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Abstract

Multi-terminal high voltage direct current (MAIVDC) grids enable integration of largeale
renewable energy resources and facilitate flexible bulk epotransfer for energy markets
extending over political boundaries. Preserving the integrity ofiWDC grids during DC faults
remains a major challenge, primarily due to the lack of effective DC circuit breakers (DCCBS)
capable of interrupting the expedtéault currents. These DCCB limitations and stringent
reliability requirements mandate identification of faulted transmission lines and the faulty
conductors at extreme speeds with highly sensitivity.

Two techniques were developed to improve the geitgitand the reliability of fault
discrimination while meeting these speed requirements. The first technique introduces directional
properties for line and bus protection algorithms that rely on the rate of change of local voltage
measurements to improvke fault discrimination. The second technique uses locally measured
conductor currents to quickly identify the fault type and faulted conductors. This algorithm makes
the decisions based on the ratios of the rate of change of currents computed coresigiring
conductors at a time, and therefore, independent of the fault resistance. Versatility and reliability
of the proposed fault type discrimination algorithm was demonstrated by applying it to different
transmission configurations.

Fault recovery ggects of a novel class of hybrid L&CSC MT-HVDC transmission systems in
which a number of VSC inverters and rectifiers are connected to an LCC HVDC link was

investigated. Two possible fault clearing schemes were proposed. The first approach avoids



DCCBs,employs seriesonnected high power diodes at VSC inverter terminals to block the fault
current contributions, and clears faults by-eaergizing VSC rectifiers and applying force
retardation to LCCs. The second approach utilizes DCCBs installed on tieh lhirees. These
DCCBs activated by the proposed fault discrimination schemes minimize the disruption of power
flow through the LCC HVDC link due to faults on the lines branched out to connect VSCs. The
capability, speed, and sensitivity of each fault Ghep scheme were evaluated considering

practical designs.
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Chapter 1

Introduction

1.1. Background and Motivation

Functional requirements of the large interconnected power transmission systems that deliver
electricity from the remote and renewable sources todeatkrsstretch beyond the capability of
high voltage alternating current (H\C) power transmissiofi-3]. High voltageDC transmission
(HVDC) is the preferred choice for bulk power transmission between very long distances and when
it is required to cross wateobies[4]. For example, Rio Madeira transmission link in Brazil
transfers about 7000 MW along 2,385 km transmission line and JiSpingan H\DC link
transfers 7200 MW between two converter stations 1935 km[&parWhenit is needed to extract
energy from multiple energy resources dispersedange geographic area and shaneongload
centerdocated far apaytwo-terminal HVDC systems cannot be wke Thereforemulti-terminal
high voltage direct current (MHAVDC) grids are proposd@-7] for future continental bulk power
transmission.

The worl doés f i r getminal/ B\DC drid, sNartho H\DCr gridk was

commissioned in 201[8-10] and the fist five-terminal VSCHVDC grid, Zhoushan MIHVDC,



was placed in service 2014,[11-13]. Zhangbei fouterminal HVDC grid, which will be the
worl doés f i r sHVDG gad, wilebe commidsienedviiT20324-17]. Someother MT-
HVDC proposals includdezuropean Super Grifll8-19] and Atlantic Wind Connectiof20] .
Several H\DC converter stations in Europe are designed with provisions for connecting to a future
MT-HVDC grid [21].

The expected benefits of MAIVDC are increased redundaney, increased flexibility for
power tradind4, 22, andlower investment and operational cd&8]. Furthermore, MIHVDC
grids will play a key role in renewable energy integration since-HWDC grids enable
interconnecting dispersed green resoudisibutedover large geographic arealtad centes
located beyond single political boundar[@s4]. A great contribution tahe future clean energy
goalsis expected fronthe enormous energy potential of offshore wind. Therefore, offshore wind
energy generation plays a key role in satisfyimgevergrowing energy demand without affecting
thesustainability of the environment. Submarine cables are inevitable in bringing electrical energy
generated in offshore to onshore gridad when the distances are longer than a few hundred
kilometers, HVDC cables are the only technically feasible optidmerefore, MT-HVDC
technologyis being seriously considered for connecting offshore wind farms.

In order to achieve the true advantage d¢drge MFHVDC grid transportingoulk energy
it is essentiald havethe capability of preservinthe integrity of the grid during transmission
system faull. DC fault protection of MTHVDC grids is of utmost importaeto ensurghe safety
of equipmen{23], attain the full reliability benefits of MHVDC grids[24], and to preserve the
stability of power sgtem. Howeve)C side fault protection remains a main challenge in securing
the smooth operatioof the MT-HVDC grids already in operatiomndfor the developnent of

high capacity MTHVDC grids [25]. This is because the current increases rapidly durid§ a



side fault in HWDC transmission systems and therefahefaulty section of the transmission line

should be isolated within a very short interj28].

1.11 Converters Used in MT -HV DC Grids

Two main converter technologies, line commutated converters (LCCs) and voltage source
converters (VSCs) implemented using ltiievel modular converter (MMC) technology, are
utilized for HVDC transmissior{2, 27]. The type of electronic switching device usad.CC
convertes is thyristorswhile IGBTs are used in VSC stationkhe VSC technology enablése
realization of MFTHVDC grids by offering the flexibility in changing power flow direction and
the possibility of connecting to we#C systemg27-28]. The DC voltage in @ MMC is created
by inserting a number of charged capacitors, calleehsodiule capacitors, with the help of power
electronic switching deviceA sub-module capacitor together with the associated electronic
switches is called a subodule.As depicted irFig. 1.1,each arm connected to each phast®f
supply is made up by connecting a number of independent switching moduleR&Mach of

which is capable to withstarahly a fraction of the arm voltage.

Transformer
reactance

Fig. 1-1. MMC VSC station
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Although a number of improved SMonfigurationcan be found in literaturghey are

practicallyimplemented using halfridge or fultbridge submodules shown kig. 1.2[30].

| s

Fig. 1-2. Submodules, (a) Half bridge sub-module (HBSM), (b) Full bridge submodules (FBSM)

The capacitor voltage is maintainadarly constantusinga voltage balancing mechanism.
Thereforethe capacitor is used asconstant voltage sour¢8l]. As it can be seen frofig. 1.2,
half-bridge MMC station requires only half of the number of power electronic switching devices
thatarerequired for a fullbridge converter statiof32]. Therefore due to lower capital cost and
switching lossmostof the practical VSC based HDC systems use modular multilevel converter
(MMC) technology basedmohalfbridge submoduleq32].

During aDC side fault, submodule capacitors discharge rapidly into the transmission line
and therefore, fault current rises very rapigly 33]. The nherent weakness of the MMZSC
HVDC systems based on hdifidge switches is the inability block fault currentsidg aDC side
fault [34]. Hence, it is required tpromptly isolatethe faulty section to sustaithe converter
operation. However, fault isolation requires fewbfunctionalities and all subunctions are
required to be completed within a very short inte{@&t36]. This is challenging as describied

the next sectian



1.1.2  Protection Requirements of MT -HV DC Grids and Challenges

The aailability of more than one @sible path is a key reliability feature of MAVDC
grids when compared with a twerminal transmission system. In order to facilitate power transfer
throughthe healthy transmission line(s) when more than one transmission line is connected to a
bus, onlythe transmission line involved in the fault should be isol§83d. Therefore, fault
clearing involves identification of the faulty transmission line or sections of a transmission line
that are separated by isolating devices sudb@gircuit breakersCCB). However, a strong
transientcan becreated ora healthy transiission linewhen aDC side fault occurs in another
transmission line€onnected to the same bdsiring the reverse faulter during the opening of a
DCCB on an adjacent line to clear a falltscriminating closeup reverse faultsom the forward
faults in the protectedtransmission lines within a short time interval is one of the protection
challenges of future MMFHVDC grids.

The configuration of HIDC transmission that uses two conductors, termed pole conductors,
kept at the same voltage magnitude apgosite polarityis called bipole HWDC transmission
configuration. Having a third conductor, calle@dicatedmetallic returnconductor(DMR),
improves the reliability[37] as described below and therefore, is considered to be the most likely
MT-HVDC transmission configuratiof88]. During normal operation, the metallic return wire
cariies a zero current and has zero voltagéh respect tothe ground. When only one pole
conductor is involved in a faulg single poldo-ground fault, a half of the rated powean be
transferred with the help of the healthy pole conductor an®MR [39]. However, in ordeto
exploit the above advantagmly the pole involved in the fault should be isolated during a single
pole fault anéensurehat the metallic return wire is not involvecktfault. Therefore, fault clearing

requires identification of the faulty pole conductor(s) and determination whether the metallic



return wire is also involved in the fault, in order to decide the post fault configufddpnThe
above function is called fault type identification, fault type classification, or fee
discrimination.A number oftechniques have been recently proposed to detecfaDi® and
identify the faulted section in MHAVDC grids within a submillisecond time fram@1-42]. These
techniques, howevgedo not explicitly address the issue of fault type identification.

Fault type identification is difficult due to electromagnetoupling between the conductors
of a bipolar H\DC transmission system; a clegp poleto-ground short circuit can cause a strong
induced transient on the conductor of the healthy g Since the coupling is more prevalent
at higher frequencies, the independent pole wise fault detection schemes baseefreqinggicy
current components or derivatives of voltags44] are prone to false operation during the faults
on the other pole. Therefore, in order to improve the security, protection sensitivity is decreased.
However, if the direction and the type of a fault can be identified, the sensitivity can be increased
without degrading the security. Any practical solution for fault type identification suitablke for
MT-HVDC grid should be both reliable and fast.

In most of the proposedC fault discrimination schemes, the chances of-opadration ha
been avoided by decraag the sensitivity, that is by compromising the sensitivity to achieve
security, often with the help of conservatively selected threshold settings. There is a potential to
improve the effectiveness BXC fault discrimination schemes by minimizing such goomises.
For example, inAC line distance protection schemes, various strategies such as directional
supervision and faulted phase identification, have been successfully used to improve the security
and sensitivity. Application of similar means can belevqul for the case ddC fault protection
in MT-HVDC grids. However, determining directionality or identifyitige faulted conductors

within the extremely short response time required®iGfault protection has not been successfully



achievedThefirst hdf of the thesisaims to address this gap in stafethe-art andexplores the
development of fast local measurembased algorithms to identify the direction of a fault with

respect to a protection relay and determining the conductors involved in.a fault

1.1.3  Converter Behavior duringa DC Fault and Fault Clearing

Once aDC fault is detectedandthe faulty section and the conductors involved in the fault
are identified, the following means are available to deal with the converter safety and clearing of
theDC fault. Since IGBTs in an MM&/SC station are very susceptilbdeovercurrentsthey are
immediatelyblockedwhen an ovecurrent is detectefB5]. After blockingthel GB T 6 s - a su

module and a VSC station can be represeasddFig. 1.3(a)andFig 1.3(b) respectivel\j42].

Dy D3 Ds
DC Side Fault
’\/I

'\l _A
D, Dy Dg
2 | oB .

Fig. 1-3. Equivalentof VSCa f t er bl oc ki ng | GBT 6modyea(h) Equigaentof&¥6CG nt of a

During the interval between the fault and the IGBT blocking;reolkdule capacitors are
discharging to the fault. Therefore, as depicteign 1.4(b),thefault current rises to zery high
level at a very rapid raf@d5]. WhereVbcp andVpen are respectively pole and Npole voltages.
Iocvrrandipcvrnare respectivelydpole and Npole cowerter currents. Adepicted irfFig. 1.3(b)
even after the sutmodule capacitors are taken away from the fault circuit by blocking IGBTSs, the
fault is continued to be fed from tReC side through the freeheeling diodes in halbridge sub

moduleq33, 46}
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Fig. 1-4. DC side measurement of bipole VSC station for a DC side fault (a) Voltages, (bu@ent

Therefore, as depicted ig. 1.4(b),thefault current will not dop to zero after blocking the
| GBT 0 settle ibtoatsteadystate value.During this periogdfreewheeling diodes may subject
to very high stres$47]. Therefore, to avoid potential damages to the freewheeling diodes,
protective thyristors are used in parallethe freewheeling diodes of practical convertdhese
thyristors are fired oreca fault is detecteft7-49]. Fig. 1.5shows the halbridge submodule

together with its protective thyristp47].

A

' LE

Protection
Thyristors

°B

Fig. 1-5. Single thyristor switch

DC side faults could be temporary faults or panentfaults. Temporary faults are self
cleared when the current through the arc is reduced. Fault current limiters such as Hewgedre

in [50-53], and faulitolerant converters such as those presente®4+b9], are proposed to



extinguish temporary fault arcs rapidly and higglear temporary faults. In contrast, DCCB are
used for rapid interruption of fault currenesulting fom both temporary and permanent faults.
Design, fabrication, and application of high voltage DCCBs is an extensively investigated research
topic [60-64]. A prototype of a DCCB capable of interrupting 8 kA in 2 ms delay has been tested
in theyear 201464]. Another DCCB design capable of interrupting 15 kA in 3 ms has been field
tested in the fivéerminal Zhoushan HBC grid in the year 2016[65]. However, a practical
DCCB design having the capability of interruptitihge expected level of fault current within the
allowed time frame is still not commeadly available from any of the leading manufactures. In
the absence of a means to interrupt fault currents, the only means to clear a faulbiidgalf
MMC-VSC station is to open thACCB at the converter transformers andeatergized the
affected conveeer pole(s). This requires the whd -HVDC grid to be deenergized when there

is no DC side fault current interruption devi¢és-67]. The absence & dependable protection
system for DC side faults coupled with the absence of DCCBs having adeqiatengece is a
major obstacle tthepractical implementation of MM{/SC based MTIHVDC grids. Due to huge
investmentin building a number of MM&/SC based converter stations together with
transmission system aitlkde aforementionegrotection challengesasled to focus on alternative
MT-HVDC transmission system configuratiodsmulti-terminal HYDC system containing more
than two converter stations with at least loop in théC transmissiometworkis referredo as

a MT-HVDC grid in this thesis. A mulierminal HVDC system with more than two converter
stationsbut with no loops in the DGransmissionnetwork is referredto as a MT-HVDC

transmission system.



1.1.4 LCC-VSC Hybrid MT -HVDC Systems

A hybrid LCGVSC MT-HVDC transmission system is a mduigrminal HVDC
transmission system comprising of both LCC stations and VSC stations. This hybrid configuration
exploits the advantages of both converter technoloBesicularly, the abilty of LLC rectifiers to
control theDC fault currents through force retardatiprocess can provide both technical and
economic benefits in designing DC fault protecti@mumber of different hybrid LC&/SC MT-
HVDC systens are proposed if68-79]. Two main classes of hybrid muterminal HvDC
systems are

1. A number of VSC rectifier stations, typically connected to offshore wind farms, linked to a
one large onshore LCC inverter station, connected to the load,cente

2. Onelarge LCC rectifier, typically connected to a large hydro power stdiindked to a number
of small VSC inverters, typically connected to urban load stations.

In the first configuration, the advantages of VSC stations such as small footprint, ability to
connect to a weakC system are exploited in the offshore rectifiensd the economy of LCC
station in building large converter station is exploitetheonshore invertei80-82]. In the second
configuration,the economy of LCC station is exploited in building a large rectifier station
connected to a strong system and ttheaatage of small footprint of VSC statis exploited in
building converters supplying urban load ces{83-84]. A realworld example for the second
type is Woudong hybrid thregerminal transmission systerwhich comprisesan 8 GW LCC
rectifier, and two VSC inverters rated 5 GW and 3 GW. This scheme is under construction and
will be commissioned itheyear 202414].

All over the world,thereare many long, high capacity, pcigpoint LCGHVDC links

connecting large generating stations and loaceeer®ften, these transmission lines are built with
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some spare capacity for future expansion or to meet other desigrenegnts. The spare capacity
of these transmission lines can be utilized to collect renewable energy generation from wind or
solar farm sites located close to thesel¥BMines in an economical manner. This requires feeding
into the LCC H\DC line using a ectifier [85]. Furthermorejt is possible to supply energy for
small cities or load ceets located near the path thie HVDC line, if it is possible to tap intan
LCC HVDC line using an inverterThree possibilitiegxist:

1. Tapping into an LCEHVDC link using VSC inverters

2. Feeding into an LC&VDC link using VSC rectifiers, and

3. Tapping into an LCC HIC line using both VSC rectifiers and VSC inverters
Such hybrid M-HVDC transmission systems are attractive duéhlower initial investment
requirement. Some example studies are reportef9n 8587]. The more general structure

comprises of a number of tapping stations capable of operating either as rectifiertari

1.1.5 Protection and Control of Hybrid MT -HV DC Systems

In such hybrid LCEVSC multiterminal HVDC transmission systesn the control of
converter stations negtb be properly coordinated for stable and smooth normal operation and to
enable fast recoverduring faults. Therefore, a centralized control strategy is requoed
coordinate the converter stations. When retrofitting an existing-pmaint LCC HVDC system
to form a hybrid MFTHVDC system, modifications to existing LCC converter control rteduke
minimized.The fault ridethrough capability of the newly formed hybrid L&GC HVDC multi-
terminal transmission system nsed be thoroughly examined.

Hybrid LCCVSC MT transmission systems are an emerging area ofHMDC

transmission systentkie tothe advantages discussed earlier. Some utilities are keenly interested
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in converting existing poinn-point LCC HVDC links to multiterminal systems. However, the
literature onDC side fault behaviorand fault clearing in a hybrid LGESC MT-HVDC
transmission systenis not common ands anarea that requisgfurther investigations. Converter
station internal protection may activate during@ side fault andhe fault clearing may involve
converter reenergization.A proper understanding of bothCIC and VSC converter station
protection and control is required to develop a pradiiaside fault protection strategy to recover
the systemthrough acoordinatedsequence of actions involving all converter stati@iacethe
converter station design$ looth LCC only and VSC only schemes are well establishexdbest

to implement the coordinated controls usihg existing control interfaces provided by each type

of converter

1.2. Problem Definition

The discussion presented in Sectlohhighlighted that th&®C side fault protection in MT
HVDC grids is recognized as a main barrier to build lesggle MFHVDC grids. In order to
achievethe expectd reliability of future MTFHVDC grids, the section of the transmission line
involved in a fault and the faulted conductors should be identified and selectively isolated.
However, fault discrimination to achieve the above requirement is challenging undgr ma
situationsas discussed in Sectidnl Most of the DC fault protection algorithmsoposed irthe
literature discriminate the faulty line by the strength of tlailt induced transient, observed
through the measured currents or voltages at the individual pole ternandlgypically by
comparing against predetermined thresholds. The sensitivity and reliability of such schemes can
be improved by 1) identifying thdirection of the fault with respect to the relay (directional

discrimination), and 2) identifying the fault type explicitly (identifying the conductors involved in
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the fault In order to satisfy the speed requirements, directional discrimination anedfault
conductor identification need to be achieved using the local current/voltage measurements.

The second problem addressed is the DC fault clearing in hybrieM&TMT transmission
systems. DC fault clearing in LCC HDC schemes is achieved by activelgueing the DC fault
currents through force retardation procedure. More common temporary faults are readily cleared
through this process and a system can return to normal operation within hundreds of milliseconds.
This situation changavhen a VSC, typicayl a haltbridge submodule based MMC which allows
continuous DC fault current contribution, is interconnecteahtioCC HVDC system. Therefore,
the possible ways of clearing DC faults in hybrid LRESC HVDC systems and the fault
discriminating requirementto implement the potential fault clearing procedures need to be
investigated. Furthermore, understanding how converter stations shaaddrdaatediuring the

DC faults is also important.

1.3. The Objective of the Research

The main aim of this research is to investigate the methods for handling DC fauIts in
HVDC gridsand MT-HVDC transmission systemB order to achieve the goals of this research,
the following major sufbbjectives argroposed

a) To developsuitablesimulation moded of multi-terminal HVDC transmission systems
and study théehaviorof MT-HVDC transmission systems for different types of DC side
faults.

b) To investigate the possibility of improving the sensitivity of DC side f@isttrimination
in MT-HVDC systemthrough introducing directional properties)d develop fastocal

measurements based methodddterminehedirectionalityof DC faultcurrents.
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d)

1.4.

To investigate the potential for improving the DC fault protection sensitivity while
minimizingthe inadvertent disconnection of the healthy pole during faults involving only
a single pole, andevelop a fast local measurembmased method for DC fault type
discrimination in a MT-HVDC grid.

To develop astratey for DC fault clearing in a hybridcCC-VSC MT-HVDC
transmissiorsystem relying upon the force retardation capability of LCCs and without
using DC circuit breakers, evaluate the fault clearing performance and identify potential
issues.

To investigatehe potential for improving fault cleang performance in a hybrid LGC
VSC MT-HVDC transmissiorsystem by using DC circuit breakers operated \thtn

protection techniques developed under previous objectives.

Thesis Overview

The first chapter provides the background, motivation, and objedaiivé®e thesis along

with the details of the thesis organization. The next four chapters present the main contributions

of the thesisvith each chapter addressing one or more major objectives: Objex}iaesb) are

addressed in Chapter 2; Objecto)és addressed in Chapter 3; Objectia@sndd) are addressed

in Chapter 4; and Objectiv® is addressed in Chapter Bachof these chapters is based on one

or more publications and presented with a background and brief literature review relaied to th

aspects focused in the chapter.

A fault direction identification algorithm for VS&MC MT-HVDC grid is proposedn

Chapter 2. The method compatksrate of change of voltage (ROCQOV) values at either side of

di/dt limiting inductor at the terminals. This directional information is utilized to develop a more
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secure ROCOQV based transmission line and bus protection scheme forM@l®ased MT
HVDC grids. The results of simulatichased analysis that conducted with the help détailed
electremagnetic type program (EMTP) model of a thteeminal MMGVSC HVDC grid is
presented in the chapter.
A fault type discrimination scheme for HDC transmission sysins is poposedn Chaptei3. The
proposed fault type discrimination scheme is capable of identifying conductors involved in the DC
side faultusinga 1 ms window of the locally measured curgetitrough the transmission
conductors. Expected performancetwd proposed fault type discrimination scheme is evaluated
in various transmission line configurations and converter technologies with the help of simulation
based analysig heresults aralsopresented in Chaptér

A study on clearing temporary fasilin a hybrid LCGVSC MT-HVDC transmission system
is presented in Chaptdr An EMT type simulation modedf a hybrid LCGVSC MT-HVDC
transmission systeis developedA master power controllgiMPC) is desigedto maintain the
energy balance in the considered grid and the EMT model is added to th&/BIT model. The
presently utilized means of handling temporary faults in LCC stations and VSC stations are
modeled and added to the grid modetodrdinatedempaary fault clearing strategy is developed
for hybrid MT-HVDC transmission systenm order to obtained smooth fault recovery after a
temporary fault. Chapter4 summaize the above steps and the simulatibased verification
results of the study

A selective fault clearing strategy is developed &or LCC-VSC hybrid MT-HVDC
transmission systemonfiguration It is proposedo place a DCCB along each tapping line at the
tapping point to avoitheimpact of taping otheoriginal LCGHVDC link. A fault discrimination

strategy based oobjectives 13.2 and 1.33 is developed to discriminatee faults on the main
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transmission line from the faults on the tapping lines. The possible improvements are accessed
with the help of EMTP simulatianperformedn PSCAD. The expected recovery waveforms and
recovey delays aresgessed for faults between poles and for fgolground faultsA summary of
selective fault isolation scheme and recovery waveforms, recovery delays together with required
performances dDCCB, etc are presented in Chapter

Conclusions and future directions of the research are presented in Ghapter
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Chapter 2

ROCOV Based Directional Algorithm for

Protection of MT -HV DC Grids

2.1. Introduction

In orderto facilitate uninterrupted delivery of power through the healthy parhdfia-
HVDC grid during a DC side fault, it is essential to selectively isolate the faulty line or the busbar
by interrupting DC fault currentsThe inability of MMC-HVDC systems basi on hakbridge
submoduleso block the fault currentnd the limitations thBC circuit breakersnakeit required
to completehe fault detection and discrimination within a few millisec®rithis chapter proposes
a method to augment the rate of chanf®oltage (ROCOV) based protection with directional
properties.The performance of the proposed new fault detection and discrimination schemes is
verified by applying to a simulated MAVDC grid and it is shown thahé proposed directional
ROCOV protedbn enablesnore secur@and sensitivéransmission line and bus protectiasing
only local measurementEhe work presented in this chapter is based on the following publication.

[A] M. H. NaushathA. D. Raj apakse, ALocal Aicestadseationalme n t k
ROCOVscheme for protectingBb ol e HVDC grids with bt metall
J. Elec. Powewol. 98, pp. 323330, June 2018.
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2.2. Background and Literature Review

In order to facilitatethe uninterruptedpowerdelivery through the hetlly part ofa multk
terminal HVDC grid during a fault, it is essential to selectively isolate the faulty cable, overhead
line or the busban a rapid manndby breakinghe DC fault currentg4, 88. Interruptionof the
DC fault currents is challenging duettoe absence of zero crossings in the fault current and its
rapid rate of ri;g resultingdue tothedischarge of converter, filter and cable capacitafe®9].
Thereforethe capability of discriminating faults idifferent line segments or the selectivity, and
the speed are vital for HYC grid protection[89]. Protection schemes specifically desighed
line commutated converters (LCCE0] cannot be applied t&¢/SC basedMT-HVDC grids.
Current differential protection and similar schemes are too slow to protecs@ashortcircuit
faultson typically long H\DC cables and overhead lindge to communication delaj81]. The
gradient of the voltage disturbance caused byahk along with some other measures have been
utilized to detect and discriminatie faults inthe HVDC transmission systenjd43, 91:92]. A
protection scheme with a directional unit and a boundary unit has been devel¢p@dfan a
point to point H\DC scheme, but its ability to discriminate faults mMT-HVDC grid has not
being evaluatedMost MT-HVDC grids are expected toontainonly thebuses that are directly
connected to a converiaand therefore, most published studies are confined to test networks with
only converter connected busses.

However in certain situationsa network structurewith floating busseswhich are solely
used toshare energy between linesnnected to the buspuld be advantage®n the other hand,

a converter connected bus can become a floating bus during the converter outages, forced or

scheduledlt is more challenging for the relays located at a floatingdasscriminate fault§93].
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In thischapter a methodlevelopedo identify the direction of fault currents at a given relay
location using the local voltagemeasurementsThe directional information derived from the
method is usetb improve the sensitivity, speeahdthereliability of the ROCOV based HYC
grid protection Where the term eliability refersto two performanceaspects, the dependability
and tre security, of relay Thedependattity is the certainty of the relay to operate during a fault
in the protected zone of the relay. The security of a relay is the certainty that the relay will not
operate incorrectly for faults beyond the protected zdhes directional protection scheme can
detect and discriminate faults well before the fault currents reach the maximum breakable current
For exampleit is much faster than the method proposd@4i. The proposedcheme is applicable

asthe primary protection scheme.

2.3. Detection and Discrimination of Faults in HVY  DC

Transmission Lines Terminated with Inductors

In order to reap full reliability benefits, a DC grid need to be provided with DCCBs to isolate

each line/cable segment and busbar, as showigir2.1.

Bus-X Fr f | Bus-y

LineYP
Line-XY Vix % [t 'BYPl

!
BXZ | BYX L VY Converter Q
E pZARY
Rel ay ¢4__ Breakers

Fig. 2-1. A section of an HVDC grid (© Elsevier)

An inductor is usually placed between an BI¥ transmission line and a DCCB to control

the rate of ri;g of fault currents[42]. The terminal inductors, which are destg to allow
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sufficient time for DCCBs to operate before the fault currents exceed their ratings, play an
important additional role in fault discriminatip#2]. To analyzethe behaviorof DC line terminal
voltage during a fault, assume that the internal faudin Line XY creates a step change-ed/r

in the voltage at the location tifefault [95]. Theresulting voltage waves travel towards the line
terminals. The very first incident wave arriving at the terminal inductor associatetthe/ZfCCB
namedBY X is described in Laplace domday:

e |
o i —0 (21)

The magnitude of the incident wave depends on the propagation funciiwhthe distance
from the fault to the line termindl, At the terminal inductor, the voltage wave is reflected back,
and the frequeneglependent reflection coefficieditis given by[95]:

o i i0wjidw (2.2)
where L is the terminal inductance a#dis the characteristic impedance of the line, which
is real and approximately constant at high frequencies. The change in line terminal a@lage
is the sum of incident and reflected wa{@%]|[95] , and given by:

. . Yo i 2.3
Vo di  — —ic Q 23)

When the voltage wave hits the terminal inductor, voliagalrops rapidly: thus the rate of
change voltage (ROCQV) at the line side of the inductor is a very good indicator of transmission
line faults. On the other hand, the transmitted component measieshairY due tothefault Fi
isgiven by (2.4.

Ve <o (2.4)
i A
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The inductor acts as a low pass filtdherefore high-frequency components of the

transmitted wave are attenuated whpeassing througtheinductor.

2.3.1. Peak ROCOV Based Line Protection

In the simple ROCQOV based DC line protection scheme propwsgt2], an internal fault
in the protected zone is discriminated from the faults in the adjacent zonesdigséneed peak
|dv/dt| values. The voltages waves due to faults in the other line or busbar zones are transmitted
through at least one series inductor. As a result, the peak |dv/dt| eladeegedor external faults
are considerably smaller compared ke tinternal faults, allowing fault discriminatiofror
example, peak M x/dt| in Fig. 2.1 is considerably smaller for external faults sucha®r Fg,
compared to the internal fadt. A simple threshold, which is determined from a systematic fault
study, is used for discrimination.

Any internal fault which causes a steatgte fault current higher than the maximum
breaking current of DCCB must be quickly cleared. However, the simple|ge/dt| based fault
discrimination is valid only up to certain fault resistance. The fault generated voltage wave
attenuates as it travels along the line as2&j,(andthefaults atthefar-end of a transmission line
produce lower peak |dv/dt| values. When the fault resistance is high, the fthateaend of the
protected line become difficult to be discriminated from the low resistance reverse faults on the
busbar or lines behind theelay point. A larger inductor is required to enhance the fault
discrimination whera simple peak |dv/dt| scheme is used. Howeadayger terminal inductor
deteriorates the performances of DC voltage controller and might cause instf8lity

Furthermore, high peak |dv/dt| produced during the opening of breakers of adjacent lines prevents
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setting the thresholds sensitive]97]. Therefore, afault detection scheme based on local

measurements, having higher sensitivity and secisritgsired.

2.3.2. ROCOQV Based Directional Protection

Consider an internal fault (such &3 in the forward direction with respect to DCCB BYX
in Fig. 2.1. The typicabehaviorof the fault current is such that it goes through a rapidly increasing
phase before reaching a maximum and then settles down to its-statedyalugas illustrated in
Fig. 2.2 The rate of change of current through the terminal inductah@positive pole) into the
line is given by:

o Pod o & (2:5)

C:|©

An initial high positive rate of change of current through the inductor indieatesvard

fault, and according to (2.5), it is possible only when the voNagés smaller tharvy.

Current (pu)

8

6

4

7 1
0 | | | | | |

2.5 2.51 2.52 2.53 2.54 2.55 2.56 2.57
time (s)

Fig. 2-2. Converter currents during a DC side fault

This property can be easily used to assert the direction of fault current: at steady state,
Vvx; during a forward faultyy > Vyx; and during a reverse faulty < Vyx. However, if this logic
is applied it is necessary to ensure that the measurearentsken duringhe initial rise ofthe

current. The observations show that the peak |dv/dt| values occur during this initial period and the
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measurements taken at the peak |dv/dt] point can be used to determine the fault direction.
Alternatively, it is also possible to determine the fault current directions from the peak |dv/dt|
values observed at either side of the terminal inductor. Duridottivard faults, a much larger

peak |dv/dt| is observed Wyx compared to the peak |dv/dt| observedinThe opposite happens
during the reverse faults. Since the peak |dv/dt| values are used in the main protection function, it
is advantageus to use lie same quantity to find theirection of thefault current. Thus the
condition foraforward fault can be expressed as:

@ @ (2.6)
Q0 Q0

In practice, the ratio of peak |dv/dt| values can be compared against a threshalthhighe
1 to improve the security. Since the absolute values of dv/dt are considered, a common logic can
be applied to both positive and negative poles.

If the fault direction can be determined, the peak |dv/dt| threshold can be set sensitively and
the opeation of the DCCB can be blocked for the reverse faukts.tfansient voltage ratow 7w

can also indicate forward faults, and therefoembe used for fault discrimination as proposed in
[94]. However, much faster fault discrimination can be achidyaagsing — — , because

theROCOV values change almost instantly when a traveling wave reaches the terminals wherea
it takesa comparatively longer time to see a change in voltage

The peak |dv/dt| threshold and the directional logic (as applicable to line XY -&f)Bas
be combined using the relay characteristics showkign2.3(a). In the relay, the peak |dv]dit
theline side of the terminal inductor is used as the operating quantity while the peak |dv/dt| at the
bus is used as a rest rROCQOMON oc aqu abnret isteyt. - |Tohvee rt
directional ROCOV relay42]. The | ower ROCGNOt icf dtitcd at ed by t h

created at the relay point during a short circuit fault on the remote bus in the forward direction.
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For ex BROODVCee , oldii RYXeshould be higher than the peak |dv/dt| recorded for a short
circuit fault on BusX. To enhanceecurity,the proposed ROCOV based directional scheme can

be supervised by an undesltage element as {91].

Qo Operating
region

Blocking
region

,m .
00 Opergtlng
region
ROCO\4
Blocking
_ region
aoo— h— h—

(b)
Fig. 2-3. Local voltage measurement based directional ROCOV relay characteristics, (a) Line protection

scheme, (b) Buprotection scheme (© Elsevier)

Furthermore, it can be integrated witlightning detector proposed [43]. Essentially the
same concept can be applied for bus fault detection. The voltage wave created by a bus fault is
highly attenuated when it is passing through the terminal inductors dinéseconnected to the
faulted bus. Thus, if the peak |dv/dt| values at the line side of all terminal inductors are smaller

than the peak |dv/dt| on the bus, a bus fault can be decldmesl.the bus fault detection relay
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characteristics, as applicableBasY, can be developed as showrFig. 2.3(b). In this scheme,
the operating quantity is the peak |dv/dt| value at the bus and the restraining quantity is the

maximum of the peak |dv/dt| measured at line side of the terminal inductors connected $o the bu

2.3.3. Security of Bus Protection in Bi -pole Transmission Systems
with a Return Conductor

Bi-pole HVDC transmission with dedicatednetallic returrconducto(DMR) is considered
as one of the most likely practical configuragdior MT-HVDC grids [42, 92] The DMR
conductor in a bpole HVDC grid is usually earthed only at a single point to eliminhestray
ground currents andhe flow of geomagnetically induced currentslnlike in the radial
symmetrical monopole test system usei], the DMR wire provides a very convenient path
for induced traveling waves. These induced waves can interfere with the bus side measifrements
di/dt limiting inductors are not preseo the return conductpas limiting of the rate of riisg of
current in the return conductor is not essential for the current interruption purploisesan reduce
the security ofhe proposed peak |dv/dt| based busbar protection and mé&eltbeisaimination
more challenging.

During a poleto-ground fault on a bus connected to a converter located far from the earthing
point, the fault createa step voltage of magnitude equals to nominal pole voltage dbhtire
conductor(at the faulty bus) as the DC voltage of the converter will not change instantaneously.
The resulting voltage wave travels along IR conductor towards other converter bugks.
sudden change occurs in the pole voltaglen this wave reaches another\gamer bus located
away from the earthing point (again due to the fixed converter DC voltage at the wave incident

bus) As aresult aconsiderable peak |dv/dt| valiee generated hus a condition very similar to
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a bus fault is created because the diide voltages are notuchaffected bythe waves in thBMR
conductor due ttheterminal inductors. False operation of busbar protection due to the impact of
waves traveling along tHeMR conductor can be eliminated simply by insertingraluctance on

the return wire at each terminal. This inductance is not necessary to be as large as the terminal
inductances on the pole conductors, as they have no di/dt limiting function. It will be ghown

Section 2.4.2hatan inductance ad few milli-Henrys issufficient to block the traveling waves.

2.4. Simulation Studies

Thedependbility and the security gfrotection algorithmseedto be evaluatedigorously
undertheactualenvironment which they are operatétbwever, it ismpossibleto testprotection
relays deployedin actualHV power systems since access to such systeofteisrestricted for
security and safety reasorfzaults are very rare events and purposely staging faults in actuial
power systems is not justifiable except for very specific situatiDevelopment of scaled
porotypes is not very commatue to costPossible damages expensive equipments arige
challenges of creating required scenarios fomeduationof protection algorithms$o be done
through simulations. &ailed EMT type comgear models evolved over the tinean produce
voltage and current waveforms which are very similar to those observed in actual power.systems
Hence, EMT type simulation thecommonindustrypracticeusedfor evaluatingheperformance
protection algorithe When the hardware prototypes are built, real time simulators, which are
also based on EMT models, can be used to further evaluate the practical aspects of algorithm
implimentationslnjecting simulated or synthesized waveforms using test sets is aapfiteach

for testing prototypes. Howevehis thesis mainly focuses dhe algorithm development and
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thereforeoff-line EMT simulations are used test thposed algorithmtroughout the thesis
This is also the currently established practice in irglust

The bipole MT-HVDC grid exampleshown inFig. 2.4 was used fosimulatiorbased
verification. Thetest grid consists of thrédMCs connected to Buses 2 and 3The operating
voltage is set to 320 kV by considering famous VSC based Caprivi HYDG\Im&h is a 950 km

long HVDC link operating at 350 kV.

Bus1

500MW

Oz

Cable14

Cable24 -1000MW

= ,\’= ACCH @

Overhead Line
1100km

Vdc-
Control

e

Bus-3 Overhead Line Bus4
1500km

Fig. 2-4. The bipole-HVDC test grid (© Elsevier)

They were modeled with sufficient details and the required basic controls for stable operation
[98], with the double closebbop vector contro[99] being the approach used for realizing VSC
controls The diagram of the-d vector controller is shown iRig. A-1 in Appendix-I. Under
normal situations, the MMC at Bt&operates in DC voltage control mode, while the other two
operate in the constant power control mode to ensure stable grid operation and powerTdaance.
capacitor voltage balancing algorithm is modellethin MMC control andheripple of capacitor
voltageis taken into account irdesigning the control and selecting the capacitor valilee DMR

conductolis grounded near theltagecontroled Bus-3.
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Fault direction identification is challenging when alternative paths are available for
travelling waves. Therefore, to evaluate the security of the proposed metasidsystem having
a loopstructure is considereault discriminatiorbecomes more diffult when théransmission
linesare long Therefore, a 1500 km long overhead is incluttetést worse case scenarios. This
legth is no unusudor HVDC systemsfor examplethe length of Manitoba Hydro Bipolkl
HVDC link is 1400 km.Thetransmission system parameters are givefainle A.3, Table A4,
Fig. A-4, and Fig. A-5 of the Appendix-I. The frequencydependent phase domain models
available in PSCAD100] were used to simulate the cables and transmission linesn& 5
simulation time step was used to adequately capture thefreighencybehaviorduring the
simulation of faults.The basic dataf the grid are given iMable-2.1. As it is shown with
calculation inSection1 of Appendix-1, the MMC submodule capacitor value is selected to
achieveEnergyPower ratio to 10 J/kVA andhe converter side voltage of the transformer is
selected tdimit themaximum modulation index to 1.15.

Table 2-1 Test grid details (© Elsevier)

Parameter Value Units
NominalDC Grid Power 1,000 MW
Nominal AC Voltage (ML) 230 kV
NominalDC Voltage +320 kv
Equivalent MMCDC Capacitance 100 e F
di/dt limiting reactor on poles 40 mH
Power injected from Converter @ bl 250 MW/pole
Power injected from Converter @ b2 -500 MW/pole

The di/dt limiting inductors on the cable and overhead line terminals were set to 40 mH so

that fault currents do not exceed 16 kA within 2 ms after the fault: this is the assumed capability
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of theDCCBs. Although use of wide range of inductor values .60 mH101], 100 mH[42],
150 mH[102] or 200 mH[44] can be found in literature, a 40 mH inductor was used to show that
the proposed schemeorks with even smaller terminal inductors, which is the worst case for fault
discrimination point of viewAs it is shown with calculation i8ection2 of Appendix-I, a40 mH

offersa2 ms delay to the DCCB before it reaches the peak current 16 KA.

2.4.1. Impl ementation of Peak ROCOV Calculation

The signal processing involved in estimating the peak |dv/dt| of a measured voltage should
be represented ithe simulationswhenevaluating a ROCOV based protection schefnfault at
the far endof a line or cablereates thelowestROCOV values due to attenuatidaringtraveling
Therefore, the minimum bandwidtlequirementof the sensor igleterminedto avoid further
attenuation for faend faults. Asuming aminimum bandwidth of 10 kHz for practical high
voltage sensoren 8 kHz fourthorder Butterworth low pass filter was employed to alleviate any
effects from the variations in the bandwidth of different sensors andfiieighency noise. The
bandlimited valage signalvas t hen sampl ed at 25 kHz (sampl i ng
st ep 5 ak2bi)anawgtd-digital converter (ADC). For far end faults, this ADC resolution
and sampling frequency ensure that the difference between peak |dwidd el after the
sampling remains less than 5%. ROCOV values are calculated as:

QPQo o U jYY (2.7)

where v, and vy.1 are the sampled voltages at the current and previous sampling instants
respectively, andelsi s t he sampl i ng i nt ewasvtleehusédddolletatts ) . A ¢

peak|dv/dt| values. In order to speed up fault detection, unik@4], a time windowwas not

used. Therefore, a trip signal may be generated whereveexceeds the threshold and satisfy
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the criteria—— — 0 1.2, even before the final peak ROCQV for the given fault ecasr

the output of peak deattor keeg on increasing after the fault, until its final peak value is reached.

The peak detectavas configured tareset 4 ms after detecting a peak above the threshold.

2.4.2. Influence of Inductors on Return Wire

To demonstrate the impact of waves travetimpughdedicatedhereturn wire,anN-pole-
to-ground faultwas applied at Bu4, and the results are shownHig. 25. A steep voltage rise is
observed on thBMR conductor, whereas the voltage rise on thpaid conductor (line side of
the terminalinductor) is very slowAccording toFig. 2.5(a)which shows thealculated|dv/dt|
values at Bud with the help of simulatioravery high peak |dv/dt| occurs on DMR conductor
voltage.As depicted irFig. 2.5(b)andFig. 2.5(c),the voltage wave omeDMR conductotravels
uninhibited through Bug and reaches Bua When the wave hits Bt the voltage at Bus2
increases rapidly by creating a high peak |dv/dt| as showigir2.5(c) This can cause mal
operation of the bus fault detection relayBat-2. The dfects of the waves travelling through the
DMR conductor can be mitigated by insertengmall inductance in series withereturn wires,
when connecting to a converter neutral point. Accordirigigo2.5(a),the observed |dv/dt| value
of the return wire voltage at Bukis considerablyeduced when 2.5 mH inductors are placed on
the return wireFig. 2.5(b)andFig. 2.5(c)showtheestimated |dv/dt| values of the voltages at-Bus
4 and Bug2: observed peak |dv/dt| value at Budue to the w&e reaching through the DMR
conductor can be reduced to half by adding a 2.5mH indudtbough having &MR conductor
inductor at Bus3 (where the DMR conductor is earthed) is Imeiping to limit rate of rising fault

current having aDMR inductor enales changing the location tfe earthing if required.
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Fig. 2-5. dv/dt values with different return wire inductor values for an N pole-ground fault at Bus-1 (©
Elsevier), (@) Bus-1, (b) Bus-4, (c) Bus-2
In the simulations presented 8ection 25, a 2.5 mH series inductor was included at the

terminals of each return conductor.
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2.4.3. Protection Settings

The values oROCOV and ROCO\4 were set after a fault study using the developed
simulation model, considering the criteria describe8eation2.3. TheROCOV thresholdwas
set above the peak |dv/dglueobserved for a short circuit pele-pole fault on the remote bus in
the forwad direction. A 30% margin was considered in this study. For the directional
characteristics, a slope of 1.2 was considered for improved seduaite-2.2 shows the settings
of all transmission line and bus protection relays.

Table 2-2 Relay settings (© Elsevier)

Relay

R14/R41
R24/R42
R34
R43
R13
R31

ROCO\M
(kV/ms)

150
600
1780
1400
1730
940

Relay
protecting

Bus1
Bus2
Bus-3
Bus4

ROCOW
(kV/ms)

600

600

600
3000

These protection settingse applicable even when the network topology is chidirageit

will be demonstrated iBection2.5.5.

2.5. Simulation -Based Verification of the Proposed

Directional Peak ROCQOV Protection Algorithm

The current

100 km away from ki are shown irFig. 2.6(a). The peak |dv/dt| values tife line and bus side

voltages at ki, as observelly RelayR41, are 6568 kV/ms and 2344 kV/msspectivelyBased

and

v 0 | tN@agedo-groand fault onrCai¥d4 dtabout a
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on the trajectory of opating point plotted on the R41 relay characteristics showign2 6(b),

relay R41 declares a fault in Caidlé.
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Fig. 2-6. Responses duringa 0 . NDpbl&to-ground fault on Cable-14 (© Elsevier), (a) Voltages and current
seen by R41, (b) Operating characteristicef R41 and responses for the fault(c) Operating characteristics of

R43 and responses for the fault

Similarly, therelay associated with:kdeclares a fault in the direction of Cafil since the

peak |dv/dt| values of the line and bus side voltages are 1916 kV/ms and 122 kV/ms respectively.
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As the peak |dv/dt| values of the line side voltages are greater than the Ipeakiftb/dt| valuse
at both ends of Cabl#4, it can be concluded that the fault is within the CalhdleNote that the

fault is detected almoststantly(U 100é s) after the arrival ahetraveling wave atheinductor

L41. The current is interrupted by opening B14 and B#terthe2 ms operational delay assumed
in the DCCB modelThe peak ROCOV observed at R43 dutheopening of B41 is 1660 kV/ms.
This is greater than the ROCOV setting of relay RA®hout the directional supervision, as
depicted inFig. 2.6(c) R43would have issued an unnecessary trip to B4 current4: in Fig
2.6(a) includes the current through the surge arrester in the hybrid D88Bthus does not
bemme zero immediately after the opening of B#ilthe second test, a petie-pole fault with a
resistance of theodddhead line ©®HL3M BQ0Ikrn avdy fronmBué. The current
and voltage waveforms observed at the relay associated with Bp8léNare shown irFig.
2.7(a) and the corresponding variation of the operating point on relay characteristics is shown in
Fig. 2.7(b).

The psitive pole voltage anthecurrent are not shown aofeare nearly the mirror images
of the negative pole voltage atite current.To demonstratéhefunctioning of the bus protection
scheme, an Mole-to-DMR conductor faulbf5 0 Y  rceveas samulated at Buls The results
are shown ifFig. 2.8(a)andFig. 2.8(b).The bus side peak |dv/dt| value is higher than the threshold
(ROCO\) and all peak |dv/dt| values measured at the line sides; accaoodihg proposed
directional criteria, dcision will be made based on the peak |dv/dt| at line side of L43, which is
the highest. In order to confirm the proper operation of the protection scheme, a large number of

faults were simulated at different locations.
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Fig.2-8. Obser vat i ons -tdreturn wire f&uld ayBusp-4(® Elsevier), (a) Voltages and currents at

Bus-4, (b) Corresponding operating characteristics
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2.5.1. Responses for Cable Faults

In order to evaluatthe dependability and security of the proposed mettesgphonses of all
IEDsare recordedfterapplying variety of fault scenario3 able 2.3 summarizes the performance
of the line protection scheme for faults on Cableand Cabl€4. In the tables, thirst column
indicates the distance to the fault measured from the relay associated with the voltage shown in
the third column and Rdenotes the fault resistance. The columns labgleand & give the
estimated peak |dv/dt| values observed atlitteeside of the terminal inductorjland Busi,
respectively.The first raw corresponding to a fault indicates observed peak ROCOV due to the
fault and the second raw indicatbs observed peak ROCQV after clearing the fatiite letter T
or NT in the &st columns indicates whether a trip signal is generated (T) or not (NT) by the
corresponding relayrhe observed peak |dv/dt| values at two ends of a cable are very close to each
other when the fault i& the middle.

Table 2-3 Relay responses for faults on cable @4

Loc.(km) Re( Y Peak |dv/dt| (kV/ms) at Responses
C-14 ) W W @ ® R Ra Other
0 0.01 5432 323 1318 488 317 T T NT

11176 610 10866 3907 1318 NT
100 10 2545 146 757 293 170 T T NT
10944 634 10541 3760 1221 NT
250 50 390 24 390 146 73 T T NT
10620 622 439 146 73 NT
500 50 268 18 1098 24 122 T T NT
10700 628 3052 976 390 NT
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Table 2-4 Relay responses for faults on cable 24

Loc. (km) Rr( Y) Peak |dv/dt| (kV/ms) at Responses
C-24 ) ® ) ®w ® R4 Ra Other
0 0.01 6568 415 5410 1974 683 T T NT

11404 757 11025 3974 1318 NT
50 0.01 7032 522 7076 2692 1074 T T NT
10866 610 10769 3743 1074 NT
50 10 2759 170 2769 1025 415 T T NT
10866 683 10923 3948 1318 NT
100 0.01 5396 366 6564 2333 879 T T NT
11062 659 11487 4282 1358 NT
100 50 1074 73 1307 487 170 T T NT
9377 58 10717 3871 1294 NT

Also note that high peak |dv/dt| values are observed at the line sideaminihected tahe
overhead lined ). These values occur when B41 opens to clear the faults onChabecording
to Table 2.3 andTable 2.4 therelays protectinghe cablesare capable adetecing all line faults

No false trip signalsveregeneratedby any other relay

2.5.2. Responses for Faults on Overhead Line s

Table 2.5 summarizes the performance of the protection scheme for faults in3@HLhe
observed peak |dv/d¢pluesfor the overhead line shown ifiable 2.5are much higher thathe
observed peak |dv/dt| for cables showrnTable 2.3 and Table 2.4 This is due tahe lower

attenuation constant ahoverhead transmission linlean the cables
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Table 2-5 Relay responses for faults on OHLE34

Loc. (km) Re( Y' Peak [dv/dt| (kV/ms) Responses
@ W W @ Rsas R4z Other

0 0.01 5470 317 97 4322 1440 T T NT

11282 586 170 8522 2857 NT

0 100 3809 244 73 3003 1001 T T NT

10134 534 170 5616 1855 NT

300 10 4249 122 48 3540 1196 T T NT

7106 366 97 8424 2808 NT

600 100 2222 73 24 2222 757 T T NT

7960 390 122 7960 2661 NT

1200 0.01 3467 122 48 4737 1611 T T NT

8766 350 122 7594 2564 NT

1500 100 2881 122 48 3858 1318 T T NT

7032 341 97 10134 3394 NT

2.5.3. Responses for Bus Faults

Table 2.6 summarizes the performance of the protection scheme for bus Tehdtsests
showed that althe bus protection relays operate as intendétk highlighted cells iTable 2.6
show that when clearinifpe bus faults, remote relays protecting the overhead lines connected to
the faulted bus tend to operate dugehigh peak |dv/dt| caused by the break@ening. This can
be avoided by increasing the respecRR@COV settings, slightly trading off the sensitivity. On
the other hand, although this breaker operation is unnecessary, opening of the breaker does not

have any impact on the power flow. TherefaheROCOV setting wereleft unchanged
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Table 2-6 Relay responses for bus faults
Loc. Re( Y Peak [dv/dt| (kV/ms) Responses

0w ® @ W Riy Other

Busl 0.01 5445 2271 109 634 97 T NT

5445 7252 10321 3321 146 Ra1
Busl 50 2564 1050 48 341 24 T NT
2564 6836 7544 2197 24 R31
Busl 200 670 439 18 146 24 T NT
670 7765 5896 3003 24 Ra1
W W [ ) ® Rsy Other

Bus4 0.01 5421 97 102 1782 1489 T NT

5421 7106 10207 10119 2808 R4
Bus4 50 4734 97 76 1489 1269 T NT
4737 1074S 9871 6882 1611 NT
Bus4 200 3247 48 51 927 781 T NT
3247 1032¢ 10589 5592 1343 NT

2.5.4. Fault Detection Time

A bipolar low resistancgrounded H\DC scheme requires a faster protection thdmgh
resistance groursd or symmetrical monopole HVC grids[38]. The time taken by the proposed
ROCOQV based relays ttetect a faultTproc) can be estimated §$8]:

Yog Y % (2.9)
where"Y is the period betweethefault occurrence anthedetection,”Y is the
time taken bythe fault generated voltage waves to travel from the locatioth@fault to the
terminal. The estimated velocities ardd30n/ms and 110 km/ms respectively for O34 and
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Cablel14.Fig. 2.9 shows the estimated processing delay for different fault locations in-Céble
and OHL:34.The maxi mum processing del al4sand®H84 130
respectively. Simulation results show that the proposed peak |odasdtfl directional scheme
detects and discriminatéaults reliably withinamuch shorter time compared to the methods that
use other indicators such as transient volt§@éfsor derivatives of currentgl4]. The proposed

algorithm detects and discriminates alltypef f aul t s in | ess than 200

200

—Cable-14
150 - —=OHL-34 ',;‘

Processing Time (us)

0 500 1,000 1,500

Distance to the fault from the relay (km)
Fig. 2-9. Processing delay for different fault locations (© Elsevier)

In contrast, the algorithm proposed[i01] may take over 1 msto detecta fault and the
method proposed i94] requires 1.74 ms to detect a fault locaeédboutLl00 km away from the

relay in a cable.

2.5.5. Performance during an Outage of OHL -31

The @pability of maintaininghe protection performance despiige changes in network
configuration or operating conditions is a vital characterigtacrobustgrid protection system. To
evaluategheperformance of the proposed protection sah@nanetwork reconfiguration, a radial
grid was created by opening B13 and B3Ble peak |dv/dt| values and the relay responses were
recorded. 8lectedsample results are presentedable 2.7, Table 2.8,andTable 2.9.
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Table 2-7 Responses for bus faults in the radial network© Elsevier)

Loc. RE( Y Peak |dv/dt| (kV/ms) Responses
W W @ @ Riy Other

Bus1l 0.01 5389 109 97 463 T NT
5389 10285 97 463 NT

Bus1 50 2722 48 48 146 T NT
2722 10083 48 146 NT
@ @ @ w @ Ray Other

Bus4 0.01 5372 97 102 1782 1465 T  NT

5372 10207 10133 7081 2808 R34
Bus4 200 3223 73 76 952 757 T NT
3223 10150 11564 7789 2173 R4

Table 2-8 Responses for line fault®n C-14in radial network (© Elsevier)

Loc. (km) Re( Y Peak |dv/dt| (kV/ms) Responses
C-14 ® w w @ @ R Ris Other
0 0.01 5432 342 1294 488 317 T T NT
11133 665 10891 3907 1318 NT

250 10 1342 91 1343 488 219 T T NT
10834 714 10749 3858 1294 NT

500 50 256 24 1074 390 146 T T NT
10559 720 9474 3443 927 NT
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Table 2-9 Responses for line faults on OHLE34 in radial network(© Elsevier)

Loc.(km) Rr( Y) Peak |dv/dt| (kV/ms) Responses
OHL-34 w w w w w Rss Rsz Other
0 0.01 5470 341 4249 pt1p 24 T T NT

11257 634 8278 2759 48 NT
300 10 4224 244 3492 1172 24 T T NT
7301 439 7203 2417 48 NT
1500 100 2808 146 3833 1269 24 T T NT
7472 439 9987 3345 73 NT

The results show thaheé network reconfiguration does rminsiderablychange the peak
|dv/dt| values measured during the faultsis is because the di/dt limiting inductors installed at
line ends acts as low pass filters (as theoretically explain®ddtion2.3) and essentially isolate
the different sections of the network for higlequency transientsThus, the removal of one
network element has only a minor effect on the magnitudes of the traveling waves observed at the
line side of the di/dt limiting inductor of an-service line(for faults on that lingWith the
proposed directional supervisiahe peak |dv/dt| observed at the line side of the inductor is the
most important factor for fault detection and discriminatdsthepeak |dv/dtis not affected by
the network topology changes, the proposed protection scheme is robust against minor network
topology changed-owever, changes in the line flows alter the peak |dv/dt| values die to
breaker opening. Note that the column corresponding to thénRicatesthe responses of bus

protection logic at all relays connected to Bus
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2.5.6. Performance Under Different Earthing Point s

Transmission ling and/or converter outages may demandhange of earthing point on the

metallic return conductoilhe influence of earthing point changes on protection settings and the

operation of the proposed method wasleated. Some sample results taken after movihg

earthingpointfrom Bus3 to Bus2 are presented ifiable 2.107 Table 2.12 A reduction of peak

|dv/dt| at the line side of the terminal inductors was observed when the earthing point is moved

away from a line. In contrast, a reduction of peak |dv/dt| on a bus was observed when the earthing

point is moved closer to the bus. Howevaost of the times these reductions are less than 10%

and did not require a changeROCOV or ROCO\4 settings.

Table 2-10 Relay responses for faults on OHL34 when the earthing point is changed

Loc. (km) Re( Y

OHL-34 V'zs V'3
0 0.01 5470 1367
10769 1587
900 0.01 3003 360
8278 1001
1500 100 2588 463
7326 1025

V'a1

634
903
244
488
219
488

43

Peak |dv/dt] (kV/ms)

V'a3

3589
3589
3785
8498
3858
10134

V'

1196
1196
1268
2892
1294
3594

Responses

Ris R4z Other

T T NT
NT
T T NT
NT
T T NT
NT



Table 2-11 Relay responsesor faults on cableswhenthe earthing point is changed (©

Elsevier)
Loc.(km) Rr( Y) Peak [dv/dt| (kV/ms) Responses
C-24 w w w w w R4z Ros4 Other
0 50 1318 75 1076 410 122 T T NT
10462 586 10794 3871 1269 NT
50 10 2759 170 2769 1025 415 T T NT
10940 586 10923 3748 1343 NT
100 0.01 5396 317 6564 2332 879 T T NT
11184 586 11487 4282 1309 NT
C-14 V'ia V' V'i3 V'41 V' Ri4 R41  Other
0 50 1086 67 24 268 97 T T NT
10718 634 293 19104 610 NT
250 10 1355 79 98 1367 488 T T NT
16884 622 268 10647 3858 NT
500 0.01 1300 85 97 5421 1978 T T NT
11060 622 219 10940 3907 NT

Table 2-12 Relay responses for bus faults when the earthing point is changed (© Elsevier)

Loc.(km Re( Y Peak |dv/dt| (kV/ms) Responses
Bus2 V' V'og V'42 V'y V' Ro4 Other
0.01 5396 122 179 102 24 T NT
5396 9816 205 102 24 NT
10 4590 73 102 51 24 T NT
4590 10818 256 128 24 NT
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Bus-3
0.01
200
Bus4
0.01
200

V'3

5445
5445
2002
2002

V'

5421
5421
3247
3247

V'3t

2246
2246
796
4126

V'a1

97
10207
48
10329

V'3

2466
2466
1074
3321

V'a2

102
10719
51
10589

1245
1245
488
1123

V'a3

1782
7130
952
8567

V'iz  Ravy
1758 T
1758

683 T
1391

V'as  Rav
1318 T
2490

684 T
1245

Other

NT
Ris
NT
NT

Other

NT
R34
NT
NT

2.6. Discussion

The protection scheme was further evaluated by changing the power flow direction and the

power transfer level. However, regardless power flow direction and the power transfer level, the

proposed protection scheme was capable of accurately detectingsaihtiiated faultsFor the

test grid considered,

a

fault

with 50 Y or mo

line, resuled a steadystate fault current less than 6.4 kA, which is assumed less than 50% of the

DCCB breaking capacity. Thuse proposed protection scheme is capable of detecting any fault

causng asteadyst at e

faul t

current

changes in theperating condibnsor network topologies.
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2.7. Concluding Remarks

A peak ROCO\based protection scheme fordT-HVDC grid was proposedrhe line end di/dt
limiting inductors, which are essential for allowing sufficieperatingtime for DCCBs,enable
thefault discrimination based ahe peak |dv/dtyaluesobserved atheline side of the inductors.

The direction of a fault with respect to a terminal inductor can be reliably determined by comparing
the peak |dv/dt| values observed at its two ends. The fault direction determined with the local
measurements can be combined wlitpeak |dv/dt| thresholds to develapensitive and secure

line and bus protection relayswas shown thatheinclusion of a small inductaf about 2.5 mH

5 mHin theDMR conductorimproves the directionalrptection functionn bipole HVDC grids

with a single point earthed return wire. The proposed protection scheme was testedl Dn a
HVDC grid which wassimulated in PSCAIEMTDC. It was shown thahe proposed protection
scheme is capable of detectiagy fault thatis causng asteadystae fault current beyond the
breaker r at i n gbyusmgdnlglscal measusemen®.0Mh tise proposed method,
better fault discrimination can be achieusdintroducinga smallterminal inductor. A protection
system with the settings determihenderthenormal operation is capable of detecting faults even
after changes in the operating conditiontherHVDC grid configuration. The proposed protection
scheme can be easily implemented weadily availablehardware: a voltage sensor having a

bandwidth of 10 kHz, 25 kHz sampler, and a 12 bit analog to digital converter.
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Chapter 3

Fault Type Identification in HVY DC

Transmission System s

3.1. Introduction

In this chapter, the problem of identifying the fault type inDX¥/transmission systems is
investigated. The knowledge of faulted conductors is especially important in bipdlC HV
systems for exploiting the redundaneynd in MFHVDC grids, identification of fault type nesd
to be completed within an extremely short timeervalas discussed in the previous chaptérs
the next few sections, the related background and the related pasaneestamineda novel
generic approacHor identifying the conductors involved ia fault is developed, and its
applicability for a verity of HVDC transmission configurations is verified using detailed
simulations. The robustness of the method, its advantages and limitations are also di3twessed
work presented in this chapter is based on the following publications

[B] M. H. NaushathA. D. Rajapakse, "Fault Type Discrimination in HVYDC Transmission
Lines Using Rate of Change of Local CurrentEEE Trans Power Del, vol. 35, no. 01,
pp. 117129, Feb. 2020.

[C] M. H. NaushathA. D. Rajapakse, "A single pole to ground fault locatroathod for
HVDC transmission lines based on coupling characteristics?roc. IET International
Conference on AC and DC Power Transmiss@oventry, UK Feb.2019
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[D] M. H. NaushathA. D. Rajapakse, Identification of Faulty Conductors in HXC Links
Comecting Future Offshore Wind Site$ti' Proc. IET International Conference on

Developments in Power System Protectlawerpool, UK, Mar. 2019.

3.2. Background and Literature Review

Prompt identification of the conductors involved in a fault is vitaxploit the redundancy
in the bipole H\DC transmission configuration ariderebyto minimize the disruption to power
flow in the healthy parts of the systgd0]. Thespeed of fault type identification is particularly
important in VSC based bipole MAIVDC transmission systems whehefault clearing needs to
be accomplishedvithin several millisecondsThis is becausthe fault currens in VSC H\DC
systemsrise rapidy and the overcurrent capacity of semiconductor switching devices used in
VSCs is limited104].

A number oftechniques have been recently proposed to detedali€ and identify the
faulted section in MIHVDC transmission systemgithin a submillisecond time fram¢41-42].
These techniques, however do not explicitly address the issue of fault type identifivhiwnis
difficult due to electromagnetic couipy) between the conductors of a bipblvDC transmission
system; a closep poleto-ground short circuit can cause a strong induced transient on the
conductor of the healthy pojé3]. Since the coupling is more prevalent at higher frequertbies,
independent pole by pole fault detection schemes based on tHedtjgancy current components
or the derivative of voltagg#3, 105] is more prone to false operation chgithe faults on the
other pole. A typical approach to avoid false responses is to use less sensitive thresholds. The use
of higher thresholds to prevent false operations (g¢lim2]) will lower the sensitivity and
selectivity. If a reliable fault typeliscrimination algorithm is available to supervise the main

protection functions, more sensitive settings can be agplietprovethe protection performance.
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Successful identification of the faulty pole is oalgart of the information required to make
a protection decision. When a DMR conductor is present, if atpdlMR fault cannot be
discriminated from a polo-ground fault, it is not possible to decide whether the monopole
operation is saffl0]. This is also important to identify potential safety hazards for the repair crews
[104]. Due to the challenging nature of the problem, artificial intelligdrased faultlassifiers
[106] are often proposed ithe literature for identifying the fault type in H¥C transmission
systems.

A novelfault type discrimination scheme is developed in this chapter usingtulgcal
current measurements through all of the conductors accessitdelaCtline terminal. The scheme
depends on relatively lofvequency components (< 1 kHz) in the measured terminal currents. The
decisions are based on a simple set of indices computed considering a pair of conductors at a time.
Each index, computed as thatio between the maximum rates of change of currents (ROCOC)
observed in the corresponding conductor pair, is usddterminewvhether the fault ign the two
respective conductarg hereforethe implementation is straightforwandhen compared to the
previously publishednethod such as the onia [40], and does not involve laborious training
phases required in the machine learrddaged methodgl07]. The method is reliable, because
these indices are more or less independent from the fault resistance, unlike the parameters proposed
in [40]. Since the local curremheasurements are required for both converter control and fault
detection[108-109], the proposed lovrequency current measurement based fault discrimination
algorithm can be implemented with little or no additional cost using already available
measuremds. As the proposed method relies only on local measurements, communication links
are not necessary as in the current differential schgtgand therefore it opetas faster. Since

it is fast, the method can be used for supervising proteatidblocking converter poles. Notably
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the proposed method is applicable for discriminating fmiground faults from poléo-DMR
faults. Therefore, it can also be used for control purposesocawdrnrepair crewson possible
health hazards
The method proposed is more generic, more relialple simpler compared to the previously
published algorithms for identifying the poles and the conductors involved in a DC fault; yet it is
very fast and accurate. Furthermore, the proposed method is applicable to discriminate all possible
types of faults in a given transmission configuration. The method can be applied to bipele two
wire or threewire systems, LCC or VSC systems, overhead lines or cables, or two terminal or
multi-terminal systems. In this thesis, the method is verifiefblilowing HVDC transmission
configurations.
1. Two-conductor and threeonductor H\DC link terminated with LCC stations
2. Threeconductor overhead transmission line and cables terminated with VSC stations or
nortconvertetbuses in a mukierminal HVDC transmission system
3. Non-homogeneous transmission system where-dammuctor submarine cable system
originating from a VSC rectifier station connected to an LCC inverter station through a
threeconductor overhead transmission.
One of the indices calculated for a ptiegrourd fault is a singlevalued function of fault
location and independent of the fault resistance. Therefore, the ability to locate singi@ pole

ground faults using this index is also investigated.

3.3. Fault Type Identification Logic

In order todemonstrat¢he logic behind the proposed fault type identification, the expected

variation of terminal currents in a threenductor bipole HDC transmissiorsystemsluringthe
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DC side faults is investigated. Different types of DC side faults are sirdulatie the help of a
simplified circuit model. DC fault characteristics af ®IMC is considered for this demonstration.
With the help of observationthe expected nature of the fault current variation is explained and
the logic is developed.

The logic isbasedn the calculated values of a number of indtbescompare the maximum
rates of change of currents through each conductor for a short time window of measurement after
a fault. With the help of calculated values for indices, the faulty pole(s)handvolvement of

DMR conductor in the faukire determined

3.3.1.Modeling the Behavior of Faulted MMC -HV DC Systems

Due toeconomicreasonsmost of the MMGHV DC converter stations are built using half
bridge submodules. The DC side fault current from a-liadfige MMC follows three distinct
stageqd109]. Immediately after the DC fault, a very high rate of change of current is observed as
the DC capacitors of connected submodules discharge rapiaiyault behavior of the converter
during ths phase can be represented in the form of a series RLC circuit as shbign3r(a)

[109]. The capacitor initial voltage can be determined considering théagtesubmodule
voltages.The lowlevel internal protection of the converter detects this rapid rise of current and
turnsoff IGBT switches. Once athe submodule capacitors are blocked, the second stage of fault
transient begin®uring this second stage, the lower and upper arms of the converter are effectively
shorted and therefore, the stored energy in the arm inductors and line inductance decays through
the IGBT antiparallel diodes. Eventually, MMC becomes an uncontrolledfiercin Stage3.

During Stage3, the fault current becomes steady and contains only the contribution fré@ the

grid.
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Fig. 3-1. Simplified representation of a faulted MMC HVDC system (a) MMC, (b)three-conductor

transmission system©IEEE)
The duration of stagé could be less than 1 ms (2 pu current threshold is tydidal),

while stage2 could extend well over 100 nik11]. The circuit shown irFig. 3.1(a) can be used
to mimic the faultbehaviorof a haltbridge submodule based MMC09]. At the end of Stagé,
the positions of switchekn(N=1¢é 6) ar e c¢ hange dsiscosedto$ineulatg anged
the changing circuit conditions, as showrkig. 3.1(a).
The simplifed HVDC transmissionsystem shown irFig. 31(b) consists of a three
conductor transmission line and MMCs represented using the converter model shiéign in
3.1(a). This circuit can be used to predict the typical faahiaviorof a bipole VSC based HYC

transmission system with a DMR conductor. Typically, the DMR conductor is grounded only at
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one point. In this exampléhe DMR conductor is grounded at e@d which is the inverter side.
For simplicity, the transmission line Fig. 3.1(b) is representkas twop-equivalent circuitsAll

conductors are assumed to be terminated with series di/dt limiting ind[8Xrs

3.3.2.Basis of Identifying the Conductors Involved in a Fault

The faultcurrentsshown inFig. 32 demonstrate the typical variations observed immediately
after a metallic Fpole-ground fault. For this fault, only the IGBTs ing@le MMCs were blocked,
because Mole is not involved in the faulthe possible fault current paths for-g@&le-to-ground

fault are indicated ifrig. 3.1(b).

bi=ly=hy 1 | S p—
045 0.5 0.55 0.6 0.65 0.45 05 0.55 0.6 0.65
time (s) time (s)

Fig. 3-2. Current waveforms during a P-pole-to-ground fault (a) at ungrounded MMC (b) at grounded MMC
(© IEEE)

During Stagel and at thébeginningof Stage?2, the fault current contribution from the
ungrounded converter can come through bohol and DMR conductors as well as through the
line capacitance#lthough only the Fpole conductor is involved in the flaucurrents in all three
conductors are subjected to transient variations, making it difficult to determine the type of fault.
In a longer time scale, the currents in the healthy pole will be restored by the converter controls,
which are not modeled inithsimplified representatiomn Fig. 3.3, the computed changes in the

currents, i.e. the fault current minus the respectivéart current 'O YO YO ,), are shown
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for the ungrounded MMC (rectifier) side for four different types of fadlle considered faults

are (i) Ppoleto-N-pole,Fy, (i) P-poleto-DMR, F_, (iii) P-pole-to-ground,Fs, and (iv) Ppoleto-
DMR-to-ground,F4, faults. The plots show the variations of current changes immediately after the
faults, over a much shorter period (about 3 mg)illustrate the effects of mutual coupling and

the details of the line model on the transient response, the plbeig.iB.3 show three different

curves for the same quantity, obtained using three different line matheldine models are: (i)

di stributed paramettley (i inp-mandealle) ¢ gplndoa ccadrada s(Oi fi

uncoupled-mo del , p2oot.ed as O

0.5 0.501 0.502 0503 0.5 0.501 0.502 0.503

0.5 0.501 0.502 0.503 0.5 0.501 0502 0.503
time (s) time (s)
Fig. 3-3. Changes in the conductor currents at the ungrounded MMC for (a) E(b) F2, (c) R, and (d) = (©
IEEE)

The parameters used for the simulations are givehable A.1 and Table A.2 of the
Appendix-I. Fig. 34 shows the corresponding changes in currents observed at the grounded MMC

(inverter sidey"O Y'O RY'O) for four different fault types.
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@ e -
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. . ‘ -1
0.5 0.501 0.502 0.503 0.5 0.501 0.502 0.503
time (s) time (s)

Fig. 3-4. Changes in the conductor currents at the gronded MMC for (a) F1 (b) F2, (¢c) Fs, and (d) F+ (©
|IEEE)

Based on the results shownFig. 3.3 andFig. 34, the following conclusions can be made:

1. For poleto-pole faults (such as1), as shown irFig. 3.3(a) andFig. 34(a), the initial
changes in the faulted conductor @hd Npole conductor) currents follow the same
pattern, but in opposite directions. The healthy conductor (DMR) current remains

unchanged.

a. These observations are true, regardless of (i) whether the MiytGuaded or not,

(i) the type of line model used.

b. Although, the line model causes differences in the actual variations, for example
the distributed parameter line model clearly shows current wave travel delays, the
general observation is still true.

2. For poleto-DMR faults (such as-pole-to-DMR fault F2) shown inFig. 3.3(b) andFig.
34(b), the initial change in the faulted conductor currents follow the same pattern, but
in opposite directions. The healthy conductoip@®e in the case d¥,) currentremains
more or less unchanged during the initial period.
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a. Again, the observations are true for both grounded and ungrounded MMCs,

regardless of the line model used.

3. During poleto-ground faults (such as-pble-to-ground faultFs) shown inFig. 3.3(c)
andFig. 34(c), the initial changes in the healthy conductor currents follow the same
pattern and vary in the same direction. The faulted conduciooléin the case d¥3)
current changes faster than the healthy conductor currents in the opposite direction

a. When the distributed line model or coupfaahodel is used, the healthy conductor
currents at the grounded and ungrounded MMCs show the same initial direction of
variation.

b. If the coupling between the conductors is ignored, the directions of thd initia
current variations are different for the grounded MMC.

4. During the poleo-DMR-to-ground faults (such aspbleto-DMR-to-ground faultF4),
as shown irFig. 3.3(d) andFig. 34(d), the faulty pole conductor {pole in the case of
F4) current changes much faster than the healthy pole conducimléNn the case of
F4) current, regardless of whether the MMC is grounded or not.

a. If the inter-conductorcoupling is considered, the DMR current changes in the
direction opposite to that tiie faulted poleconductor current at both the grounded
and ungrounded MMCs.

b. When the intexconductor coupling is ignored, the DMR current at the grounded
MMC remains unchanged.

The reasons for the above observations arise from the paths of tlefearits during Stage
1 and at thébeginningof Stage2. The possible paths for-gdleto-ground fault currents are

indicated inFig. 31(b). Based on the above observations, a procedure can be formulated to
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identify the type of fault and the conductorsaived, considering the initial change of conductor
currents after a fault. The ROCOC facilitates detecting the trend of a current variation faster than
the magnitude of the current could, and therefore, the initial rate of change of conductor currents
canbe used in place of the magnitudes of the current changes. In fact, ROCOC has been commonly
used as a fault indicator in HDC systemg101-102]. A technique capable of identifying the fault

type using the abovmentioned features of fault currents is deped next.

3.3.3. ROCOC Based Fault Type Indices

Although the fault resistance and the fault location can influence the actual magnitudes of
the initial rate of change of conductor currents, the conclusions m&eetion3.3.2 are all based
on the relative variations ithe change of currents; therefore, they should hold true regardless of
the fault resistance or the fault location. In order to formulate the necessary logithasalgtive
rate of change in currents, the @xdO is defined to express the rate of change of current in

ConductorX relative to that of Conducter [112].

|§N"uo 3, ’O
0 Q06 Qo
0 fole) (3.1)
Q0 Qo

The prefault ROCOC is assumed to be insignificant when comparedhéthitial ROCOC
during a fault. According to the observations presentdtiamrevious sectionk-xy is closer to

unity when:

1. the fault is between Conduct¥rand ConductelY (hereafter referred to as the criterion for

identifying faulty conductors during inteonductor faults) or

2. both ConductoeiX and Conductely are not involved in the fault, for exgle during a
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ground fault on the remaining conductor (hereafter referred to as the criterion for
identifying healthy conductors during single conductor faults).
This approach of pairwise comparison can alsabastified as destwhetheror nota fault
is inside the loop between the two terminals where measurements are taken. In the latter case, both
conductors are not involved in the fault. FurthermbBgg,s greater than unity when Conducior
is involved in the fault while Conductdfis not; andFxy is less than unity when Conductdris
not involved in the fault while Conductdfis involved.
Faulty conductor identification is greatly simplified when using an index such atefined
in (3.1). The pairwise comparison approach avthdsmpactof fault resistance and mitigatthe
influence ofthe fault location to a certain extent. It should be noted thabbimyeobservations
made considering the initial changes in currents during the transient period immediately after a
fault andmay nothold for steadystate fault currents.
In order to arrive at robust decisions which are less prone to noise, the index defined in (3.2)
is proposed112]:
Y
A9 (3:2)

The currents@ and“@ in (3.2) are acquired bgpplying alow pass filterto the current

O o

measurement© andO in ConductorsX and-Y respectivelyThe maximum rates of change of
‘@ and ‘@ are calculated considering a short time window after the fault detection. Higher

conductor coupling at higher frequenciedkHz) makes it difficult to discriminate the faulty pole
from the healthy pole. Complete elimination of mutual coupling may makeossible tadentify
theground faults at the grounded convertes explained irSection3.3.2, the initial direction of

the change of current observed at the grounded MMC was different when the mutual coupling is
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ignored. Therefore, the cutoff frequendytioe filter should be carefully selected so that the right
degree of variation in the currents due to mutual coupling between the condsiciapsured.
More details on selecting a proper-ait frequency will be presented Bection3.4.1.2

Severalindices are defined for thremnductor configuration (i) considering a pair of current
measurements in a possible fault current loop, or (ii) considering a pair of current measurements
in healthy conductors, as illustratedrig. 35. As the aimof calculatingeach index is to capture
the ratio between the firpositivepeaks of the rate of change of current observéukedivo ends
of a possible fault current loop, the direction of measurement is important in calcthatimgex
definedin (3.2).Indices defined irsection3.3.5 are based on the assumption that all currents are

measured from a converter toward the line, as indicatEd)ir8 5.

_p, Transmission Line

L~ . I
N | Forr  Frr | :I_@—
Lo |

f | i

'Fault L
e N
VSC-A  In VSC-B

Fig. 3-5. Current measurements considered for different indices (© IEEE)

3.3.4. Signal Processing and Calculation of Indices

The signal processing functionssolved in calculatingthe indices are shown ifig. 36.

After applying a polarity correction, each measured curresgnsthrough a low pass filter.
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Fig. 3-6. Signal processing involved in calculating kv (© IEEE)

Then the maximum rate of change of each filtered current signal is computed and passed on
to triggerthelogic and ratio calculation blocks. The di/dt based fault detection logic triggers the
algorithm when the sum of two maximum di/dt values exceeds-septbresholdgp) and starts a
timer. This trigger signal can be replaced with the output of an afte¥rfault detection method
such ag442, 113-120], if needed. The output of the delay and hold is set to high after a short time
delay of To. When the delay and hold output is set, inputs to the maxivalue detectors are
switched to zero, causing the puts of the maximum di/dt detectors to freeze at their values after
a delay ofTp from the time of detecting the fault. The fault detector also directs the ratio of the
outputs of two maximum detectors to the final output as the val&gvoiThe maximumvalue

detectors need to be reset after detecting a fault.

3.3.5. Faulty Conductor Identification Logic

The criteriausedto identify thefaulted conductor is developed in this section. Five indices

are definedThe firstindex, Fpy, is defined to identify the faulty pol&@he next wo indices,Fpr
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andFrn, areused to identify Fpole-to-DMR faults and Npole-to-DMR faults. The remaining two

indicesFgrnandFgprare used to identifiP-pole-to-ground faults and Mbole-to-ground faults.

3.3.5.1. The Logic for Identification of Faulty Pole(s)

The indexFpn used to identify the faulty pole(s) is defined as

b oo 2Py

0
0
According to the discussion Bection3.2.3 the following criteria hold:
Criterion-Al: for a Rpole-to-N-pole fault,
p Q O p Q

Criterion-A2: for P-poleto-ground or Ppoleto-DMR faults,

0 0
Criterion-A3: for N-pole-to-ground or Npole-to-DMR faults,

0 0 0
where™Qto 'Q are positive tolerance settingriterion-A1 helps to discriminate a-pole-to-N-

pole faultfrom a singlepole-to-ground fault or a singlpole-to-DMR fault.

3.3.5.2. The Logic for Identification of Pole-to-DMR Faults

A P-poleto-DMR fault canbeidentified by comparinghe maximum ROCOC values of P
pole current and DMR current. Therefore, indexdefined in (3.4), which compares the loop

current through a#pole and DMR conductors, can be usedientify P-pole DMR [112].
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The negative of the DMR currentésnsideredn (3.4) since the fault current flows along
the DMR conductor into the converter during @®eto-DMR fault. Similarly, theindex to

identify an Npole-to-DMR fault, Fry, is defined if112] as

Yo
VDWW (0Xo)

0D
UV WwWw o)

0 8

R (3.5)

The following criteria hold for polto-DMR faults.

Criterion-B1: for a Rpoleto-DMR fault,
p Q O p Q
Criterion-B2: for anN-poleto-DMR fault,

p ’E‘Q nO p ’?’Q
where Qand’Q are positive tolerance settings.

3.3.5.3. The Logic for Identification of Pole-to-ground Faults

According to Section3.3.3, the similar magnitudes of ROCOC is expected in healthy
conductors during a sitgpoleto-ground fault. Two indices;grnandFger, Which compare the
maximum rates of change of currents through the healthy conductors, can be defined to identify
P-pole-to-ground faults and Moleto-ground faults respectively using the criterion faalthy

conductors during a singjeole-to-ground faul{112].

3

. QD
UV WW 0

0 (3.6)
o

0 ,
. QD
UWw 0
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Criterion-C1: for a Ppole-to-ground fault,
p ’F’Q nO p ’F’Q
Criterion-C2: for an Npole-to-ground fault,

p ’F’Q ”n O p ’F’Q

where'Q and™Q are positive tolerance settings.

3.3.6. Applicationto Two-conductor HV DC System

In a bipole HVDC transmission system without a DMR, ortlye pole conductors are
available. Therefore, only the indé® is computed and the pole(s) involved in the fault is
identified with the help of Criterion AA3. Criterion-Al is used to identify fole-to-N-pole
faults, andCriteria-A2 and-A3 can be usetb identify P-poleto-ground faults and the-Nole-to-

ground faults respectively.

3.3.7. Application to a Bipole HV DC Transmission System with a

DMR

The number of comparisons and threshold settings used in the basic criteria presented in
Section3.3.5 can be reduced, the testing of criteriais performed in an orderly manner. As
presented in the flow chart Bfg. 3.7, one side oCriterion-B1,-B2, -C1, and-C2 can be omitted

once the faulty pole is identifie@riteria Al allowsfor identifying P-pole-to-N-pole faults.
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Fig. 3-7. Proposed fault classification algorithm(© IEEE)

When it is not a pokto-pole fault, the pole involved in a singp®le fault can be identified
with the help ofCriteria A2-A3.The0 & cQ @) Q ois greater thathe) @& ¢ @) Q ofor a fault
involving the P-pole andheground with or without DMR. ThereforEpris greater than unity for
any fault involvingthe P-pole andthe ground while a close to unifyer is expected for aJpole-
to-DMR fault. Therefore, once the faulty pole is identified, pgold®MR faults can be ientified
by consideringthe only righthand side ofCriterion-B1. Thus, it is only necessary to check
whetherFer is less than a threshold to identifypBle-to-DMR faults. Similarly, only lefthand
side of Criterion-B2 is considered in identifying an-pble-to-DMR fault. Thus, it is only
necessary to check whetttgnis greater than a threshold which is slightly less than 1.0 to identify

N-pole-to-DMR faults. These modified criteria are denotecaserion-B’1 andCriterion-B 2in
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In practicalHVDC transmissions systems, the DMR conductor may hasmall series
inductors than those on the pole conductors or no series inductors. Therefore, due to asymmetrical
termination, the rate of change of current in DMR could be higher than thaboNRconductors,
making the indexXpr slightly less than unity during apbleto-DMR fault, and the inde¥rn
slightly higher than unity during an-pbleto-DMR fault. However, the onsided comparison
also helps to identify the deviationsHar andFgrn from their ideal value, unity, during pete-
DMR faults due to asymmetry in the terminations.

Any fault which is not a poko-pole or a poldo-DMR fault could be a poko-ground fault
or a poleto-groundto-DMR fault. For a Ppole-to-DMR-to-ground fault, 0 ¢ ¢ @) ‘Q ois higher
than that of the healthy pole, i.8.&% @ Q) ‘Q 0. Therefore, checking the rightand side of
Criterion-C1 is sufficient to discriminate a-poleto-ground fault from a foleto-DMR-to-
ground fault. Using a similar aughent, as depicted Fig. 3.7, only lefthand side of th€riterion-

C2 can be used to identify an-pble-to-ground fault. The thresholds in the modified criteria can
be related to'Q values in the original criteria &8: p Q;pfO p Q; 0 »p

Qpf0 p 0Q;0 p Q;andpfO p Q.

3.4. Application to Different HVDC Transmission

Systems

The algorithm is evaluated by simulating detailed EMT type modkekeveral HVDC
transmission systemg&ault type identificationis important in bipole MT_HVDC transmission

systems as well a@s bipole twaterminal HVDC transmission systems. Therefahe proposed
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fault type identification algorithris validated irthefollowing bipole HVDC transmission system

configurations:

1. An LCC based pointo-point bipole H\DC system with overhead transmission lines.
Application in the two-conductorsystem is validated with the test system described in
Section3.4.1. Validation of application ithreeconductor system is carried by replacing
two-conductor transmission line in the same test system with a-¢hremictor
transmission lineTheresults are presented $ection3.4.1 andSection3.4.4.

2. A VSC based threterminal bipole H\DC transmission systerwith threeconductor
overhead transns#on lines and underground cables. The test system is described in
Section3.4.2.1, and the results are presente®ettion3.4.2 andSection3.4.3.

3. A threeterminal hybrid HWDC system withtwo VSC rectifies, an LCC inverter and a
northomogeneous link, which consists of a teenductor cable section and a three
conductor overhead transmission line section. The test system and the results are presented

in Section3.4.5.

3.4.1. Faulty Pole(s) Identification in Two-conductor LCC HV DC
Transmission Systems

Although the analysis presented $ection3.3.2 considered @ MMC-HVDC scheme,
similar behaviorcan be observed in LGBVDC systems too. This is because € side filters
in LCC stations provide fault currenttpa that are similar to those observed during siagé

faulted MMCs
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3.4.1.1. Two-Conductor Bipole LCC Test System

This test systerfeaturesa pointto-point bipole HVDC scheme consisting of twelmulse
LCCs and awo-conductor overhead transmission laseshown irFig. 3.8. Theparameters of the

test system shown irig. 3.8 are given inTable 3.1

) 900 km R
750 mH Overhead Ip Invert Pole Reactor
Convertor Ip_Rect Transmission Line -
Trans . |'_l —

L K DC Filter DC Filter ; -

I ﬁ I

j | |
n K g / \ DC Filter ; ™

.pn ! I_t 1 l
LCC Rectifier =
IN_Rect IN_nvert | o nvertor

1000 MW/ pole
1000 MW/ pole

Fig. 3-8. Bipole LCC based twaterminal HV DC test system(© IET)

Table 3-1LCC test system data(© IEEE)

Parameter Value Units
Nominal DC Voltage +500 kv
Operating point 600 MW/pole
Length 900 km
AC Sys. SCR Rectifier 2.9

AC Sys. SCR Inverter 5.0

DC reactor 0.75 H
Cut-off frequencies oDC side shunt filer 720 & 1440 Hz
Cut-off frequencies oAC side shunt filter 540 & 780 Hz
Transformer Data

MVA 600x2 MW!/pole
Leakage Reactance 0.15 pu
Transformer Ratio 230kV/209kV
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The twoaconductor overhead transmission line design is similar to that used in Manitoba
Hy d r o 6 sll [R2] H\UWDIC system.The line length, converter rating, filtdesign of the test
systemar¢ghes ame as Mani t o-b &he Heyails ofdhé sansiisgion lineedesign are
given inTable A3.3andFig. A3-1 of Appendix-I. Diagrams of the LCC rectifier and inverter are

respectively shown ifig. A-2 andFig. A-3in Appendix-I.
3.4.1.2. Selection of LPF Cut-off Frequency

The indicesproposedfor fault type identification were computed using low pass filtered
current signals. The passband of the low pass filter (LPF) directly affects the computed index
Thereforeit is important to understand the impact of LPFafifrequency. This was investigated
with the help of calculated valueskedn for different cutoff frequencies of the low pass filter, and
the results are shown Fig. 39. Fig. 39(a) shows the caldated values ofFpn for metallic N
poleto-ground faults at three different locatiortdg. 39(b) shows the variation of calculated
values ofFpn with the fault location at different cutff frequenciesAccording toFig. 39(a),
when the cubff frequercy is increased, the value of thexn computed for Npole-to-ground faults

becomes closer to unity, which is the value of the index correspongintp®o-N-pole faults.
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(b) Location (km)
Fig. 3-9. Fen for N pole-to-ground faults in Test Systeml (a) Variation of Fpn with LPF cut-off frequency f,
(b) Variation of Fen with distance (© IEEE)
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In orderto useCriteria A1-A3to distinguish the $ole-to-N-pole faults from the Npole-to-
ground faults with a satisfactory discrimination margin, the valuépfshould be sufficiently
smaller than 1.0 for faend faults. In order to have at least00% margin between-Nole fauts
and Rpoleto-N-pole faults, the threshold { needsto be set to %. As peFig. 39(a), 100%
margin for discriminating a solid 4doleto-ground fault at line end (~850 km) from gpBle-to-
N-pole fault (which result ifFpn© 1.0) can be achieved whemetbandwidthof thecurrent signal
is limited to about 500 Hz, before computing the ROCOC.

According toFig. 39(b), with a 500 Hz cubff, Fpn is about 0.5 for a fault at the far end
(900 km). Thus, 500 Hz was selected as the LP#®ftdtequency. Althaigh even lower LPF cut
off frequency may be used, it would require longer tracking times to capture the peak ROCOC
values, leading to delayed decisions. The ROCOC values were computed using the derivative
transfer function gT) with a time constant of 0.81 The tracking periodip, was set to 1 ms to
enable tracking the first peak of any signal having a frequency of 250 Hz or higher. The trigger

level p iwas set, to 20 A/mgonsiderabhhigher tharthefastest possible current ramping rates.
3.4.1.3. Faulty Pole Identification Using Index FPN

The observed rectifier side current transients for a metaficl®to-ground fault at 500km
away from the rectifier is depicted fig. 3.10. As depicted irFig. 3.10(b) if the frequency band
of the filter is not Imited (bandwidth > 10 kHz with the simulation time step used), the peak
ROCOC values calculated for both &d Npole conductors are almost equal. HoweireFig.
3.10(c) a large difference in the peak ROCOC values can be seen when the low pass filtered
current measurements (enff frequency 500 Hz) are used for ROCOC calculation. Variation of

Fpn computed using the waveformshkig 3.10(c)is shown inFig. 3.10(d)
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Fig. 3-10. Computing Fen for a P-pole-to-ground fault in bipole, two-conductor system(a) P-pole current, Ip,
and N-pole current In, (b) ROCOC values, (c) ROCOC values for band limited measurementspland Iy, (d)
Fen (© IEEE)

The algorithm follows the ratio between the maximum ROCQ@ies of P and N
conductors and freezes its value 1 ms after the detectfaaft. The involvement of $pole in
the fault is indicated by the fulfihent ofCriterion-A2 with a considerablenargin (4.2 >>D;).

Fig. 311 shows responses for a solidgsle-to-ground fault at 300 km away from the rectifier.
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Fig. 3-11. Fpn for an N-pole-to-ground fault in bipole, two-conductor system(a) Currents, (b) ROCOC values,
(c) ROCOC values for bandlimited signals, (d)Fen (© IEEE)
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Although the first peaks of the ROCOC values of the unfiltered measurements are almost
equal, the difference becomes clear when the low pass filtered cuffant8.01(c) are used.
Due tothefulfil Iment ofCriterion-A3 with a good margin (0.18< 1/Dy), it is possible to identify
the involvement of Npole in the fault with the filtered signalBig. 3.12 shows the variation of

Fpn with fault location for the bipoldwo conductor LCC based test systéon different fault

types.
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Fig. 3-12. Estimated 9 1 for bipole two-conductor test system (© IEEE)

In the legend oFig. 312, 6 0-G& Yi P thecaleulateds/aluEpnf o r  Opoldtd P
ground faulN$ ahowséO0t h¥ -poretb&lypoleffanlts. B@sedlothe P
results shown iffrig. 3.12, thefollowing conclusions can be made:

1. Fenis dependent only on the fault location and the type,
2. Fenis not affeced by the fault resistance, and
3. the poles involved in the fault can be easily determined with a sufficient mahgirefore the
thresholds can be easily set.
The narrow margin between the calculated peak di/dt values for the healthy and the faulty

conductors shown ifig. 3.10(b) andFig. 3.11(b) indicates the possibility of false triggering of
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the HVDC line protection schemes based on di/dt. The proposed method can be used to identify
the faulty pole(s) reliably and promptiy enabé the relevanprotection actions such as blocking

the converter of the affected pole, triggering force retardation poegdetc. Although the earth
return mode is not allowed in some parts of the world, faulty pole identificationtbelfkz e the

50% redundancy durintpe singlepole-to-ground faults in jurisdictions where it is allowed on a

temporary basis durintpe contingencies.

3.4.2. Fault Type Identification in  Three-conductor Overhead
Transmission Lines in VSC MT -HV DC Transmission System

For this study, the threierminal VSC based MFHVDC transmission systemescribed in
Section2.5 was modified by openinthe breakers across LiAg&l becausé¢he presence of loop is
not important in validating proposed fault type identification schehferefore, the modifietest
systemappears as shown iRig. 3.13. In this test system, all lines are of thhemanductor

configuration, and the DMR conductor is grounded at station \3S&hich controls the DC

voltage.
500 MW Cable-14
e
Cable-24 -1000 MW
Conv-lausrl 100 km - _@
vac Overhead Line -

Control L, 1500 km

@_ N/ Bus-2

Line-34
Conv-3 Res  LINE Reg

Bus-3 Bus-4

Fig. 3-13. Three-conductor three-terminal VSC HV DC testsystemmodel (© IEEE)
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The possibility of usinghe proposed method for identifying
1. the pole(s) involved in a fault, and
2. the involvement of DMR conductor in the fault

is investigated considering the overhead transmission line labeled a34LiNete that one end

of the considred overhead transmission line is terminatd converter bus and the DMR
conductor is grounded #te same sidelhe other end is terminated at a floating bus having no
converter support anthe DMR conductor is not grounded in this end. The convextene
simulated using the model described [@8]. The frequencylependent phase domain
transmission line model available in PSCAD was used to simulate the traosniises and
the cables. Transmission system parameters are givieable A.3, Table A.4, Fig. A-1, and

Fig. A-2 of the Appendix-lI. The front end processing involved in computing the fault
discrimination indices (LPF cudff frequency, fault detection threshold, time delay, ete)he

same as those usedSection3.4.1.

3.4.2.1. Faulty Pole Identification Using Index Fen

The ROCOC values computed aftee low pass filtering (cubff frequency = 500 Hzdf
the currents in #ole, Npole andthe DMR conductors measured at relay R34 were used to
calculate the values &bn andFpr, for a metallic Ppoleto-ground fault in tie middle of Line34.
The results are shown fig. 314. The value ofFen (i. e. 3.4), satisfieghe Criterion-A2 and
confirms the involvement of-Bole in the fault.Criterion-A3 is automatically violated when

Criterion-A2is satisfiedand that rules ouheinvolvement of Npole in the fault.
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DMR current, (b) ROCOC values for bandlimited signals, (c)Fepnand Fer (© IEEE)
The variation of ROCOC values for a metallip®le DMR fault on the middle of Lin&4

is shown inFig. 3.15. The value ofpn (i. €.63.5) reflecs a Ppole fault. Based on the observations
of Fig. 314 andFig. 315, it can beconcluded that regardless of the fault type, a-pwmiground

or a poleto-DMR fault, the faulty pole can be identified with a large margin.
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Fig. 3-15. ROCOC values and indices at R34, for a fpole-to-DMR fault on Line 34 (© IEEE)

The variation ofFpn with the fault location is shown iRig. 3.16 for various types of faults
involvingtheN-po |l e. Not e-Rtoh a tn dé@aleadDMR fatiitswith fault resistance
of 0 . 0.AsYobserved irfFig. 3.12 curves for Fpole faults are mirror images of thepdle faults

and therefore, omitted for clarity.

74



—_—
(=)
=]
L 2
L 2
<*
L 3
L 2
L 2
L 3
L 2
L 2
L 3
L 2
L 2
L 3
L 2
L 3
L 2

50 ON-G 001 QN-G

\
0.01 Q© N-R

0 500 ) 1000 1500
Location (km)
Fig. 3-16. 3 1 at bus-3 for N-pole faults on OHL-34 (© IEEE)

The maximumvalue observedor Fpn for N-pole faults was 0.47 and the minimwalue
observedor Fen for P-pole faults was 2.14p\ values are within 1+0.02 for-pole-to-N-pole
faults. ThereforeD: can be fixed to 1.5 for Lin84. This value oD, setsk; to 0.33 andk:to 0.5.

3.4.2.2. ldentifying Pole-to-DMR Faults Using Feror Fry

The simulatedesponses for a-pole-to-DMR fault and an Npole-to-DMR fault on Line34

are shown irFig. 315andFig. 3.17(a) respectively.
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Fig. 3-17. ROCOC and Frn values for N-pole faults, (a) A solid Npole-to-DMR fault at 1000 km on Line-34,
(b) A solid N-pole-to-DMR -to-ground fault at 1000 km on Line34(© IEEE)
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The faulted poles and the DMR conductors have almastl @&0OCOC values in both cases.

Therefore, Fpoleto-DMR fault satisfieCriterion-B1 and Npoleto-DMR fault fulfils Criterion-

B2 However, as it can be seenhiy. 3.14(b) the peak ROCOC value of the faulty pole is
considerably larger thatie peak RO©C values in the other two conductors during apole
ground fault. ThereforeCriterion-B1 or Criterion-B2 is not satisfied for a pol-ground fault.
Furthermore,Frn is less than 1.0 for an-poleto-DMR-to-ground fault as depicted iRig.
3.17(b) The values ofFrn calculated at relay R34 and relay R43 for faults on{3#ere shown

in Fig. 3.18(a) andFig. 3.18(b) respectively. In order to evaluate the dependability, metallic as
well as high resistance pele-DMR faults are applied at regular intervals along the lines.
Meantime security of the proposed scheme is evaluated by rectindiresponseto other fault

types, Npoleto-ground faults and hole-to-groundto-DMR-faults.
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Fig. 3-18. Frn for N-pole faults on overhead Line34, computed from measurements (a) at relay R34, (b) at

relay R43 (© IEEE)

The curve corresponding M-poleto-DMR faults is clearly separated from and stays above

the curves of other types of fayliscluding N-pole-to-DMR-to-ground faults. Therefore, any-N

pole-to-DMR fault can be identified with the help Gfiterion-B"2 after identifying the faulty ple

using Criterion-A3. (Similarly, any Ppoleto-DMR faults can be identified with the help of
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Criterion-B™ 1 after identifying the faulty pole usir@riterion-A2.)Fig. 3.18also confirms the fact
that the proposed method is applicatolgrounded conveer connected buses (b8 as well as
at nongrounded buses that do not have converter suppor{bwghout any modifications. At
relay R34, the observed minimum value F¥n for N-poleto-DMR faults is 0.88 and the
maximum value ofFrn calculated forN-poleto-groundto-DMR faults is 0.53. The observed
maximum value ofpris 1.14 for Ppole-to-DMR faults and the minimum value &br for P-
pole-to-groundto-DMR faults is 1.48. Therefore, the threshblglcan be set to 1.3. This value of

D, setsks to 0.23 and;to 0.3.

3.4.2.3. ldentifying Pole-to-ground Faults Using Fgrv OF Fgprr

Calculated ROCOC values for apBleto-ground and an Moleto-ground fault onthe

overhead transmission line are showikig. 3.14(b) andFig. 3.19(a) respectively.
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Fig. 3-19. ROCOCs at R43 for faults on Line34, (a) An N-pole-to-ground fault at 1200 km, (b) A N-pole-to-
DMR -to-ground fault at 750km (© IEEE)

Nearly equal magnitudes of peak ROCOC values of the DMR currdrtharhealthy pole
currents shown ifrig. 3.14(b)andFig. 3.19(a)demonstrate the fulfinent ofCriteria-C1 andi

C2 for healthy conductors during a-@@leto ground fault and an ddoleto-ground fault
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respectively. As peFig. 3.19(b) an Npoleto-DMR-to-ground fault does not satisfyriterion-
C2 since the estimatelBgpr is considerably smaller than unitfs depicted inFig. 320(a), the
index Fgpris close to 1.0 for solid and high resistanc@dle-to-ground faults Criterion-C"2).
Fgrris lower than 1.0 for Npole-to-DMR faults and Npoleto-DMR-to-ground faultsFulfillment
of Ctririon-C1 for P-poleto-ground faults can be verified frofig. 320(b) which shows
calculatedrg4rn for P-pole faults at relay R34or Line34, the minimum bservedFgpr for N-
poleto-ground faults and the maximum obser¥ggn for P-poleto-ground faults were 0.85 and
1.28 respectivelylThe maximum observed Bfprfor poleto-groundto-DMR faults was 0.45 and

the minimumFgrvwas 1.86.
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Fig. 3-20. Ground fault discrimination at R34 (a) Fgrr for different types of N-pole faults (b)Fgrn for
different types of P-pole faults on Line-34(© IEEE)

Hence,D3 can be set between 1.28 and 1B6is proposed to set th.6. This value ofD3

setsks to 0.375 andks to 0.6.

3.4.3. Fault Type lIdentification for Cables

The proposed fault type identification method was applied to €abia the MMGVSC

based MTHVDC shown in Fig. 313, Although poleto-DMR faults are rare in
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underground/submarine cable systems, in evaluating the applicability of the proposed method for
cables, poldéo-DMR faults were also considered.

3.4.3.1. Identif ication of the Faulty Pole Using Fey

The alculated ROCOC values for ap@leto-ground fault and a Jole-to-DMR fault
appliedin the middleof the Cable14 are shown ifrig. 321(a) andFig. 321(b) respectivelylt
can be seen fronkrig. 3.21 and Fig. 3.17(a) the peak ROCOC values for cablesilfa are
considerablyhigher than the peak ROCOC values for faults on overhead lines. Furthermore, in

cables, the DMR conductor ROCOC variation does not closely follow that of the healthy pole

conductor as in overhead lines.
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Fig. 3-21. ROCOC values and indices for faults on cable, (a) At R14, for a-pole-to-ground fault on Cable-
14, (b) At R14, for a P-pole-to-DMR fault on Cable-14 (© IEEE)

However, this does not hinder the faulty pole identificatiomhavalues oFpn are still well

dl/dt (A/ms)

above 1.0. According tBig. 321, the faulty pole can be identified usiRgy for any type of fault

on the cable.

The variation of calculated values Bén for faults on Cablél4 is shown irFig. 322. The
maximum value ofpn observed for Noole faults was 0.47 and the minimum value fepdke

faults was 4.7. Therefor®; can be fixed to 1.2 for Cable 14.
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Fig. 3-22. 7 s at busl for faults on Cabld4(© IEEE)

3.4.3.2. Discriminating Pole-to-ground Faults from Pole-to-DMR

Faults with the Help of Fpr
As it can be seen fromfhig. 321(a) andFig. 321(b), the calculated value &irris smaller
for P-poleto-DMR faults when compared with-poleto-ground faults. Therefor&riterion-B™1

can be successfully used to discriminateole-to-DMR fault on a cable from apole-to-ground

fault. Fig. 323 shows the estimated valuefedr for faults on Cabld 4.

0.6 F 1
0 100 200 300 400 500

Location (km)
PYR afaulls atPV8@G1 in Cable 14

Fig. 3-23. Ferf O T
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Fig. 323 showsanalmost uniform margin between ther values computed for-pole-to-ground
faults and Fpoleto-DMR faults. There is safety margin of 50% to discriminasgainstthese
two types of faults as the minimum valueFek for P-pole-to-ground faults and 4pole-to-DMR

faults are respectively 1.21d 0.8.

3.4.4. Fault Type ldentification in Three-conductor Transmission
System Terminated at LCC Stations

The presence of a large DC reactor in pole conductors of-HHZDC system causes a
noticeably lower di/dt in the pole conductor compared to DMR conductors when subjected to
similar conditions. Therefore, when compared with indices calcufatedSC systems, it was
observed that the respective indices for LCC systent tierdeviate from their ideal values,
sometimes violating the criterigl, B2, C1andC2. However, still the faults can be discriminated
with the help of modified Criteri® 1, B'2, C'1 andC'2 To demonstrate the capability of
applying the method in siems with highly asymmetric conductor terminations, the method was
applied for discriminating poteo-ground faults from pokto-DMR faults in an LCC HWDC
system with a DMR. This test system is created by replacing thednauctor transmission line
descibed in Section3.4.1.1 with a threeconductor overhead transmission line and by only
groundingtheDMR at the rectifier end. Although inductors may be installethe®DMR, in order
to simulate the worst case for fault type discrimination, a system witbouinal inductors on
DMR conductor was considered. Calculated indiegsandFgerfor N-poleto-ground faults and
N-poleto-DMR faults at the rectifier side are shownFig. 324. As seen irfFig. 3.24(a) due to

large asymmetry in the terminations, calculafed is slightly higher than unity for fpoleto-
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DMR faults. On the other hand, as depicte&iom 3.24(b) Fgeris slightly less than unity for N

poleto-ground faults, although the expected vakié.i
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Fig. 3-24. Discriminating N-pole-to-DMR faults from N-pole-ground faults in an LCC-HV DC system with
DMR (a) Frn for N-pole-to-ground faults and N-pole-to-DMR faults, (b) Fgrr for N-pole-to-ground faults and
N-pole-to-DMR faults (© IEEE)

However, Npoleto-DMR faults can be discriminated from-pble-to-ground faults using
the Criterion-B"2 since there is a sufficient margin between the valu&s€alculated for these
two types of faults. Similarly, any {gole-to-ground fault can be distinguished from a fault where
the DMR is involved with the help difie calculated value dfqprandCriterion-C 2. Therefore, it
can be concluded that despite the high degree of the asymmegymiination, the algorithm

shown inFig. 3.7 is still capable of correctly identifying the faulted conductors.
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3.4.5. Fault Type ldentification in HV DC Transmission System
with Non-homogeneous Lines

In this section, a hybrid thrderminal HVDC transmission system with a nblmogeneous
network is consideregince the fault type identification is challenging in ndromogeneous
systemsThe configuration of the tesystemis shown inFig. 325, and featuresra

1. Two offshore MMGVSC rectifier shtions

2.  Onshore LCC inverter station

3. Two-conductor submarine cable system

4. Threeconductor overhead transmission line

5. DMR earth electrode locatedthe shoreline
This type of H\DC transmission systemould be used to exploihe advantages of individual
converter technologies in connecting multiple offshore wind sites to an onshok& Hjvid.
Furthermore the bipole HVDC transmission igavored over the monopole as it is possible to
transfera half of the rated power during a singlele fault and such edundancy is important
[40]. Sincethe prolong ground currents are often not allowed in onshore applications, a dedicated
metallic return wire is required to utiBzzhe above redundanf40]. However,greatsavings can
be made by using twoonductor submarine cables when earth currents through offshore water
bodies is not a mayj issue. Prompt identification of fault type in the transmission structure shown
in Fig. 325 is a novel class of challenging problem due to the presence of both overhead
transmission lines and submarine cables;¢aoductor and threeonductor configurtgons, and
LCC and VSC stations within the same transmission system. The possibility of applying the
proposed fault discrimination method in sutechomplexhybrid configuration is investigated in

this sectionThe threeterminal hybrid H\DC transmissionystem was simulated in PSCAD using
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detailed EMT models. The parameters of the LCC inverter and the VSC rectifier are Jiabtein

3.2andTable 3.3respectively.

3 Z |
3 B
Offshore
VSC Onshore
Rectifiers LCC
& Inverter
<

Fig. 3-25. Hybrid VSC-LCC bipole HV DC interconnection between offshore windfarms and mainland\C
grid (© IET)
Each inverter pole is assumed to be made of a twelve pulse LCC which is operated in

constant extinction angle control mode. Each cable was assumed to be 200 km long and the
overhead transmission line was assumed to be 500 km long. In calculating indisdsseld time

window of current measurements that are taken through a third order low pass filter having 1 kHz
cutoff frequency wagonsidered

Table 3-2 LCC inverter parameters (© IET)

Parameter Value Units
Nominal DC Voltage +500 kV
Operating point 700 MW/pole
DC reactor 0.75 H

Cut-off frequencies of DC side shunt file 720 & 1440 Hz

Transformer Data

Leakage Reactance 0.15 Pu
Transformer Ratio 230kV/209kV
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Table 3-3 VSC rectifier parameters (© IET)

Parameter Value Units
NominalDC Voltage +500 kv
NominalDC Power 300 MW/pole
Nominal AC Voltage (VLL) 230 kv
EquivalentDC Capacitance 100 e F
Number of levels 98

Arm reactor 25 mH
di/dt limiting reactor 40 mH
Terminal reactor on DMR 2.5 mH

3.4.5.1. Faulty Pole Identification at Each Converter Station

The indexFpn was calculated for different types of faults applied at every 50 km along the
line using the currents measured upéte and Npole conductors at the LCC inverter terminals,

and the results are shownkig. 326.

102'; A e e R e b
O.IQ‘P—>G A 0.12P—=R 500 PR
~ ol 500 P—G 36—
leo 4;. ..... Q-T---Q ...... @runnnn x ..... Wranns S - . Q- . . . .......g}
S 500 PN ___.02] e =
0.1Q PN ___ame="—
20 Vel 0.1 N—G ]
107 o 0.1Q N—R
[ e ——— e
- - 0.001
-4 :’ | | | | L L
10
0 100 200 300 400 500 600 700

Location (km)

Fig. 3-26. Calculated faulty pole identification index at the LCC inverter (© IET)
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The distance to the faidhownin figures is measured from the respective converter terminal
(in this case from the inverderAs evident fronfig. 326, Criterion-Al s satisfied for Ppole-to-
N-pole faults;Criterion-A2 is held for any fault that involvespole except for Bole-to-N-pole
faults, andCriterion A3is satisfied for any fault involving the-Nole except for foleto-N-pole
faults. As depicted ifrig. 326, calculated=pn for a given fault type for given fault location does

not considerablychange with the fault resistance (& cur v efsG add5D¥Yi @are

coincident). Note thahe minimum value of thépn evaluated at the inverter for ap@le fault is
3.6 andthe maximum value ofFpn for N-pole faults is about 0.27. Therefore, it can be concluded
that pole(s) involved in a fault can be ideietf at the onshore LLC based inverter with the help
of faulty pole identification indext-pn, with a considerable safe margin regardless of the fault
resistance and the fault locatidfig. 327 shows the calculated values fésn using the local

current neasurements at one of the offshore VSC based rectifier staliown inFig. 325.
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Fig. 3-27. Calculated faulty pole identification index using the local current measurements at rectifieA (©
IET)
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As perFig. 3.27 conclusions made using the calculated vakigdqCriteria A1-A3) holds.
However, when compared with the calculated valuds-gfat the inverter terminal, a noticeable

change with the fault resistance is apparent for the faults occurring caltlee

3.4.5.2. Discriminating Pole-to-DMR Faults from Pole-to-ground

Faults at the |nverter

Fig. 328 shows the calculatdébr for P-poleto-ground faults and 4oleto-DMR faults at
the onshore LCC inverter. TH&r is somewhat less thahe unity for P-poleto-DMR faults as
the large DC reactor ithe LCC inverter causes somewhat smaller ROCOC values at the pole
conductors when compared with ROCOC values of DMR current. Howgyarmains more or
less constantly around 0.7 forp@leto-DMR faults whilethe calculated values d¥rr decrease
to a minimum of 2 with the distance forpg®le-to-ground faults. As depicted fg. 328, due to
distinct range of values and considerable marginpal®@DMR fault can be discriminated from

P-pole-to-ground faults and4ole-to-DMR-to-ground faults with the help of indéer.
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Fig. 3-28. Calculated Fer at the offshore LCC inverter (© IET)
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Similar toFig. 328, a distinct range of values Bknare observed for fgole-to-DMR faults
and Npoleto-ground faults
The calculated=gpr for N-poleto-ground faults, Nooleto-DMR faults, and Npole-to-

DMR-to-ground faults are shown Fig. 329.
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Fig. 3-29. Calculated Fgrr at the offshore LCC inverter (© IET)

The index is closer to unity for-lole-to-ground faults, and its value is much smatke&an unity
for the other two types of faults. Therefore, it can be concluded that @opDMR fault can be
identified with the help of the local current measurements at the LCC inverter. Therefgrelea P

to-ground fault can be identified with the help of near unity tesEfpk(Fgrnin case of Npole-

to-ground faults). If near unity test fails, DMR is also involved in the fault. For a permanent fault,

this a crucial piece of information ftine repair crew to prepare for the type of repair task to be

performed. Furthermore, the calated values of indices reflect whether the fault is in the overhead

transmission line segment or in the submarine cable segment.
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3.5. Possible Use of Index Fpn for Pole-to-Ground Fault

Location

It is obvious from the results presented for various ietems, the indekpn is independent
of the fault resistance and only dependent on fault location. As it can be $égn3A2 andFig.
3.16, the indexFpn is @ smooth and continussinglevalued function of fault distance for pele
to-ground faults iroverhead transmission lines. Therefore, the index can be used as an indicator
of the location of poleo-ground faults. However, it is necessanypre-establish the nonlinear
relationship betweeRpn and the distance to fault through simulations or tesasurements, to
use as a calibration curve. This possibility was investigated with thednauctor LCC based

test system described 8ection3.5.1.

3.5.1. Fpyv as Function of Fault Location

Fig. 3.30 showsthe Fpn values calculated for a few metalpoleto-ground faults applied
in regular intervals along the line. The figure also shtihes$-pn for a few faults having different
fault resistances, applied at random locations. As depicted.i3.30, despite the fault resistance
value, the estimatdebn for selected fault scenarios coincides withFhg estimated with metallic
faults. Therefore, aBen and its reciprocalfFent can be practically considered as independent
from the fault resistance. Thus thejsadculated=pn™, estimated with meliic faults, can be used
to estimate the distance to high resistance faults. In twademimize the error due to numerical
underflow, Fen andFen?t are respectively used forpdleto-ground and Nooleto-ground fault

locatiors. The method is straightforward and convenient: once the fault type is identified to be a
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P-pole-to-ground or an Npoleto-ground type, the location of the fault corresponding to the

computedFen can be directly read from thpee-calculatedFen using the metallic faults.

10°¢ ‘
z — Fp )
RS o A(14422.91)
A = B(236,10.65)
107 ¢ » ¢ C(312,747)
> he% A(144km, 502) v D(430,4.99)
S ~ R C(312km, 0.1Q)  + E(712.2.75)
101? /:. o= -‘{_
- B(236km, 609) /““ I
’ D(430km, 0.10)
100 1 L ! L
0 100 200 300 400 500 600 700
Disatnce (km)

Fig. 3-30. Fpn estimated with metallic faults and estimated-pn for random fault scenarios (© IET)

3.5.2.Single -pole-to-ground Fault Location in Two-conductor LCC -

HV DC Link

The calculated=pn(X) and Feni(x) at the rectifier end ofhe two-conductorbipole test
system are shown ifiable 3.4 Calculated fault locations for-pole-to-ground faults and Mole-
to-ground faults applietb some randomly selected locations are showhable 3.5andTable
3.6 respectively. With the help dfen(X) or Fen?(x) calculated for the given fault, Matlab
interpolation function usinthe cubic interpolation option is used to locate the fault. For each of
the fault scenario described in the first twourohs ofTable 3.5and Table 3.6 the calculated
Fen (X) or Feni(X) usingthetransient current measurements are showerhirdcolumn.As the
rate of change d¥en'(X) or Feni(X) with thedistance ismallerfor far away faultsvhen compared

with close-up faults,four decimal points precisionagused to maintain the accuracy.
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Table 3-4 Estimated Fpn(x) and Fpni(x) for the test system(© IET)

Loc. (km) Fpn(X) Fen1(X) Loc. (km) Fen(X) Feni(x)

0 344.0690 2422.689 450 4.732842 4.878133
50 177.6568 474.9237 500 4.172521 4.288561
100 43.04042 54.9398 550 3.730998 3.825307
150 21.55040 24.33007 600 3.357883 3.441351
200 14.07274 15.15696 650 3.051066 3.125217
250 10.03818 10.66607 700 2.799645 2.869266
300 7.856659 8.258868 750 2.630967 2.681031
350 6.457271 6.702997 800 1.85992 1.890377
400 5.457357 5.649014 -

The fourth and fifth columns dfable 3.5andTable 3.6indicate the estimated distance to
the fault and the error in kilomete
The percentage error is calculated using (R.33].

Oi 806 0 &80 (B 6 W &Bh
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Table 3-5 Fault locations for low resistance Ppole-to-ground faults (© IET)

Act. Loc. Rr Fen(X) Est. Loc. Error  Error
(km) (Y. (km) (km) (%)
48 0.3 194.1777 44.536 3.46 0.43
144 5.0 22.74165 145.003 -1.00 -0.12
192 15 14.82150 193.420 -1.42  -0.18
390 4.0 5.6301 390.164 -0.16  -0.02
654 0.8 3.02038 653.602 0.40 0.05
760 0.3 2.56451 758.284 1.72 0.21
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Table 3-6 Fault locations for high resistance fault§© IET)

Pole Loc. R Est Loc Error Error
(km) (YY) (km) (km) (%)
P 118 9.0 118.9965 -0.9865 -0.1233
N 162 12.0 162.3993 -0.3993 -0.0499
P 294 7.0 294.4515 -0.4515 -0.0564
N 420 50.0 419.7603 0.2397 0.0300
P 480 9.0 480.3729 -0.3729 -0.0466
P 712 7.0 714.5440 -2.5440 -0.3180
N 762 8.0 760.6705 1.3295 0.1662

An average error of about 0.12 % or 0.95 km is observed for the considered fault location
scenarios. Therefore, it is possible to locate low resistance faults at an acfaboyt 99.88%.
Therefore, if three tower spans are assumed to be spread &taonghk fault could be expected
within three spans ahe located span. The error is higher for faults nibarconverters when
comparedo thefaults away from the converters. The estimated error for faults havesgstance
bet we e7n0 BYapwut 122 km or 0.15 %, is slightly higher than the observed error for low

resistance faudt

3.6. Concluding Remarks

The fault types in HIDC transmissiorsystems can be identified by comparing the maximum
rates of change of bandlimited current measurememt$air of conductors at a time. Therefore,
for different conductor pairs, five indices are defined to compare the observed maximum ROCOC
values of current through each pair of conductors for a short time window of current measurements.
The proposed indisewere shown to be dependent on the fault type and location, but independent

of the fault resistance. Although three possible fault types inctwauctor systems can be
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distinguisted with one index, all five indices are necessary to distinguish all gedsillt types
in threeconductor systems. A systematic procedure with a set of crisedi@veloped for fault
type identification.

With the help of detailed PSCAD models, the method is validated fecdnductor and
threeconductor transmissiooonfigurations terminated with LCC stations as well as for VSC
stations. The test systems used for verification comprised of overhead transmissian e
as underground cables. The method is capable of determining the fault type promptly dgd reliab
only with the help of locally measured currents. Therefore, the method can be utilized in existing
and future VSC based HXC transmission systems that comprises of overheasldimdor cables.
Furthermore, the method is successfully validated for a HNDC transmission system
comprising of both LCC and VSC stations, and a transmission system havingcansiector
cable portion and a thremnductor overhead line portion. The method can be applied in both
pointto-point HVDC systems and MFHVDC transmssion system The fault type information
provided by the method can be used for supervising protection function aseagitrol functions
related to fault recovery. Furthermore, maintenance crews can be informed whether a DMR
conductor is involved in &ult, which can be critical for safetyThe method can be easily
implemented at low cost since (i) the threshold settings can be easily set as indices are almost
independentof fault resistance; and (ii) uses only locally measured-flequency current
measurementskFurthermore, the ability to locate pel@ground faults in overhead transmission

lines with the help oFpn was also demonstrated.
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Chapter 4

Fault Recovery in Hybrid LCC -VSC
HV DC Multi -Terminal Transmission

Systems

4.1 Introduction

Forceretardation is used in LGEVDC links to control the DC fault currents and clear
temporary faultswithout needing DC circuit breakers. As the DC breaker technology is still
matuaring and expensive, hybrid L&GC HVDC schemes can provide an alternative
arrangement for overcoming the issues associated with DC faults in VSC basét/IMT
systems. Anothanajor barrier that hindehebuilding of MT-HVDC transmission systemstise
reluctancego make huge investmestin an unproverntechnology. Building hybriddl CC-VSC MT-
HVDC system<ould be ssafe intermediate stage in mowing towargstirely VSC based MT
HVDC grids having full benefitsedundencyA huge portion of initial investment can be eut
down if an MTFHVDC transmissiorcan be developearound an exigig LCC HVDC link with
spare transmission capacity. Furthermore, terraiceth be addedtep by stemfterthe technical
feasibility of theinitial VSC terminals iverified. Feasibility of parallel tapingf anLCC-HVDC
link has beernvestigatedn theindustry Two practical examples aoensideration ofappinga

LCC-HVDC link to connect ageothermal siten Queensland (QLD) [124] anthpping of
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Manitoba Hydro Bipoldll link. However, handling of DC faults in hybrid LEZSC MT-HVDC
transmission syste has not been properly examined and documeriedce fault clearing in
hybrid LCGVSC MT-HVDC transmission system &timely research topic

In this chapterthe clearing of DC faults in a hybrid multerminal HVDC transmission
system consisting o£CCs and VSCs implemented using Hatidge MMC technology is
investigated. While the hybrid HYC system has several possible configurations, the particular
configurations considered in this thesis &ja halfbridge MMGHVDC link sharing a section of
the transmission line of mLCC-HVDC link and 2)an LCC-HVDC link tapped by hatbridge
MMC inverters.A DC fault recovery strategthat employs(i) a high rating series diode valve
placed at each VSC inverter pole to block fault curtefi}sACCBs to isolat the faulty VSC
rectifier pole,and (iii) force retardation at LCC rectifier to extinguish the, ascproposedThe
fault recovery performancef the proposed strategy is demonstrated thraigtulations The
work presented in this chapter iaded on the following publications.

[E] M. H. Naushath A. D. Rajapakse, A. M. Gole and I. T. Fernando, "Energization and
regulation of a hybrid HVDC grid with LCC and VSQd' Proc.|IEEE Electrical Power
and Energy Conference (EPEC), Saskat@amadaOct.2017.

[FI M. H. NaushathA. D. Rajapakse, A. M. Gole and I. T. Fernando, "Investigation of Fault
Ride-Through Capability of Hybrid VS@&CC Multi-Terminal HVYDC Transmission
Systems,'|IEEE Trans Power Del, vol. 34, no. 1, pp. 24250, Feb. 2019.

4.2  Background and Literature Review

Despite the need for additional equipment suchhasnonicfilters and reactive power
support, the welproven LCC technology is still relatively economical when building high
capacity convertef®2]. Thus, even after the emergence of commercial VSC technology, most of

the twoterminal HVDC transmissions systems are built using LCC technolaliygver the world,
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thereare many long, high capéagj pointto-point LCGHVDC links connecting large generating
stations and loadenters Often, they are built with some spare capacity in the transmission line
for future expansion or to meet other design requirements. The spare capacity of these transmission
lines can be utilized tmtegrate potential renewable energy resourcessapglyenergy for the

small cities or loagtenterswhich arelocatedclose to the path dhese H\DC lines Cost can be
considerablyreduced if it is possibleto tap into the HWDC line [124-126] to supply those load
centers When compared to thgotentialoptions such as using DDC converterg127-128] or

using series tapping with current source converfgP®], currently it is more practical and
economical to use VSCs to tap intol2@C HVDC line. This is becausthe VSC technology is
relatively mature and commercially availabken exampleof sucha hybrid LCC-VSC multi-
terminal HVDC systemis shown inFig. 4.1 The rating of the LCC stations of such a multi
terminal transmission systeroould be much greater than those of the VSC stations. The high
capacity main transmission line connecting the LCC stations, which will be referred to as the

mainline hereafter, iypically very long and could be well over 1000 km.

Long High capacity Transmission Line

High - High Capacity
Capacity LCC ™| ~__ LCC Invertor
Rectifier Overhead
Tx-Line
L. .
. 1l
S o]
isw  [Zg] [
L Lk
-—p —>
i—f""l. L ™ ey
i —K [Low Capacity }
VvSsC
Fra . 7% o
[ = L
VSC-1 Short Lines VSC-K

Fig. 4-1. Bipole hybrid LCC-VSC MT -HV DC transmission systen{© |IEEE)
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The sharing oinexisting high capacity mainling transferpower amon¢/SC statios is
feasible only when theVSC stations are not far away from the mainline. Thereftre,
transmissiorlines that connect the VSCs to tapping points, which will be refetoeas VSC
branches hereafteare assumedot tobelonger than d&ew hundreds okilometres.

There are many possible hybrid MAVDC configurations (i) all VSCs operatingas
inverterscantap intoan LCC link which forms the backbone of the mtkrminal systemfii) all
VSCs operating as rectifiers can feed power imd@C link; or (iii) some VSCsperatingas
rectifierscanfeedpowerinto an LCC link while the others opetiag as inverterglraw power from
the LCC link. The third configuratigieingthe most generjds investigated in this chapter

One major design challenge encountered when tappin@mt€C-HVDC link using the
more viable hatbridge MMC technology is the response of VSCB@®@side faults. A DC side
fault appears as a thrphase short circuit to th&C systems connected thrduyy SCs[42]. The
energy stored in the capacitors of the VSC is rapidly discharged into the fault giving rise to
extremelyhighinitial fault currents. A simple butegant solution to block the fault currents when
a VSC is operating only as an inverter is proposg@n 131L]. The fault current from a VSC
inverter can be blocked by placing a series protective diode at each pole of the/&fatich].
The reliability, robustnessand longevityof DCCBs suitable for H\DC applicationsis neither
fully proven in the fieldnor they arecommerciallyavailablefrom a range of manufacturers
Therefore DC fault currentsinterruption from a VSC rectifieris typically achieved by de
energizing the VSC rectifier by opening R€CB as proposed ifL32]. A fast mechanical switch
(FMSW) is used to connect/disconnect tappingdatehe tapping point. However, FMSW can be
opened only when the current through it is venyallas 50 A100 A Although the resulting

interruptions are longer, this approach can be foreseen as the most economically viabferoption
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some time into the futuré control procedure for clearing DC faultsanLCC-VSC hybrid MT-
HVDC scheme without using DCCBSs, and restoring thebi@\system with minimum disruption
to the backbone LCC links developed in this chapteFhe feasibility of he proposed control
procedures, implemented through a highel centralizedmaster controllerwas verified using

detailed electromagnetic transient (EMT) simulations carried out in PSCAD/EMTDC.

4.3 Coordinated Control of Hybrid LCC -VSC Multi -

Terminal HV DC Systems

The DC siddault behaviorand recovery process depend on the converter cgnirdisding
operating modesonverter station coordination methaadcontrollersettings In this section, a
co-ordination controller is developed fathybrid LCC-VSC multi-terminalHVDC transmission
systemshown inFig 4.1 Control sequences required fible energizatiorand regulatiorof the
MT-HVDC transmissionare developedand added to theo-ordination controller. The fault
recovery strategy should be implemed by considering the interface of the station controls and
other fault recovery sufunctiors at the converter levelThe following sections describe the
considered converter controls;oadination controller, antheproposedMT-HVDC transmission

sysemenergizatiorprocedure.

4.3.1 Controlling Converter Stations and Control Interfaces

Whend-q domaindecoupled controllers are usadsC stationscan be operatenh either
constanDC voltage controfV-control)mode orconstanpower contro(P-control)mode .Hence,

the controller interface of VSC stations should have necessary cmpndg to switch between
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the appropriate DC side control modBsiring the energization and fault recovepgriods wien

the VSC stations are not connectedhie LCC-HVDC link, the VSC stations are operated in V
control mode with a prdefined referencevoltage However, whenthe referencevoltage is
continuously changed, tleontrol mode is referre asthe voltagetracking modeSinceratings

of the VSC converterstationsare considerably less than LCC statiahgy are not assigned to
controlthe DCvoltagewhen connected to tH&aCC-HVDC link. WheneveaVSCis connected to

the LCC-HVDC link, it is operated undethe constant power control mod&o protectfrom
possible damages due f@rger currents,all VSC stations arassumed to bequipped withan
external input toblock IGBTs. Thereforethe VSC control interface shown ifrig. 4.2 was
considered in this studpin LCC inverterstation is typically connected to a strok@ system and
operated under constant extinction angle control mode to regulate the DC voltage. The LCC
rectifier is operated under current control mode. Since the current cannot flow in the reverse
direction though thyristors, only the LCC rectifier feeds a DC side fault. Therefore, only the LCC

rectifier influences the DC fault current behavior and involves in the fault recovery.

Mode 0 B V Control
l 1 65 P Control

AC side \_

Terminals DC side

e — Terminals

Ve Ref MMC -VSC

Veeemtol 1T 1
500 kV 4 Poc ret IGBT de -blocking

Fig. 4-2. The oontrol interface of the VSC (© IEEE)
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In the fault clearingprocess,force retardations appliedat the LCC rectifier and the
thyristorsin LCC inverterare blockedThecontrol interface shown iRig. 4.3 is assumed foan

LCC rectifier station

Force Retardation
l Input

AC side \_

Terminals DC side

e—— Terminals

LCC-React

[

Ibc_meas Ipc_Ref

Fig. 4-3. Control interface for an LCC station operating under current control mode

When thefault signal is setit is assumed thahefiring angleis increasdlinearly at apre
definedrateto decrease the voltage across the falthenthe fault input is reset after a force
retardation period, the firing angle is assumed to decrease at a rate lower than the rate of increasing
the firing angleduringthe force retardationAn LCC inverterinterfaceis assumed tbe similar,
but ingead of the DC current measurement and the reference, it takes in the measured DC voltage

anditsr ef erence. When the | ogical i nput. AFaulto

4.3.2 Co-ordination Controller

Coordinationof the converterstatiors connected to MT-HVDC transmission systens
important for stable normal operatiand forthe fault recoveryprocessA centralized controller
hereafter referretb as masterpower controller MPC), was developedor this purpose In the

normal steadystate operationthe MPC calculats thecurrent order forthe LCC rectifier to
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maintain the power balance in théAT-HVDC transmission systemconsidering thepower
demands othe LCC inverterand the VSCsIn the tansient period durinthe energization ah

fault recoverythe MPC plays a significant role in maintang the stability of thevhole system

by balancing th@ower. The functional block diagram difie proposed1PCis shown inFig. 4.4.

In thenotationused for measured DC pole voltage§&ig. 4.4, the third, fourth and the fifth letters

in the subscripts of voltages denote the converter type (L:LCC, V:VSC), operating mode (R:

rectifier, l:inverter) and pole (P: positive, N:negative) respectively.

MPC R-Pole Controller
MPC N-Pole Controller
Iref for VSC'B
P
ref VI Ireffor VSC-A Ire1 Vi Iref_LRN
P
el VR lret for LCC Inverter |l ref VR j -
Pref Li G d/di/— lref L C-?T} |
_ TrsT H N/D _®_ _/ > = ref LRP
E A
G
1+sT
I_ Hold
B TT Circuit - '
Filter |
Vierp | Vodin | [
Ve Hod V
- Hold - ¥'N_Hold Sun Svrn | Suin

Fig. 4-4. M aster power controller with the features required for fault recovery procesq© IEEE)
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To avoid unrealistic current orders due to low DC voltages that may occur during faults, the
input voltage measurements a@nditioned by passing through a fister filter having a 200
ms delay and a hold circuit (activated by sigh&lSid0r VN_Hoid). TO balance the power demands
of the converter stations, the MPC estimates the current order for the LCC rectifiesasitbe
currents at the other convert&st example, for Noole of LCC rectifier, the current order is
computed agl33]:

o 'Y Oy & Y oY D Y oY D (4.2)
| WO WO WO WO e WO

whereaQ etc. are conditioned pole voltage measureme?nts, etc. are power reference
values. The binary signalS.r, Srre, and Svip are generated by a fault recovery supervisory
function Will be described irSection4.5) to resetherespective current component to zero after
detecting a fault. The ramp rate weighting factBrg§ Rvr, and Ry are used to match the
instantaneous current order of the LCC rectifier with those of the other converter stations. Current
orders are computed independently for the positive and negative poles to facilitatgpsiagle
operation and to prevent disturbast¢ethe healthy pole during singlpole-to-ground faults. The
MPCis assumed to blecated at the LCC inverter and the delays in signal communicstiimud

beaccountedor.

4.3.3 Energization and Regulation

The LCC link is energized in a similar manneattwoterminal LCC H\DC link. A control
sequencevas developed to connect VSC stations to the LCC tmKorm the multiterminal
systemwith aminimum undesirable transierfthereforethe LCC link is first energized with the
LCC rectifier operating icurrent control mode while the LCC inverter controlling the DC voltage

through constant extinction angle contridleanwhile,the VSCs are started in voltage control
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mode Upon reception of a signaidicatingthatthe LCC link hasreached t ndrmal opeation

condition as depicted ifrig. 4.5, VSCs areswitchedto voltage tracking mode.

s D
v

Operate in Vpc control mode
(with apre-set V)

Is connect
signal received 2

Input measured voltage V| yx to th
V pc controller

<

()

No

Yes

Close the mechanical switch

|

Change operating mode to power
control

> <
A

Input P, received from master
power controller to the p-controller

No

Yes

Change Pref Input

Fig. 4-5. Control sequence applied a¥SC station to energize thesystemand for normal operation (© IEEE)
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The voltage tracking mode is achieved by repladfgwith half of the pole to pole voltage
measured at the main transmission line side of the FM&MYi. A VSC is connected to the LCC
link once its DC voltage is approximately eqt@the LCC link voltage at the point of coupling.
The @erating mode of the VSC is changed to the power control mode after a shofiygleAdier
connecting to th& CC-HVDC link through mechanical switches, VSCs are operated in power

control mode as lapas there are no faults.

4.4 MT-HVDC Transmission System Design

The desigrfeaturesof thehybrid multrterminal HVDC transmission system and controlled

by theMPC is described irthis section.

4.4.1 Key Features of Hybrid Multi -terminal System

The key featuresf the multi-terminal HVDC systemconsideed in this studyare:

1. A conventional pointo-point LCC HWDC link forms the backbone of the multi
terminal network. No modifications are necessarytfefow-level controls of the LCCs.

2. Due to economics, &lVSC stations areassumed to bdased on the proven and
economical hatbridge MMC technology.

3. Due tothehigh costandlack of proven commercial technolqdYC circuit breakerare
avoided Fast mechanical switches (FMSWSs) with no loadanitfcurrent interruption
capability are used faystenreconfiguration.

4, When operating as invertersgh rating diode valves are connected in series with VSC
terminals for blocking DC fault currents as proposefl81]. These diodes need to be

bypassed when a VSC operates in the rectifier mode
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Thus, this is aighly practical hybrid MFTHVDC configuration that can be implemented
with current commercial technologyhe only exception is the high rating diode valves at VSC
terminals.Fig. 46 shows the essential elements of the proposed-MSC hybrid multiterminal
HVDC transmission system wtetwo VSCs are connected to &CC link. Although only two
VSCs are considered for the ease of demonstrakieriindings can be directly applied to the cases
where there are more than two VS@sthis examplethe bypass switch can be used to turn the
VSC-A terminal to a rectifier or an inverter to facilitate the two different topologies.

The two specific configurations considered for this-MVDC system are:

1. Configurationl: Both VSCs operate as inverters tapping into the LCC link.

2. Configuration2: VSC-A operates as a rectifier and VE8Coperates as an inverter in a
coordinated fashion injecting and drawing the same amount of power. This is essentially a

VSC link piggybacking on a section of the LCC link.

750 mH «—200km 220 km 450 k
e ] By
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%] e
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Mechanical 1 7
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gy High Power
™ Diode
ACCB A Trans. Trans. —@— —
__K Line-A Line-B
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Fig. 4-6. Hybrid VSC -LCC transmission system with two VSCs connected tond.CC-HVDC link (© IEEE)
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4.4.2 Fault Recovery Actions at the Converters

A DC side fault can ba temporaryfault such asan ardng fault caused by momentary
reduction of space between conductors due to wima permanent fault suchs an insulation
break down Temporary faults in LCC HBC systems are cleared by reducing the voltage to
extinguish the arcTherefore, once a fault is deteciedan LCC HVDC system thefiring angle
of the thyristors itheLCC rectifieris increase (the process isalled force retardation) to decrease
thevoltage across the faulfter a shortime delay thefiring angleis decrease for restoration
while monitoring linevoltage and currentkigown as eclosing). If theDC line voltage doesot
increase ofa large current is observethe faultis assumed to be still exisgy and theforce
retardation is appliedgain When two or three reclosirggtemptdail, the fault is assumed to be
a permanent fayland the converters are shutdown

On theotherhand,once aDC sidefault is detectedan HB-SM based VSGmmediately
blocksits IGBTSs to avoid possible damages froigh faultcurrents Theconverter stion is de-
energizedoy openinghe ACCB. After allowing thestored energy in the systemdissipatethe
VSC can be reenergizedvhile checkng whetherthe fault isstill existing. In order to preserve
the operation of the healthy pole duringsanglepoleto-ground fault, the proposed DC fault

recovery process is applied independently for positive and negative poles

4.5 Fault Recovery Using Fast Mechanical Switches

A procedure oftlearingDC side faul$ via rapid reduction ofhe fault currentwith proper
co-ordination ofrecovery actions at eaatonverter statioris explained inthis section.The
procedure presented [h08] is followed to reenergize théT-HVDC transmission systemdter

clearing the fault.
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The objective of the proposed DC fault clearing strategy is to minimize the extent of outages,
with priority being the continuation of the operationtloé LCC link. It is assumed that there are
no DC circuit breakersind the fault isolation isachievedwith the fast mechanical switches
(FMSWs). All VSCs that may operate in inverter mode are provided with ttaitiyhg seriesdiode
valves as illustrated iRig. 46. The FMSW is capable of openingnly afterits throughcurrent
becomesegligibly small.Therefore, &ult clearing involves rapid reduction of current through
the FMSW andjuick openingof FMSW todisconnect the VSCs and the branch lines from the
mainline During this deenergization, temporary faults are likely to be-sédfared.

Since the priority is to continue operationtloeé main LCC link, FMSWs are installed at the
tapping points on the VSC branches as showkig.6. The gesence ofay permanentfault can
be identified duringhere-energizationThe LCC link is reenergized first,fino fault is identified
during the reenergization existence of any permanent faait the LCC link can be ruled out.
Thereforethe LCC link can continue its operati@ven if there is a permanent fault on a VSC
branch, ashey arealreadyisolatedby opening the FMSW® permanent fault oa VSC branch
can badentifiedwhenre-energizinghe respective VSC statipand the faulted branch can be left
isolated fromthe rest of the system by leaving the FMSW op€&herefore, during @ermanent
fault on anyVSC branchthe operation ofthe restof the transmission systerran be continued

with the proposedwitchingarrangement

4.5.1Recovery Actions in the LCC Stations

The overall fault recovery procedure applieth&tlL. CCs is demonstrated forpole inFig.

4.7. As depicted inFig. 4.7, upondetection ofa fault at the LCC rectifier, force retardation is
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applied by increasing the firing angle of the rectifieme fault detection signals that initictee
fault clearing and recovery procem®assumed to have a time detay given by @.2) [133].

o] 0 I 0 (42)
whereda is the distance to fault from the statian,is the propagation velocity of the fault
generated surge armd is the time to detect the fault upon arrival of the fault wd@s3]. Upon
detectingafault, the signalS.ix andVx nodare senby the rectifier tahe MPC to notify the fault.
During the forceretardation, the power reference switching function of theyfadlex, Sx, is
set to zero, and the voltage inputs are held atquie values (by setting thex_noi=0) until the
fault recovery is completetiVhen the firing angle reach&s140, it is held for a specified period
to quench the fault arc. Thethe rectifier firing angle is decreasedhile checking if the voltage

increases (also, the current can be tested)

Faulty xpole="?

$ Yes
Apply Force Reset §x =0
Retardation for| Vy Hoig =0
X-pole =
v
Hold for arc
guench

Release Force
Retardation

Vx Hold =1& Syx =1

LCC Rectifier

P-master controller at LCC
inverter

Fig. 4-7. Fault recovery process of LCGlink (X = P or N depending onthe pole) (© IEEE)
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4.5.2Fault Recovery Actions in the VSC Stations

Fig. 4.8 shows the procedungroposed folVSCs during the fault clearing and recovery.
When an overcurrent is detected, IGBTs in a VSC converter are immediately bloclked

internal protection.

No
aulty x-
pole=? Yes
Reset S/ry=Syix=0
& Switchto Vpc
Block IGBTs control
Trip ACCB
Open FMSW
v
Reclose ACCB & de-
block IGBTs after a
fixed delay
Reset S\/RX=0 & Switch to PDC
Switch to Ve control control mode and
Set Syry=Svix=1
V SC Inverter Station and
Close FMSW Healthy pole of Rectifier
Station
Set Syrx=1, set Pres ,
& switch to Ppc mode
Faulty pole of
V SC Rectifier Station

Fig. 4-8. Fault recovery process at VSC$© IEEE)
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Due to the high rating series diode valves, which are now reverse biasedyitheesno
fault current contribution from the VSC inverters. When a VSC converter is operating as a rectifier,
the diode valves remain bypassed. Thus, the faulty pole of the VSC rectifieeiedgzed by
opening the correspondifgC sideCB. Then the FMSW orhe faulty pole of the line connecting
the VSC rectifier and the LCC link is commanded to open. However, FMSW actually opens only
when the current through it drops below the maximum interruptible current (assumed 0.05 KA in
this study).After a short timedelay, theACCB is reclosed. If the reclosing is successful, i.e. no
permanent fault exists in the line segment connected to the particular VSC rectifierstbideae
in the voltage control mode. Once the LCC link is restored, VSC terminals are wmuhtethe
LCC link following the same process as during the initial atprfThe described fault recovery
process requiresput signals for initiating force retardation, switching VSC operating mode,
resetting power reference of theasterpower controller §.x) and VSCs, and holding voltage
measurementd/é noid). Also, if a VSC rectifier is involved, additional signals are required to open

the ACCB and theFMSW.

4.6 Test System

The LCC scheme considered in this study is based on the Bipplé Mani t ob a
Nelson River H\DC system[122]. There is ndDMR conductorin the transmission system and
any singlepole operation is assumed temporary. Although ground return operation may be
objectionable in some jurisdictions, temporary monopole operation is allowed in many places like
Manitoba.Therefore, it is assumed ththe earth return mode is allowed for a shperiod, about
one second, for single pole fault recovdmgportant parameters of the tesistemare given in

Table 4.1
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Table 4-1 Test system details (© IEEE)

Parameter Value Units
Nominal DC Voltage +500 kv

AC Sys. SCR LCcRectifier 2.9

AC Sys. SCR LCdnverter 5.0

AC Sys. SCR VSEA/B 3.0

Power ramping rate (per pole) 200 MW s/pole
Power ramping rate in LCC during fault recover 1000 MW sY/pole
Power ramping rate in VSC during fault recover 500 MW sY/pole

Transformer Data

Apparent PowefLCCs 600x2 MVA/pole
Apparent PowerVSC-A/B 200 MVA/pole
Leakage ReactandeCCs 0.15 pu
Leakage ReactaneéSCs 0.1 pu
Transformer Ratio LCCs 230kV/209 kV
Transformer Ratio VSCs 315 kV/375 kV

VSC Data

MMC cell capacitance 2000 uF

MMC cell switch on resistance 0.05 Y

Arm reactor 50 mH

Each LCC converter station consists of #m@lve pulse LCCs supplied by two separate
convertertransformers. As the VSC interconnection is proposed for both existing and new LCC
HVDC links, the conventional LCC controls are us€de control diagrams of LCC rectifier and
the LCC inverters are respectively showrFig. A-2 andFig. A-3 of Appendix-I. During the
force retardation, the firing angle of the rectifier is increased at a rate ofn@s5and force
retardation is released at a slower rate, which is about 1/3 cdtth@sed to increase the angle.
Both DC andAC side filters are included in the model. This work builds on the control sequence

discussed ir[108] that showsthe safe and smooth operation of tMI-HVDC transmission
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system A voltagedependent current order limit (VDCOL) is implemented at the inverter to

protect the thyristor valves durid®C side faults As it is depicted irSection2 of Appendix-I,
the MMC cell @apacitance is selected in sughvay that the energy to power rafib32] is 25
JKVA.LA 20 mH di / dt | i mi t i ngsistaecgidcensectednsdries witlo r
each mechanical switch and a 40 mHisidsertedlat
each VSC terminal when operating as a rectifi@BT blocking logic is generated using an
overcurrent fault detection logic which picks up wtika current through any IGBT increases
above 2 pu. A fixed detection delay of 88 was assumed conservativeRast mechanical
switches (FMSW) were assumed to be capable of breaking 0.05 kA within 2nm&CCB can

break currents only @zero crossingnd wasmodeledwith athreecycles opening delay.

4.7  Validati on of Normal Operation

In this subsection, the performances of proposed energizatidnregulation schemes

evaluated. Two possible operating modeplained inSection4.4.1 are considered.

4.7.1 Unidirectional Operation: LCC Link Tapped by VSC Inverter s

The fllowing sequence ahputs was appliedwith controls to evaluate theonfiguration
where both VSC stations op&aas inverters (Configuratiet) tappingoff power from tle main
LCC link.

3. LCC inverter is energized with600 MW/pole @t=0 sec.
4. VSCs are started up in DC voltage control mode. Referencesiigp(SC-A and VSGB

are set to 515 kV and 520 k¥spectively
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5. Att=1.75s,VSCs are switched into tracking mode.
6. At t=3.25s, after LCC link is successfully energized, fiast mechanical switches are
closed.
7. Thereafter, the power orderstbeVSC inverters are changed in the following sequence:
0] set Resto - 200 MW/pole @t=4.5 sec,
(i) set Feta to - 100 MW/pole @t=6.5 sec.

Figs. 4.9 - 412 showthemeasured DC side responses at each converter statibe &nove
sequence of inputéccording toFig. 4.9(b) andFig. 4.10(b), the LCC inverter currenincreases
at the same rates therectifier current tillithe VSCs are connected. No undesirable transigate
observedn thevoltages or currens ofthe LCCrectifier andthe LCC inverter.Fig. 4.11(b)and
Fig. 4.12(b)show ramping of currents at the VSC terminals. The LCC rectifieecugradually
increases to accommodate the power delivered to VSC inverters, Imatinoeablechange in
current is observed at the LCC inverter during this period as depickg.in.10(b) According
to figures showing the converter voltages naticeabletransients were observed in the voltages

during the startup or when closing the fast mechanical switches.
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Fig. 4-9. DC side measurements at LCC Rectifier (a) Voltages, (b) Curren{® IEEE)
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Note that the power ordevas ramped up by thMPC at the rate of 200MW/s per pole.
Therefore, as depicted ig. 4.13(a), it took about 3s to readherequired power flow in the LCC
link (For ease of comparisotihhe negded LCC rectifier output powds shown inFig. 4.13(a)).

A difference in power betweeaheLCC rectifier andhe LCC inverter shown iffrig. 4.13(a)
during 3s4.5srepresentshe transmission losseldowever,when theVSCs switched to power
control modethis difference widenedue tothe power demand of the€SCs.Fig. 4.13(b) shows
atransient during the mechanical switch closing. Just after ramping the poweCs) ®¥Slight

change in LCC inverter power is observedrig. 4.13(a).
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Fig. 4-13. Estimated power injection at each converter termina{© IEEE)

The ACside voltages and currents during the considered operation are shbign4ril4
A transient iInAC current was observed at the VSCs during the energization. However, no
undesirable transients were observed atAtieside of any of the converters during the normal

operation except for a gradual dropA@ voltage at the LCC rectifier with increasing current.
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Fig. 4-14. AC side rms measurements (@) line voltages, (b) limeirrents (© IEEE)

4.7.2 Main Transmission Line Shared by LCC and VSC Links

In Configuration2, VSC-A is operated as eectifier and while VSGB is operated as an
inverter. pservationsvere taken whethetransmission systemas shared in sucaway thatthe
LCC rectifier feeds thpower demanded QyCC inverter and VSEA feeds the power to VS8.
The following sequence of events was simulated.

1. LCC link is energized with850 MW/pole @t=0 sec.
2. VSCs are connected to the ima&ransmission line asxplainedn the Section4.3.3.
3. Att=5s, VSCGA is issued 250 MW/pole power command.
4. In order to evaluattheimpact of any difference of communication delay betwibeivSC
rectifier andtheinverter, VSGB is issued250 MW/pole command 100 ms after V&C
Figs. 4.1571 4.19 show measured DC side responses at each converter station. Accofligg to
4.15(b) andFig. 4.19(b), no impact of connecting VSCs or power flow between VSCs is visible

at LCC converter terminals.
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