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Implementation of Network Fault
Tolerant VSC HVDC Transmission
System by Using Fuzzy Logic
Controller

L. Bayareddy,* S. Sarada** and B.B.Hargavi***

Abstract: The present converter technology, DC fault current comprises the ac networks contribution through
converter free-wheeling diodes and discharge currents of the dc side capacitors. Hence in this paper proposes a
new breed of network fault tolerant high-voltage dc (HVDC) transmission systems based on a hybrid multilevel
voltage source converter (V SC) with ac-side cascaded H-bridge cells. The proposed HVDC system offers aunique
feature of dc fault blocking capability(ability to block power exchange between the ac and dc sides during the dc
side faults, hence no current flows in converter switches), operational flexibility in terms of active and reactive
power control, black start capability, in addition toimprove ac fault ridethrough capability. In this project assesses
its dynamic performance during steady-state and network alternations, including its responseto AC and DC side
faults. In thisproposed system Pl controller isreplaced with afuzzy logic controller.

1. INTRODUCTION

The continuous growth of electricity demand and ever increasing society awareness of climate change issues
directly affect the development of thedectricity grid infrastructure. Theutility industry faces continuouspressureto
transform the way the electricity grid is managed and operated. On one hand, the diversity of supply aimsto
increase theenergy mix and accommodate more and various sustainable energy sources. Onthe other hand, there
isaclear need to improve theefficiency, reliability, energy security, and quality of supply. With the breadth of
benefitsthat the smart grid can ddliver, the improvementsintechnology capahilities, and thereductionintechnology
cogt, investing in smart grid technologies has become aseriousfocusfor utilities. Advanced technologies, such as
flexible alternating current transmission sysem (FACTS) and voltage-source converter (V SC)-based high-voltage
dc (HVDC) power trangmission sysems, areessentid for the restructuring of the power systemsinto more autometed,
electronically controlled smart grid.

AV SC-HVDC transmission systemisacandidate to meet these challenges dueto itsoperational flexibility,
such as provision of voltage support to ac networks, its ability to operate independent of ac network strength
therefore makesit suitable for connection of weak ac networks such as offshorewind farms, suitability for multi
terminal HVDC network realization asactive power reversal isachieved without dc link voltage polarity change,
and resiliency to ac sdefaults(no risk of commutationfailure aswith line-commutating HV DC systems).

Inthelast decade, voltage-source-converter high-voltage dc (V SC-HVDC) transmission systems have
evolved from simpletwo-level convertersto neutral-point clamped converters and then to true multilevel
converters such asmodular converters. Thisevolution aimed to lower semiconductor losses and increase
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Figure 1: Hybrid voltage multilevel converter with ac side cascaded H-bridge cells.

power-handling capability of V SC-HVDC transmission systemsto the level comparableto that of conventional
HV DC systems based on thyristor current-source converters, improved ac sSide waveform quality in order to

minimize or eliminate ac filters, reduced voltage stresses on converter transformers, and reduced converter
overall cost and footprint.

Thisproject presentsanew HV DC tranamisson systems based on ahybrid voltage-source multilevel converter
with ac side cascaded H-bridge cells. The adopted converter hasinherent dc fault reverse blocking capability,
which can be exploited to improveV SC-HV DC reslliency to dc sdefaults. With coordination betweenthe HVDC

converter station control functions, the dc fault reverse-blocking capability of the hybrid converter isexploited to
achievethefollowing:

eliminate theac grid contribution to the dc fault, hence minimizing the risk of converter failure dueto
uncontrolled over current during dc faults;

facilitate controlled recovery without interruption of the VVSC-HV DC systemfromdc-side faultswithout
the need for opening ac-side circuit bregkers;

simplify dc circuit breaker design dueto are duration in the magnitudeand duration of thedc fault current;

and, improve voltage stability of the ac networks as converter reactive power consumption isreduced
during dc-sidefaults.

2. ANEWHVDCTRANSMISSION SYSTEMSBASED ONAHYBRID-VOLTAGE-
SOURCE CONVERTERWITHAC-SIDE CASCADED H-BRIDGE CELLSHVDC.

High voltage direct current (HVDC) isused to transmit large amounts of power over long distances or for
interconnections between asynchronousgrids. When electrica energy isrequired to be transmitted over very long
distances, it ismore economical to transmit using direct current insteed of alternating current. For along transmission
line, the value of the smaller losses, and reduced construction cost of aDC line, can offset the additional cost of
converter stationsat each end of theline.

Advantages

Ground can be used asreturned conductor, Lesscoronalossand radio interference
» No charging current,No skin and Ferranti effect.
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Applicationsof HVDC:

1. Back-to-back convertersare used to connect two AC systemswith different frequencies—asin Japan—
or two regionswhereAC isnot synchronized —asinthe US.

2. HVDClinkscanstahilize AC system frequenciesand voltages, and help with unplanned outages.

3. HYBRIDMULTILEVELVSCWITHAC-SIDE CASCADEDH-BRIDGE CELLS

Fig. 1 showsone phase of ahybrid multilevel VV SC with H-bridge cells per phase. It can generate voltagelevels
at converter terminal “a’ relativeto supply midpoint”0.” Therefore, with alarge number of celsper phase, the
converter presentsnear pure sinusoidal voltageto the converter transformer asdepicted inFig. 1 Thetwo-level
converter that blocks high-voltage controlsthe fundamental voltage using selectiveharmonic eimination (SHE)
with one notches quarter cycle, asshownin Fig. 1. Therefore, the two-level converter devices operate with
150-Hz switching losses, hencelow switching lossesand audible noise are expected. The H-bridge cells between
“M” and“a” are operated asaseries active power filter to attenuate the voltage harmonics produced by the
two-level converter bridge. These H-bridge cellsare controlled using level-shifted carrier-based multilevel
pulse width modulation with a1-kHz switching frequency. To minimizethe conversion lossesinthe H-bridge
cells, the number of cellsisreduced such that the voltage acrossthe H-bridge floating capacitorssumto. This
may result inasmall converter station, because the number of H-bridge cellsrequired per converter with the
proposed HVDC systemisone quarter of thoserequired for asystem based onthemodular multilevel converter.
With alarge number of cells per phase, the voltage waveform generated across the H-bridge cellsis as shown
inFg. 1, and an effective switching frequency per deviceof lessthan 150 Hz is possible. Thedc fault reverse-
blocking capahility of the proposed HVDC systemis achieved by inhibiting the gate signalsto the converter
switches, therefore no direct path exists betweenthe ac and dc sidethrough free whedl diodes, and cell capacitor
voltageswill oppose any current flow from one sideto another. Consequently, with no current flows, thereisno
active and reactive power exchange between ac and dc side during dc-side faults. Thisdc fault aspect means
transformer coupled H-bridges cannot be used. The ac grid contributionto dc-sidefault current iseliminated,
reducing therisk of converter failure dueto increased current stressesin the switching devices during dc-side
faults. Fromthe grid stand point, the dc fault reverse-blocking capability of the proposed HVDC system may
improve ac network voltage stability, asthe reactive power demand at converter stationsduring dc-sidefaultsis
ggnificantly reduced. The ac networks seethe nodeswhere the converter stations are connected as open circuit
nodes during the entire dc fault period. However, operation of the hybrid multilevel V SC requiresavoltage-
balancing schemethat ensuresthat the voltages acrossthe H-bridge cells are maintained at under all operating
conditions, whereisthetota dc link voltage. The H-bridge cellsvoltage balancing schemeisrealized by rotating
the H-bridge cell capacitors, taking into account the voltage magnitude of each cell capacitor and phase current

polarity.

4. CONTROL SYSTEMS

A HVDC transmission system based on a hybrid multi level V SC with ac-side cascaded H-bridge cellsrequires
three control systemlayers. Theinner control layer representsthe modulator and capacitor voltage-balancing
mechanismthat generatesthe gating sgnalsfor the converter switchesand maintains voltage balance of the H-
bridge cell capacitors. Theintermediate control layer representsthe current controller that regulatesthe active
and reactive current components over thefull operating range and restraints converter sation current injection
into ac network during network disturbances such asac and dc sidefaults. The outer control layer isthe dc
voltage (or active power) and ac voltage (or reactive power) controller that provide set pointsto the current
controllers.

Theinner controller hasonly beendiscussed to aleve appropriateto power sysemsengineers. Theintermediate
and outer control layersare presented indetail to give the reader asense of HV DC control system complexity.
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Thecurrent, power, and dc link voltage controller gainsare selected using root locus anadysis, based onthe
applicable transfer functions. Some of thecontroller gains obtained using root locus analysisgive good performance
in steady state but failed to provide acceptable network disturbance performance. Therefore, thesimulation fina
gainsused are adjusted in the time domain to provide satisfactory performance over awide operating range,
including ac and dc sdefaults. Fig. 2 summarizesthecontrol layersof thehybrid multilevel VSC.

Current Controller Design: Thedifferentia equationsdescribing the ac-Sde transent and steady-state are

di R- 1 .
d_s: _tLd +E(vcd -V, +oli,) Q)
di R 1 .

. R
+ _—qu+r(ch -V, - oliy) )

Assume

g =V -V, +oLi and 4, =V,, -V, —wLi,

di R. 1
@ ®
di R. 1
FRRA @

The new control variablesand can be obtained fromtwo proportion-integra controllers(Pl) having the same
gans
A =K (ig —ig) + K, [ (ig =i ) ()
A = K (ig =ig) + K, [ (i —ig)t (6)
Wherei; and i; represent reference direct and quadrature current componernts.
Tofacilitatecontrol designin state space, theintegral partsof A, andA arereplacedby W, = K; j (i, —iy)dt and

W, = Kij(i; —i,)dt, rearranged inthefollowing form:

g = Ky (i —ig) +W, (7)
Aq = Kp(i; —ig) +W, 8)
Theintegra parts, indifferential equationsform, are
dw, - -
d_td:_Ki|d+Ki|d (9)
dw, . -
TZ_Kilq—l—Kilq (10)

After subgtitution of (7) and (8) into (3) and (4), two identical and independent setsof equations, suitablefor
control design, areobtained as
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Figure 2: (a) Representation of VSC station and (b) schematic diagram summarizing the
control layer of the hybrid multilevel converter with ac side cascaded H-bridge cells
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After Laplace manipulations of the state-gpace equationsin (11) and (12), onetransfer functionisobtained for
i,and iq, whichisused for thecurrent controller design

o Kog, Ki

lag _1a(S) _ L~ L

o a2 (REKe K
L L

Equationsrelating the reference voltagesto the modulator v, and v;q , current controller output A, and A .
feed forward terms can be obtained from expressonsfor and asfollows:

Vg = A¢ +Vy — oL, (13)

Vo = Aq +V, — 0Ll (14)
Basedon (5), (6), (13), and (14), the structure of the current controller shownin Fig. 2(b) (intermediate layer)
isobtained. DC \Voltage Controller: Based on Fig. 2, the differential equation describing the converter dc-side
dynamicsis
dv,.
dt

Assuming alosslessV SC, dc power a the converter dc link must equal theac power at converter termindl. |,
=(V i, + chiq)/V . Therefore, (15) canbewrittenas

=l — 1 (15)

dv,, (Vyiy +V i
d _I _ d d q°q (16)

C — Tdc
it V,,

Equation (16) can belinearized usng a Taylor serieswith the higher order termsneglected. Therefore, the
linearized formof (16) is

V .
dAVdc — AIdc _ Vcd Ald _ cq Alq _ Id AVC _
C C CV, CV,. CV,.

i
1AV,

Vg +Vylg
oV, T ovE, x
Let
P .=V, + chiq
And

3 V, . [V, , iy I
Au, =AJd, —( %de —( %qu — ( VdchVCd —( VdeAVm
and thevariable Au,_can be obtained fromthe DC voltage controller based onthe Pl control asfollows:

Audc = kpdc (Avc:c - Avdc) + kidc I (Avd*c - AVdc ) dt (18)
Equation (17) canbereduced to
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dAV,, Au, P
c _ c 4 uc AV
dt C CVidc (19)

Where V,_ representsreferencedc link voltage.

Let thenew control variableintroduced for theintegral part of the dc voltage controller be z, , therefore:
dav, 1 P. 1 AVZ
T_—E(Kpdc—\EjAVdc+E+Ach+ C (20)

dAZ .
dt = = Kidc (Avdc - AVdc) . (21)
Thestate equationsin (20) and (21) inmatrix formare:
1
K -
d AVdc - e — Pazc C AVdc Kpdc *
— = C CV-<dc +| C |AV,
dt| Az, 0 || Az, (22)
Kidc
_KTdc
. . - {AV(,C(S)}
Equation (22) inthes-domainis AZ,.(S)
1
1 c o |
= AV,
T Kue P )| o [T 23
—Kige S+ — 2 idc
C CV-idc
Where
T= SZ KpdC _ Pac Kidc
C CVidc C
| KPdC S+ ch |
C C
SZ+ KPdC . Pac S+ idc
AV, (S) C CV?dc C .
Az, )| P AVes
dc ac
deC (S_ CV ch j (24)




1326 L. Bayareddy, S.Saradaand B.B. Hargavi

From (24), thetransfer functionfor thedc voltage controller is

e < K
pdc dc
S _ldc
Vdc (S) — C i C
Vdc(s) SZ + KpdC _ PS{C S+ Kidc (25)
C CVic C

Normally, the voltageangle at the converter terminal relativeto the PCC issufficiently smdll, resulting in e
Oand AVCq ~ 0. Therefore, thereference current for the current controller can be obtained from the outer dc
voltage controller asfollows:.

" 1 S
Aly = —V—(AudC +1,AV, — Al dc) (26)

cd
Where v, and V,, are normalized by V.

Active Power Controller: Theactive power controller setsthereference active current component assuming
acongant voltage at the PCC asfollows:

iy = Ko (P =Vyig) + K [ (P = Vi ot (27)

Assumethevoltagevector at the PCC isaligned with the-axisand its magnitudeisregulated at V; aqu* =0,

and P* representsactive power reference. After replacing theintegra part withanew control variable, thefollowing
setsof equationsresult:

i =K, (P =Vjig)+ Z, (28)

dz, .

E = Kip(P _Vd 'd) (29)
After substituting (28) into (11), the following state space representation for the power controller is

obtained:

diy | - -
d_: KPKPP
dz _(R+ K, + KKV 1Kp Iy L
b L L L |[Z|+ KK, [P
iz, ~(K +KKVy) 0 K [|Z, .
| dt | - -

wherewe have (30), shown at the bottom of the page.
AC \oltage Controller: Thereferencereactive power current component isset by the ac voltage controller as

Iy = KPV(V;‘_IVaCD"" Kiv'[(’\/e:c

Where |V, | representsreferencevoltage magnitude at PCC. However, the gainsfor theac voltage controllers
areobtained using atrial 0 and-error search method that automatically runsthe overall sysem smulation several

AL
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timesin an attempt to find the gains that produce the best time domain performance. The gainsfor all of the
controllersand test network parametersused inthis paper arelisted in Tables |- 11.

ﬁ v'd |d*(s) vd
p(s) p(s)
(KpKpp +LKp+ Kip) S+%S3 , (R+Kp+ ,iprpV* d) e, (KmkskppVEI k KoV d)s+ KSKLipvd* 30

4.1. Fuzzy Logic Controller

The Fuzzy logic control consists of set of linguistic variables. The mathematical modelling isnot requiredin
FLC. FLC consists of

1. Fuzzification: Membership function valuesare assigned to linguistic variables. In thisthescaing factor is
between1 and -1.

2. Inference Method: There are several composition methods such as Max-Min and Max-Dot have been
proposed and Min method isused.

3. Defuzzificaion: A plant requires non fuzzy valuesto control, so defuzzificationis used. The output of FLC
controlstheswitch in theinverter. To control these parametersthey are sensed and compared withthe
reference values. To obtain this the membership functionsof fuzzy controller areshowninfig (10).

Fuzzification | —p g:: p Defuzzification
? Inf \ ‘
Normalization - Denormalization
S' s Final control
<+ e < element

Figure 2.c: Fuzzy logic Controller

Fuzzy Control Rule:

e NL NM | NS ZE PS PM | PL
de
NL NL | NL NL NL NM | NS | ZE
NM NL (NM (NM | NM | NS Z PS
NS NL | NM | NS NS ZE PS PM
ZE NL NM | NS ZE PS PM | PL
PS NM | NS ZE PS PS PM | PL
PM NS ZE PS PM (PM (PM | PL
PL ZE PS PM | PL PL PL PL
PL ZE PS PM | PL PL PL PL
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Infuzzy Logic Toolbox software, fuzzy logic should beinterpreted asFL, that is, fuzzy logicin itswide sense.
Thebasicideasunderlying AL areexplained very dearly and insightfully in Foundations of Fuzzy Logic. What might
be added isthat the basc concept underlying FL isthat of alinguistic variable, that is, avariablewhosevauesare
wordsrather than numbers.

Another basic concept in FL, which playsacentrd roleinmost of itsapplications, isthat of afuzzy if-thenrule
or, amply, fuzzy rule. Although rule-based systemshave along history of useinArtificial Intelligence (Al), what is
missng insuchsysemsisamechanismfor dealing with fuzzy consequentsand fuzzy antecedents. Infuzzy logic, this
mechanismisprovided by the calculus of fuzzy rules. The calculusof fuzzy rules servesasabasisfor what might be
caled the Fuzzy Dependency and Command Language (FDCL).A trend that isgrowinginvishility relatesto the
useof fuzzy logic in combination with neuron computing and genetic algorithms.

Theguiding principle of soft computing is Exploit thetolerancefor imprecisgon, uncertainty, and partia truthto
achieve tractability, robustness, and low solution cost. Inthe future, soft computing could play anincreasingly
important roleinthe conception and design of systemswhose M1Q (Machine | Q) ismuch higher than that of
systemsdesigned by conventional methods. The fuzzy logic toolbox ishighly impressivein all respects. It makes
fuzzy logic an effectivetool for the conception and design of intelligent systems. Thefuzzy logic toolbox iseasy to
master and convenient to use. And last, but not least important, it provides areader friendly and up-to-date
introduction to methodology of fuzzy logic and itswide ranging applications.

Tablel
Converter SationsPar ameters

Converters 1 and 2

Power ratings 637MVA
Maximum active power capability 600 MW
Maximum reactive power capability 335MV Ar
Two-leve dc link voltage 600k V
H-bridgedelink voltage 42.86kV
Two-level dclink capacitance 150uF
H-bridge cell capacitance 3nF
H-bridge switching frequency 1kHz
Converter 1 controllers

Current controller: K, <)
Current controller: K, 3000
Power controller: Ko 0.0015

Power controller: K 2
ACvoltage controller: Ko 0
ACvoltagecontroller: K| 50
Converter 2 controllers

Current controller: K, <]
Current controller: K, 2000
DC voltage controller: K i 0015
DCvoltagecontroller: K 00573
ACvoltage controller: Ko 0.00015

AC voltagecontroller: K| 400
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Table2
Converter Transformer Parameters
Transformers1and 2
Power rating 687MA
Voltageratio 330kV/400k V
Per unit impedance (0.0008+j0.32)

Table3
Transmission Systems Parameter s

Lines parameters (based on humped = model)

aclinelength 60km
acline seriesimpedance (0.0127 +j0.2933)2/km
ac line shunt capacitance 12.74nFHkm
dc transmission distance 75km
dc line seriesresistance 139mQ/km
dc line seriesinductance 0.159mH/km
dc line shunt capacitance 0.231uFHkm

Gainsfor all of the controllersand test network parametersused inthispaper arelistedin Tables 111

5. SIMULATION RESULTS

The viahility of theVSC-HVDC systemthat usesa hybrid multilevel VV SC with ac-side cascaded H-bridge cdllsis
investigated here, with emphasis on itsdynamic performance during network aterations. | nthe steady stete, the
test network in Fig. 3(a) isused to assessits power control and voltage support capabilities. To further illustrate the
advantagesof multilevel converter during ac and dc network disturbances, the sametest network issubjected to a
three-phase ac-side fault and a pole-to-pole dc-side fault at locations depicted in Fig. 3(a), both for a140-ms
duration. Converter sations1and 2 inFig. 3(a) arerepresented by detailed hybrid V SC modelswith seven cells
per phase, with the controllersin Fig. 2(b)incorporated. Seven cellsper arm are used in this paper in order to
achieve acceptable smulationtimeswithout compromising result accuracy, aseach systemcomponent isrepresented
indetailed. Also, the hybrid converter with seven H-bridge cells per phase generates 29 voltage levels per phase,
whichisthe same asthetwo-switch modular multilevel converter with 28cellsper arm, for the same dclink voltage
such that devicesin both converters experience the same voltage stresses. The convertersare configured to
regulate active power exchange and dc link voltage, and ac voltage magnitudes at and respectively. Thetest sysem
inFig. 3(a) issmulated inthe MATLAB Simulink environment.

5.1. Four-Quadrant Operation And Voltage Support

To demongrate fourOquadrant operation and voltage support capability of the presented VSC-HV DC system,
converter stationl iscommanded to increaseits output power export fromgrid to from0to 0.5 pu (343.5 MW)
at 2.5pu/s At time 1 sit iscommanded to reverse the active power flow in order to import 343.5 MW fromgrid,
at 2.5 pu/s. At aload of isintroduced to, illustrating the voltage support capability of converter station 2during
network ateration.

Fig. 3(b) and (c) show converters 1 and 2 active and reactive power exchange with and respectively. The
convertersare ableto adjust their reactive power exchangewith and in order to support the voltage during the
entireoperating period. Fig. 3(c) and (d) show that converter2 adjugsitsreactive power exchangewith whenthe
load isintroduced at 2 sto support the voltage magnitude. Fig. 3(e) and (f) show that converter 2 injects and
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Figure 3: Simulation diagram of test network and of waveforms demonstrating the steady-state operation of
HVDC system based on hybrid voltage source multilevel converter with ac sidecascaded H-bridge cells.
(a) Test network used to illustrate the viability of the hybrid multilevel voltage source converter HVDC systems;
(b) active and reactivepower converter station 1 exchanges with pccl; (c) active and reactive power converter station
2 exchanges with pcc2 ; (d) voltage magnitude at pcc2;(e) voltage waveforms at pec2; (f) current waveforms converter station
1 exchanges withpccl ; (g) voltage across 21 cell capacitors of the three phases ofconverter 1; (h) voltage across the dc link
of converter station 2.

@) (b)

© (@)
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(e) )

@) (h)

presents high-quality current and voltage waveformsinto with no acfiltersingtalled). Fig. 3(g) demonstratesthat
thevoltage stressesacrossthe H-bridge cell capacitorsof converter 1 arecontrolled to the desired set point during
theentireperiod. Fig. 3(h) displaysthetotal dc link voltage across converter 2, whichregulatesthedc link voltage.
Based onthesereaults, the proposed V SC-HVDC systemis ableto meet basic Seady-staterequirements, suchas
provison of voltage support and four quadrant operation without compromising the voltage and current stresseson
the convertersswitches.

5.2. AC Network Faults

To demonstrate the ac fault ride-through capability of the presented HVDC system, thetest network is subjected
to a 140 msthree-phase fault to ground at the location shown in Fig. 3(a).During the fault period the power
command to converter 1isreduced in proportion to thereduction inthe ac voltage magnitude (thisisachieved by
sensing voltage). Thisisto minimizethetwo-level converter dc link voltagerise because of thetrapped energy in
thedcside, sincepower cannot be transferred asthevoltage at collapses. Fig. 4 displaystheresultswhen thetest
network exports0.5 pu (343.5 MW) fromgrid to and is subjected to thethree-phase fault at.Fig. 4(a) showsthe
active and reactive powers converter 1 exchangeswith. Notethat converter 1 matchesits active power export to
inorder to minimizetherise of converter2 dc link voltage asitsability to inject active power into grid reduceswith
thevoltage collapse at, asshownin Fg. 4(d) and stated above. Fig. 4(b) showsthe active and reactive powersthat
converter 2injectsinto PCC2. Thesystemisableto recover assoon asthefault iscleared, and converter2 adjusts
itsreactive power exchange with grid2 G2 in order support voltage at PCC2.Thetransents shown of active and
reactive powersat PCC2 arerelated to the reaction of the ac voltage controller that regulatesthe ac voltage at
PCC2.

4(a) (b)
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(m) (n)

(0)

Fg.4. Waveformsdemongtrating ac fault ride-through capability of HV DC transmission systemsbased on hybrid
voltagemultilevel converter with ac Sde cascaded H-bridgecells. (a) Active and reactive power converter 1 exchanges
with PCCL1 (b) Active and reactive power converter 2 injectsintoPCC2. (¢) Voltage magnitudeat PCC1 (d) Voltage
magnitude at PCC2. (e) Current waveforms converter 2 injectsinto PCC2. (f) Converter 2 dc link voltage. ()
Voltage across 21 H-bridge cellsof the converter 2.(h) line-to-linevoltage waveform at theterminal of converterd.(i)
Active and reactivepower at PCC1. (j) Active and reactive power at PCC2. Resultsin (i)—(0) demongtratethecase
whenthe converter gationsoperate closeto their maximum active powercapahilities (power command at converter
lissetto 0.75 pu, whichis 515 MW) and systemis subjected to athree-phase fault witha 300-msduration.

5.3. DC Network Faults

Theinherent current-limiting capability of the hybrid multilevel V SC with ac-side cascaded H-bridge cellsthat
permitstheV SC-HVDC systemto ride-through dc-side faultswill be demonstrated here. The test network is
subjected to a140ms solid pole-to-pole dc-sidefault at thelocationindicated in Fig. 3(a). During thedc-sidefault
period, active power exchange between thetwo grids and isreduced to zero. Thisfacilitates uninterruptable
system recovery from the temporary dc fault with minimal inrush current, since the power paths between the
converter’'sac and dc sidesare blocked (by inhibiting all converter gate signals) to diminateagrid contribution to
the dc fault. Charge from both ac Sdes; thiscausesalarge current flow from both ac sdesto thedc sideto charge
thedclink capacitorsand cabledistributed capacitors as shownin Fig. 5(€) and 5(f). TheresultsinFig. 5(e) and
5(f) also demonstrate the benefits of dc fault reverse blocking capability inherent in this hybrid system, asthe
converter switchesexperience high current stressesonly during dc link voltage build-up. Fig. 5(g) showsthat
converter 2 dclink voltage recoverstothe pre-fault state after thefault iscleared.

@) (b)
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© (@)

(e) ()

@) (h)

(M) ()

Fig.5. Waveforms demongtrating dc fault ride through capability of HVDC transmission systems based on
hybrid voltage multilevel converter with ac sSide cascaded H-bridge cells. (a) Active and reactive power converter
1 exchangeswith PCCL. (b) Activeand reactive power converter 2 exchangeswith PCC2.(c) Voltage magnitude
at PCCL1. (d) Voltage magnitude at PCC2.(e) Current waveforms converter 1 exchangewithgrid G1 at PCCL. (f)
Current waveforms converter 2 exchange with grid G2 at PCC2. (g) Converter 2 dclink voltage. (h) Zoomed
version of dclink current demonstrating the benefits of dc fault reverse blocking capability. (i) Voltage acrossthe
H-bridge cell capacitors of converter 1. (j) Voltage acrossthe H-bridge cell capacitors of converter 2.

6. CONCLUSION

This project presented anew generationVV SC-HV DC transmission system based on ahybrid multilevel converter
with ac-side cascaded H-bridge cdlls. The main advantages of the proposed HVDC system are:
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* Potentid small footprint and lower semiconductor losses compared to present HVDC systems.
» Low filtering requirement on the ac Sdesand presents high-quality voltage to the converter transformer.
» doesnot compromise the advantages of VSC-HVDC systems such asfour-quadrant Operation; voltage

support cagpability; and black-start capability, whichisvital for connection of weak ac networkswith no
generationand wind farms.

*  Modular designand converter fault management (inclusion of redundant cellsin each phase may alow the

systemto operate normally during failure of afew H-bridge cells; whence a cell bypass mechanismis
required).

By using fuzzy controller the voltage sag can be mitigated and it isa high efficiency regulator comparesto
other controllers.

* Reslient to ac Sdefaults (symmetrical and asymmetrical)
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