault condition using high

(5) and low SCR (1.4). The parameters used for #ike test case scenarios are
presented imMable4.1. The notch filter inEq. (4.1) was tuned for the simulations to
ensura centr e tdqueagluetnoc y2 Gefilters, andthegquahtyofactora | |
Qr wasset to 1 for althefilters, except the positive sequenoarrent, which was set

to 10.
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Table4.1. Power network simulation parameters

Parametename Parametevalue
Y 5 MVA
Nominalvalue ¢ Y | 25 kV
O rY 10
Y 0.01 pu
@ 0.1 pu

Thetime constant of thérst-order filter fr wasset to 1 ms for the positive sequence
voltage component and 10 ms for the negative sequence comp®herfault is
applied at themid-point of the network Theveninequivalentimpedance and the

fault is applied at 5s for 500ms

A test scenariovas considered for the two SCRonditions where a converter
operatingat 60% loading in steaestate conditionsvassubjecedto a singlephase
to-ground fault. Duringhefault, the converter injeet!92% of its peak currenBased

onthe simulation parameters Trable4.1, this peak current is 163.3 A. The converter
rating and referencegeredesigned to account for this pestda 20% safety threshold

[177], arriving at a peak current 196 A @pproximately200 A). The safety threshold
accounts for overcurrent transients that are caused when switching between the
controllers and are especially severe in weak networks. Indpjrie study if178]

and considering the converteting, the reactive positive current compori@itwas

set to 150 A, and athe other current references were set to zesed orthe local

grid code.

Figure4.3(c) shows the conventional FDA output during unbalancedsfiautioth low
and high SCRs. The fallieganatd v i andlastedfor 500 ms.Figure4.3(a) and
Figure4.3(b) show the positive sequence voltagelcurrent respectivelyandFigure
4.3(c) shows the FDAutput

The standard FDAorrectlydetectedhe fault for high SCR but disengatggfter some
time for low SCR. The suboptimal early FDA reset in the low SCR is driven by the
higher grid Thevenin impedance, which requires the CC to apply a higher voltage to

83



Chapter 4: New Fault Detection Algorithm for Dual VSM structure

achieve the same current. The higher converter voltage increases the PCC voltage. For
a singlephaseto-ground fault, the two remaining healthy phase voltagese
increased by the higher converter voltaged the total voltage magnitude calculated

by the FDAwaswithin the specified nominal range showrFigure4.3(a); thus,the

voltage appe&dto be healthy. Meanwhile, the fault detection current conditiag

not reliablebecause¢he current decreadever time as a result tiie current controller

action. The combination of the voltage and current conditions makes the conventional
FDA less effective in low SCRs. Furthermore, the injection of maximum current by
the high healthy phaseltagedrives the power transfer above thaximum complex

power limit of the converter.
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Current ||C|+ [A]
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Tr Signal
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N
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o

5 5.2 5.4 5.6 5 5.5 6 5 5.2 5.4 5.6
Time [s] Time [s] Time [s]
(a) (b) (©)

Figure4.3. Comparisorbetweerlow SCR (1.4) and high SCR (5n) positive
sequence voltage magnitude’|bl the PCC(b) positive sequence current magnitude
[llc", and(c) FDA output signal (Tsignal)

4.4 New FDA with improved dual VSM structure

In thissectiona new FDAandthe enhancements added to support faults in yed&
arediscussedComparisos between the conventional and improwkdl VSMs are
alsopresented.

4.4.1 New FDA and controller enhancements

Figure4.4 shows te full schematic of the proposed structée.outer loopvasadded
to the CC loop to deal with the weak network scenamal a bumgess transfewas
alsoadded.
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Figure4.4. Full schematic of themproveddual VSM structureouter loop (orange),
bumpless transfer (greerandnew FDA (dark blue)

The new FDAwas designed to operate effectivelynder different fault types and

SCRs. It achievesbetter operation during unbalanced faudy considering the pn
seqguence voltage and current components unlike the conventional FDA. The negative
sequence is a key componédat the new FDA, especially in weak networks. The

voltage condition igjivenby:

s ST % (4.6)

where 0 < |U|< |U}ateq |U[™* is the negative sequence voltage aligned to the positive
sequence frame, andv(3) is a firstorder filter applied téhevoltage signal before the

condition which isgivenby:

0 i @ — (4.7)

whete twv is the time constardf the firstorder filter Gu(s).

The new voltage condition guarantees the detection of unbalancedrfamiak grid

conditiors, because themeasurednegative sequencevoltage is subtracted from
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the measured positive sequene voltage so that the voltage createdoy the
healthy phases is decreased by the negative sequence voltage created due to the
unbalanced fault The current condition is the sametlaatgiven byEq. (4.5) but the
condtion input is the current measurement after Park transformafibos, the

negative sequenceassoconsidered.

During fault recovery, the new FDA clears the Tr signal when both conditions are
false. However, the voltage condition may experience a valsage dropwhich is
caused by the transients creadedingtransition to the primary controller. As a result,
the voltage condition is disabled for a short period using a Set/Reskailj@an edge
trigger, and an offdelay time. This method preveritdse reengaging for a short time
during fault recovery whileprotecting the converter as current is continuously
monitored according to E@4.5). Figure4.5 shows the schematic of thewFDA.

- - - - Y Y Y Y Y Y Y Y Y /" -~
Ge
/ " -
| New voltage I E qugp+(ua)?) ?jqf e o uur
| Set condition | -+ 9 |
€ Eq. (4.6) E quep+(uet)?) Udg*
Tr Flip-flop T
Signal | |
1| ¢ ~ .
\ Reset > ||| c-max | | E W"'('quz) O cdg
N\ New Fault detection /

Figure4.5. Schematic of the new FDA

An outer loop is added to limit high voltages in the healthy phases during unbalanced
faults in weak gridsas observed in the simulations describeskeiction4.3. The active

power loopoutercontroller @r(S) is expressed by

o i — (4.8)

where kop and kop are the proportional and integral gaiof the Pl controller

respectively.

Thereactive power looputercontroller @q(s) is expressed by
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o i o Q, (4.9)
i
where koq and koq are the proportional and integral gainf the Pl controller

respectively.

The outer RQ cont. loop has a good performance in low SCR condijtlumsever, a
current reference limitation is required in high SCR conditions. The current reference
limitation is implemented using a reference recalculation method. This method is

applied for the reactive power loggnd it is given by

0 D Q9 , Wherert 0 H (4.10)

where |l§maxis the specified maximum converter currentiska factor used to convert
the current reference to power, anec& is subtracted from the reactive power

reference.

The RQ cont. loop current outputs are saturated to avoid negative current reference.
The active poweouterloop is set to zero to priorse reactive power injection. The
active power controller can be used to provide flexible active power control for future

developmentd-igure4.6 shows he schematiof the outer FQ cont. loop.

o Udg*

o lcdq*

Figure4.6. Schematic othe P-Q cont.loop

The bumpless transfeishownin Figure 4.7 is added to smoo#én the transition

betweerthecontrollers during recovery. The method uses the PLL output for one cycle
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to support théPL resynchronization. The method multiplies the PLL output by a gain
kp, which is subtracted from th&PL output.

\I o 6p
i o OpLL

o Ir
) Signal

Figure4.7. Bumplesstransfer activated during fault recovery

This method is activated for one cycle after a reset signal is received from the new
FDA, which is implemented using an edge detector andlelffy timer. TheAPL
reference isgradually increased to t rated value after fault clearance, which

introduces further damping in the transitional transients.

4.4.2 Comparison betweetheimproved and conventiondual VSM structure

In thissectionthe conventionadnd improved dal VSM structure are comparedhe
same test conditions applied $ection4.3 are reapplied on thenproveddual VSM

structure to produce a fair comparison for both control structures.

Figure4.8(a)i (c) showthecomparison between the two control structures with a high
SCRbased orpositive sequence voltage, positive sequence current, agadng,
respectively. The improvedlal VSM structure hdlower current transients compared
to the conventional structure. Moreoveigure4.9(a)i (c) show a stable operation for
the improveddual VSM structue, whereaghe conventionadual VSM structureould

not detect faulin low SCR as discussed in Sectidn3.
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Figure4.8. Comparison betwedahe mprovedand conventionaluwhl VSMsin the
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Figure4.9. Comparison betwedhe mprovedand conventionadual VSMsin the
low SCR case

4.5 Verification of the improved dual VSM structure under different
test conditions

The improveddual VSM structurevastested for balanced and unbalanced faults in
low and high SCR grid conditionssingthe same parameters presentedable4.1.

The test cases involddour different fault locationsas shown irFigure4.10, where

Zcis the equivalent impedance of the filter and transformer and Zn is the grid Thevenin
impedance. The fault locatisrweremoved further away from the PCahd ranged

from FL1 to FL4. The faultevereapplied at 5 s and cleared at 5.5 s, as in Se8tion
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Figure4.10. Fault locations used in the first analysis

4.5.1 Fault distance sensitivity analgsn low SCR

The improveddual VSM structure with new FDAvastested in low SCR (1.4) to

investigatats response to faults apecificlocations.

Figure4.11 shows the controller voltage and current waveform responses to a single
phaseto-ground fault. The new FD8howedyood accuracy in detecting singdbase
to-ground fault and its clearance diacations.Figure4.11(a)i (b) show the controller
responses to singlghaseto-ground faults at FLand FLs, revealing thathe controller
responeéd to the fault applied aapproximately5 s, and the new FDA deteckthe

fault clearance at 5.5 s and switdhgack to primary controller at 5.52 Bigure
4.11(c)i (d) show the controller response to singlaseto-ground fauls at FL> and

FL1, where the faultwas detected at almost 5 s and the contratleganto inject
maximum reactive current (was tuned to be 150 A peak). The contmaléswitched

back to VSM before 5.52 s. The zoomed area on the right offigaurh shows that

the proposed structure can inject balanced cigtarder all the test cases.

Figure4.12 shows the controller resporste threephaseto-ground faul at the same
fault locations discussed before. The new FDA aslsmwedjood accuracy in detecting
all the threephaseto-ground faults and clearanceSigure 4.12(a)i (d) show the
voltage and current waveforms for faadipplied at Fki FL1. The new FDA deteed
the fault at almost 5 s and the clearance before 5.52 s. The current during thadault
kept at 150 A peak, and a shtirhe high current transientasobserved during the
first instance of the faylivhichremairedwithin the converter capability limaf 200

A. The tuning of the PQ outer loop and the reactive power recalculation helped
in damping the rise of thefault current at the beginning of the fault, wich led to

smooth cur ent transients in these test cases shown. Alsa slow recovery can be
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observed in all the figuresbecause of the gradual increase of the active power
reference rather than the instant injection of the full active power referene.
Moreover, the slowdynamics of the VSMparticipated in slowing the injection of
the full current after the recovery, and in the recovery the arrent decreases to
almost zero at some cases and rise badgain which is due to injecting full
reactive current during fault, and in the recovery the reactive power is highly
reduced, and the active power ismostly injected. Most of thetest casesshow the
slow recovery behaviour, howeverthe slow recovery wasa solution to the high

current transients in the recovery.
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Figure4.11. Single-phaseto-ground fauls at different locations in low SCRa) FLs,
(b) FLs, (c) FL2, and (d) Fhk
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Figure4.12. Threephaseto-ground fault at different locations in low SC) FLa,
(b) FLs, (c) FL2, and (d) Fl
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4.5.2 Fault distance sensitivity analysis in high SCR

The same test case scenama@seadoptedor high SCR to investigate ¢hcontroller
behaviour.Figure 4.13 shows the controller resporss® singlephaseto-ground
faults, where Figure 4.13(a) depicts the voltage and current waveforms fan
unbalanced fault applied at kLThe waveformshowedstable operation and the
current was quickly limited. Figure 4.13(b)i (d) show the voltage and current
waveform responsdo unbalanced faults applied at4-IFL2, and Fli. Considering

the four locations, the new FDA successfully identifilee fault at almost theame

time as itwasapplied and reset the fault signal to switch back to the VSM structure at

approximatelys.52 s

Figure4.14 shows the controller resporste threepha®-to-ground faul at the same
fault locationsspecified before. Figure 4.14(a)i (d) show the voltage and current
waveforms when balanced failvereaplied at Fls, FLs, FL2, and Fl. The four
responses show that the controller detdt¢he fault at almost 5 s with high peak
current transient observed in the waveforms at the beginning of eachafaithe
currentwasmaintained at 150 A peak in the steadgte of the fault. Finally, the new
FDA successfully reset the fault signal approximately5.52 s, and the structure
switched from CCto VSM. The zoomed areahow the balanced current injection in

all the test cases.
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Figure4.13. Single-phaseto-ground fauls at different locations with high SCRa)
FLa4, (b) FLs, (c) FL2, and (d) FL
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Figure4.14. Threephaseto-ground faulg at different locations in high SCRRa) FLa,
(b) FLs, (c) FL2, and (d) Fl

4.5.3 Consecutive faults analysis

In thisanalysistheresponse of themproveddual VSM structure in two consecutive
fault scenariosvas investigatedr he simulation aims to show thatthoughthe voltage
condition is disabled during recovery, the improved FDA can operate safely if two

consecutive faults occur.

The analysis involves subjecting the VSC to a sipjlaseto-ground fault from 5 to
5.5sandthento a threephaseto-ground fault from 5.55 to 6.0% These two faults
wereapplied in strong and weak grid conditioasdthe PCC voltage and curremere
observed.

Figure 4.15 shows the voltage and current waveforms after applying the two
consecutive faults in high SCR. The current waveform sldowhatthe control
structurewasswitched from the primary to the bagkaontroller, which limieédthe
current within the safe operational range. Tbetroller switche back to the primary

controller at 6.05.

Figure 4.16 shows he voltage and current waveforms in low SCR. The current
waveform shows that the curremas successfullimited, and the controller switcte
back to the VSM 20 ms after both faulisrecleared.
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