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ABSTRACT

This thesis proposes a multi-cell solid-state fault current limiter (MC-SSB FCL
composed of multiple cells of single-phase bridge controlled rectifier with DC reactor
and an AC reactor connected in parallel with cascaded rectifier cells performing current
limiting in steady state. The proposed fault current limiter can be used in medium
voltage power system without power transformer, so the system was more compact.
With modular design of each rectifier cell, the construction and maintenance of the
system could also be simplified. Moreover, to mitigate voltage distortion due to power
loss in the rectifier and the DC reactor, a charging circuit using a controlled rectifier and
a small size AC transformer is adopted. In this thesis, the MC-SSB FCL design for 24kV,
10MVA VSPP: is presented, firstly, the simulation results show that the fault current is
effectively limited to the designed value. Next, the MC-SSB FCL prototype is designed
and built for 220V laboratory test system. The experimental results show that the
limited fault current agrees well with the designed value; the fault current decreases
from 75A without FCL to 20A with the FCL. The mitigation of the output voltage

distortion is also confirmed by the experimental results using the charging circuit.
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gunsalAANIELALBAANITANINRS JUN 2.16 wansrian1anIsivaveensrladnieasiuaniie

IS =

402925 1B AANITAN995TU TUY LI NASSLATANITIS I MANIUTITLOALADSATLALLER L1l

'
N a

nIzuaIwaAmBsATIuT NI srgsaanuioanwuulinglunidlafia usadwadazgnuanaen

'
a

a1nsguvlaealuauilnsaines T1, T2 ingauinssua nssuasuonmasidasluaiudasy

D

(freewheeling) lnunsln3awmas T3, Td vilvinszuaan19asnenun lnan Ui LoAmosoTuazon

Y

' ' '
[ a =

fnlegTueaunudvassiannasiativiiig Tunsangaumaiiiiuiuyessieanesngiteain

nszuasuoRwaInTlA Nt Milnlagnisideudeuindwadnaduitilulussuudnasenionis
A v U ! ~ . = ) a [

ATUALLUUAUNAITUATUETEUY (inversion control) @sazmuaulasdnseualviames T1, T4

v A 1

My 120° inlinszuasuennesfidgniaysanduiugszuuegesiagd Weseiunszuaiuen
washzgenInAgenveInseualuaeidnles UIndwadnazdndnisaivauwuulnaiudassdn
N Y Y = saal
ATINDINUITTAUVDINTEUASUD AL DFAY
A01EVRUAANITAN9S (after fault) : LiIBNMTEAI995YNIINDBNAINTEUULED UTAT
wadhagdnganzaniaaranzunfnuaau
Tun1shavnsasuennosndioanssAuTeInTzuasuoANasATULE 2 35 laun
1. mstaudase (freewheeling) : N13AIUANLUUIMAINBATE JengminnTenalns

awmas T1. T2 wavihnseudlnsawas T3, T4 Walinseuasuonnasadraiusiulnsames T3,
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(%
=l U

T4 Tumseuaull sEaunTeuasuoAWBsATITYNRAYITIRENTIMEANAUNIUAEluTLeA
s
WBIRNG (ry)

2. mMsfundsundugseuu (inversion control) : azilunisfayisaseiunszuas

(% [
Y a o

sala 1 < 1 1 a 4 a s a LY =
LL’eJﬂLG]E)?WZJE]FJN?’J@LTJSU’JEJEL%NLﬂ@lﬂ’ﬂﬂi@ﬂﬁ%ﬁﬂiuﬂl@ﬂLG]’EJ?G’]"?J DAYNUINLNANTIIAANINVIVUYN

a & § 0 W [3 o va & v a
BNAI Q‘Uﬂiﬂmﬂﬂﬂﬂi%LLﬁﬂﬁ']ﬂJ’ﬁﬂVl’N’}uvaﬂE]ﬂﬂi\ﬂu%uﬂ/l 9]

AC Reactor

. | Bridge || Bridge] [ Bridge | [ Bridge l
lac Cell1 Cell2 Cell3 Cell4 -
VSPP "
d
Positive cycle i,c>0 Negative cycle i,.<0
I, T ON T3
TX/0N T,
IS

5UN 2.14 gUnsaldnNnNseuadnaThuLUSAdviateleas uan1izuni

Fault occurs Over current is

ﬂ\‘ /Netected

N RL L (& Fault is cleared P T
operation = mode
f]
lgc reduce to a
specific level
nversion 3
control At 1n2dO degree
of 2™ cycle

mode

sUM 2.15 ununmmvidnmsvinuvesgunsaldndnnseua
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AC Reactor

Fault I

Freewheeling rsion control

T § OFFJﬁ T3
T8 OFF ﬁﬁﬂ

JUN 2.16 gUnIaldnNTEUAINIATHUVUTAIVIaNead Tuan1izdnieas

a>»0r

7. OFF

T2 OFF

2.6.2 9UNIAlIINANTTUARUUUIAINANYLYATUAZINATVIIY

(%
a %

TunaUun lievhnisfiassgunsalirinnssuainlilussuulni lnglilavisasuen

H

cala o Y a a dy A a (Y (% ~ = v
LDINY ﬁ]%VIWIﬂLﬂ@ﬂ'}’]ﬂJN@LW‘UUWUiL'JEL!EJE]WU@QLLiQ@uGUWE]QﬂWQEUV\ 2.17 LUBIINAINUAIUNIUY

AUV LDALADI ATNATLIINUANATEULVSANDS Felinsungasysauly

i5m5/’:div

JUN 2.17 sUdunsEuasLanneshd, nssualuae tazuseiuveeniileinAsgunsaidiin

nsealagluiingasesa Tuanzund

195y5ausenaulumenslalen, Adniamesuazndoudadlniin gneseunsuidiius

a

LaALRDIAT LN UTAALAAAITUN 2.18 uavluremaaing (Spad) FaoruuiusuenLnesiad

Pagluanneyiaiediglunisunsnaunsalirdanseuadnlilussvulaedlidinansenusie

seuuliih Tuannigund 19asuiaastieinunsedunseuasiennesadiiganitAeennseualy
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ae hbiussiuanasesluynuiadwaaiiandilnaaud ilalilinssualvadiusueamesioduas

TAnANURAREUNA LY DAVDILTITUVI BN UFNISUNR

Sopac (By-pass Switch)

AC Reactor

VSPP

T21

Bridge || { Bridge Bridge Bridgel_
L Celll | | Cell2 Cell3 Cell4

N\

Charging circuit

O>»0r

JUN 2.18 gUnsnidfinnNTeladnIeashuvuindviaewad el easyisa

NINNIINNUNBUAN1I8 Y153 (pre-charge state) : Nould1dan198¥135998 19 Spoac

unseua iTbinseualuanenwiunaglianiy Spac Aosnasinganisvsalaglniawes T1, T2,

o < & dl' s v ] sl 1 [ i [y =
TCL, TC2 UNTELAUARULNDYITVICAUNTELHETLDALADINYDYIITIALIY LUD IEAUNTLLATLDA

weashdganitreeanseualuaie Wsawes TC1, TC2 azgnivdeuyutinssiaiiasnusedu

nzuasuonmashv tneniuaulviawes T3, Ta iinszuafuniuuagnemiingsud Sy i

nzualuaeimuanariuuIadwadLadnd1ganieUns

dl €0 o a & a I
f19199N 2.1 E"ﬁq‘U’q‘Uﬂﬁﬂﬁ]’]ﬂﬂﬂi%LLﬁLLUUU'ﬁﬂﬂsﬁUWﬁNG]

v Y

INNAAY

anwaly aunsaliianssuarilasuen | aunsaldrdnnseuaviinsuen
LBSATLAYIIIRTVIST WasATLALLETLUUTANBLaE
lassashegunsel U 2.13 U 2.18
nseenuuuludnuurluga - 19
SLAUNTLURNNINAT - 2NDNLUUMESLOALNDSLEY
NEUARA995tuYIUINgN SUDALNDIAT SUDAMDIATLALLETY




20

nszuaanIsasiuluanzas SUOALNDIAT SUOALMDILOT
MgnIfinniey
NIzUATLOALADTATEIER TEAUNTEUATAIDT 2 WIYRINIELASLOALNDSAT
Tuan1zund
AMAULSIRAVISTIUBALNBSAT 52 kP
YUINVDISLOALNDIATY Tney an
fifnszuagUnsaifasth GR 2 WIYRINIELASLOALN DAY
Tuanigund
YUIANLDUUAIYIST 46 (1:100) x4

capacityvosszuulni




unil 3
N1399NLUURUNTAITINANTELEANINITEMTUTZUULITIAU

sEAUUIUNANY

3.1 mMswarsanaunsaldfanseuadnlasdmsuldnulussivussiuliunans

mslfldrmualiindalnivmnaiininn (vspp) wdarindslniiligeanlsiiu 10MVA,
W3eey 11-33kV [11] Imﬂumﬁﬁﬁaaaﬁlﬁaﬂﬁ%aﬁ’waaamiv‘mmmaqqﬂmcﬁﬁwfﬁ”@ﬂimmﬁiaﬁu
w3ssfu 2akv, rdslalfn 10MVA, nszua 240A Tng3snsinssgUnsaisnfanssuaty szt
gUnsnidAnnsuarooynsufuliaineifigui 3.1 nisfindsgunsaisinnseualussuuanuina

WaAnIRIgUN 3.2

115kV

=
=
Ul
TEY
N
B
~
<

104
104
104

VSPP1 VSPP2 VSPP3

5UN 3.1 lueadmiudaesnsinnureunsaliianszua
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LOAD

A [r—— .

Ay FeL p—— AN ——
B

q-' FCL p———""" AN —t

JUT 3.2 nsiefsgunsaldnnanszuadnIasuuuUIAIrangIadlusyuuaTILE

yndeensiluusegndldluiiainesues vspp Nsefuussiu 24Ky, fdaladin 10MVA

¥ '
<~ aa

Taglidaanislandondaslniinideansesunssautiolsesundaaildatswazaniunme

See

J

Jududenilniawesusieaynsuiuwieliaunsaldalussuulnin 24kv Favziiussiuasan

saa o 1

anAseNgUNIRidninNTERaeg 19.59 kv minfinnsanvniidatviawmesnidmvinelulagiuid

[ (%) '

NinussAuasanedn 6.5k waziinanszud 1,100A [12] Jsdndusdldlniamesiiuiu 4 dasie

14
] 6§ Aa o = v A k4

aunsuAuaIguil 3.3 wieansathlvidwesinameaduiuiadraluvindwasdsseneauly

Y o

melvsawes 4 i1 uagiuenwmeind 1 M 113U 4 USedwaduissaynsuiumagun 3.4

AC Reactor

_l_l

Grid
24kv

VSPP

Fault

sU# 3.3 gunsalinianszuaiuuuiadvidava

9
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AC Reactor
raYa'a'a\ Redundant
x| unit
Bridge . | Bridge | | Bridge| | Bridge I
Lceni |1 cei2 [T ceus |1 cella L
Grid
T11 T31 By-Pass Switch 24kv
VSPP Bridge Cell closed
— —— Fault
DC Reactor
T21 T4

Sbp (By-Pass Switch)

5UN 3.4 gunsaldmanssualuuuindviagwad

Y a ¢ cNY A ' sl A A @ = =
nsldvindwadiivenne luuiagiwaniniseeniuuiimileuiu mnlwadladsiaunse
Ungandrsesunuiilaudl ilidgdenisuingsdnwuazanduyu vananddaiuisaiiy
a s s A 9w a ¢ s o A 9 v s o | oA A
Uinduwadiieldunuuiadiwadiidume welgunsalvivnulaegsiinnuuiveiions

1A89UIUUIAIAE n D19AUIALARIN

Uim
n >
VRRM
24,000v2
U 19.59k
iyt FyrrT W T = 3.02
Peert 6.5k 6.5k
n =4

e Uy, fo Arwenvsusiulad-Tinsouvesszuulnin (peak)

8 AiALsIRNEIanninTawe sansanuld

Db

VRRM

n  fA® MNUIUUIALAA

3.1.1 A1599NULUUSHOALADIRT (L,)

AMBITLRALNBSIaTaLITaAUINlAAINNITIIAINITIEmesANe TAUA LT wnuasly

dl o 1 a & 1 L dn’ o dl ! a o 1 a0
aun159 2.1 TagmMuunAInsilnesa1eaall I, nMuuail 5 wirvesiinansyualuauds dan
Winfiu 1,200A, U, SRy 24/4/3 KV waz o Aernudidsuvesszuulni dawirdu 2nf

1oy f AAWYinAu 50Hz
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Un
wlg.

24 % 103

V3
L = =37 mH
@ 2 %50+ 1200 mn

a

[

9 ANDUANLAUTVDISLDALADTLOT

&
5)
h
Q
o))

'
[ a

I, f® vAvasnsELadnasiveulvlvatugunsaila

)

3

| (%

U, #o aussnulad-Tanseuvesssuulnidn (rms)

f o fe fmenudvesssuuliii

s

3.1.2 N1999NLUUSUBALADSAD (L,)

' = saa ° Y o i a 5 1 Ao Y

AmBIsLeALMBIATaNIsaA I wIlAaInnIshA s lmesasg idarualy unuadlu
aun159 2.4 Ingf1nuaAIwisinesanefeil Uy, Saiinu 2av2/4/3 kY, I, dauiiiu

2402 A uay f SAindu 50Hz leelunseenuuuiidennazuusesnidu 4 Usnswaa

Ulm

Lq(total) =

I,

2*<x/§*24*103>

V3

2 %1 %50 * (240\/2)
_ 367mH

o~

L,(total) = = 367mH

=91mH

=

= V = ey ¢ = saa
LD Ld(total) AR ANDUANLLAUYIINVDIILDALADINY

A I a 2 L4 sl

Lg A9 ANBUANUALTYDIIUBAMDIAT FD 1 19ATUTAY

A9 NIELAVDITLOALNDSAT IUANIILAIF

Im

3.1.3 MIMUUAAMNIUNIUARINAS (R))
ANUDIANAIUNIUAAIDTAUNTOAIUILAIINAITUIAIN T R e SAe g Annua LA
dl o U a 6 1 U dgj o dl ! a o a
wiuatluaunisi 3.1 IneivuerImsdmesanegaeil I fvuai 20 winvednsehaiiin den
WinAU 4800A, U,, avinfiu 24/4/3 kv lngmuualiiinnisaaisasiuian 5 lawda iesann

TnelUwanasAausNNesLin1935:aLNnN15an1995 lwatuseau 5 botda [9]
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U
Rp=— (3.1)

A I

We Ry A9 ANAIUAUNIUERINAT

3

v

If AB VUINVBDINITLLEANINAT
A I

Uy #o Angenvadisisulat-tnseuvessyuulnii

I, f® NTEUEYBISLOANDIATIUANTIZAIG

3.1.4 NSMAUALAEAYDISTUY (Zjy0a)

AlnanvesszuvausamuIalaannsinAImI i esae g invuald unuasluy
aun3n 3.2 - 3.5 lngiuuaminisifimasaresgaei tvualidusueafinlvan (R — L) AflAda

UsgnNoumaunInu 0.8, Ijpgg NWUAT 80% UDINTEUARAA HAUNIAU 190A, U, TALMAU
24/\[3 kv

Un

Zigga = (3.2)
Iload
Risad = Zioaq * €0S 0 = Z1pq4q * cos(cos™1(PF)) (3.3)
Xi-1oad = Zioaq * SINO = Z,q4 * sin( cos™L(PF)) (3.4)
XL—load XL—load
L = = 3.5
load ® 27'[f ( )

a A

Mo Zgg A9 AduiwaugsInvedlianlusyuy
Loaa A9 NIELAlANUITZUY

9 ANANUATUNIUTD AR

o)

Rload

Xi-loaa A8 ATSULBALAUTVRIL AR

R

I a

Livaa Ao ABUANUALGYIDdlan

PF Aa ANMIUTENBUNAIUBILan
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24 %103

V3

——— =72.92Q
190

Zioaa =
Rioad = Zioaq * €00 = 72.92 x cos(cos™1(0.8)) = 58.30Q
X1 —10ad = Zioqq * SinO = 72.92 x sin (cos~1(0.8)) = 43.7Q

 Xi-toaa 437

Lload— . —2*7_[*50:1397’".1'1

3.2 WUUINADILAZHANITINAINITLAULSIAU 24KV A8 1UswnsU PSIM

1598 319uazuUUIIa039UN T IAN STUALAAIAS JUN 3.5 wazguil 3.6 Fausznauly
AILTLOALNDTLET UNENILATINTUATUTATARIINIU 4 UIadwadsioaynsuiu lulsazuind

¢ o a a s saa ¢ = v a saa
L%ﬁaﬁ]gﬂigﬂ@U‘lﬂﬂﬁﬁlUiﬂﬂmiaLmai, DAL BDINDY LLag'J\ﬁ]?U'ﬁ"i]GUQW@awﬂimﬂUiLLaﬂLG\E]‘JW”U

Sopac (By-pass Switch)

AC Reactor

Bridge i | Bridge Bridge Bridge|_
i Celll || Cell2 Cell3 Cell4

L
\ ;
VSPP A
Fault | D
= T11 131
TC1L
‘: Jransformer
TCR \
\\\ \‘
@ Vcharge’
121

N A/\;\\\x,,,,,,/»/"/
Charging circuit

sUN 3.5 lassafegunsaldrianseuanlalunisdtaes
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rT)Sepac

0.2 37m

Bridge Cell 1st Bridge Cell 2nd Bridge Cell 3rd Bridge Cell 4rd
o N 2 o

Tuanuasszuy
0.1

1

/ : $58.3
5 139m

AIULDINTANINAS

0.1

i

U 3.6 wuudnaesgunsalinfianszualy PSIM

WeoRnwin1svitsuvesgunsaiinianssua 3siin1sdnasnrelusunsy PSIM lag

! a 5 o o €0 o 2 a
ﬁ'ﬂ/\l’]i’]llL@@im‘%ﬂUﬂ'1i'ﬂ]WaENﬂ?i%?ﬂ’]ﬂ%@ﬂ@ﬂﬂimf\]qﬂﬂﬂigLLﬂLLﬁﬂ\T@QGﬂiWQV] 3.1

A15199 3.1 ATNNSITADS NI IUNITINABINITYINIUNTLAURIIAUUIUNANT 24KV

deyanwal AU YA
72 usssuunasane (lav-lau) (rms) 24 kv
| 1 anuvesszuu g 50 Hz
It AUATUN UV DILIEIT Y 0.10
r ANUAUNILNE U 0.10
Vy wsarunnaseulnsames 1.1V
V, ussunnaseulalon 11V
Liood Aseualnan (rms) 190 A
L, DUANUAUGYDITULBALMDIAT o 1 19TTUIAY 91 mH
ry ANNAUNIUNElLTDS LBANBSAT 020
Lo DUANWAUTVDISLBALIBSLET 37 mH
r ANUAmUnuUNgluressueAnesLed 0.2 Q
Ziood | dNALAUG AN 58.3 +j43.7 Q
R AUAIUNUGAIIRT 30
Virorge | $399U153 (rms) 220 V
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mnlifesnslimganadeudessuulniivnguningunsalidnluluszuy asdesiinini
UNEN1AaIAD Sppac LT Iugﬂﬁ 3.7 LAMINSLLASLOALADSATLALLEYIUYINDULNSTA
gunsalidnlulussuy dauﬁqﬂmaﬁnféuﬁwm (pre-charge state) wLUANITNIIU Sppac NI
nsvualuanetmunlnanu Sbpac ABNNLUGAN1I¥Y15] (charging state) Tnadurnisynsas
woAnpsATseaTvsalnelilnsames TCL, TC2 thnszuafiunay vilwlugiasunsineu
vosgunsalaiinesfniioutuiesannssualuaglildinduenmesituazied Wonsuas
u,aﬂma%ﬁ%gmdﬁﬁwamsu'emsmalumaﬁﬁwLmu'wmmam 1 ﬁ%mﬁaugmﬁmsmmaﬂlw%
dmes TC1, TC2 Wlosnwsesunseuasnonnesaa sauﬁ%mmﬂﬁuﬁazu%mfilﬁnaéﬂwﬂizu,alﬁm
adu vlnszualuansuisdiy Tnaruuindived deundisuudemuneaiay 2 Lﬁam'haamwﬂﬂa

AagnyAN137U Sponc WiiBliinsualuaneimualwanuusadiwad

Syoac inserted bridge cell inserted Sppac disconnected
/ Pre-charge state \ \Normal operation

400 lgc ¥ ?
200 I oA
T e R
0 ———=Va. GVE 1|
: i \u l’ I
| v
-200 —r\.j VA
-400
0 0.05 0.1 0.15 0.2 0.25

JUN 3.7 SUPRUNTEUAIAGUIENE, NTUASULOALNBTATLALNTELATHOAMEIIOTIUANTIEYNTT

Tuan1I2dn 1997 NITRARNIRTILYNANALALILDAWMBTRTVINTY YL siuLmEdnY
ANATBNSLOALNDSLBTAIFUN 3.8 fAuuduinuswiuanasaulniamesuarsuonnasatiagun 3.9
=i = 2 Vv - a ¢ s o0 qw 9 ] = s =~ s
warguM 3.10 Fazmulainnisuiadu 4 Uiadwadiiussiunnaseulvsamesuagiieninasa

= | 1 % = = ] v a s =
YIZONLUILVINNU LAADENEN Va WNNUBDALIIAUILDALADILDY
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10K "r/\ /\

" NiNANANAN S

VRYRYRERY

VV VYV
Time (s)

5UN 3.8 sUPauLTIRUSHeAWaTaTluaN1IZEn RS

T31 T T2 Ta3 Tss

T34

T Tar T2 Tar

t £ Taz

]
Toa

Taa

(kV) Fault condition Fault condition Fault condition Fault condition

4 | |

LG TANANAAAN 2
4 g, O I SIS V[V 00 | V13 bbbty i T4 1)

4 |

o EA AR e R AV
-4 1§ & S AT, (RSB HAREEE VAN K| TS5V}

4 ,

0 e e — e
AN\ Ts2. fe B, Hlas 4 4

!

4 .

0 — f ‘

4 T, e 1 T2 Ta3 o e

5UN 3.9 sUndulssdulvsawmesluan1izdnians




30

Normal operation _ Fault condition _ After fault _
A Voo )
4K \\
4K Ve, ~
4K \
4K Vs ~
4K \
4K VDC4 A
4K %

0.28 0.32 0.36 04 0.44
Time (s)
sUTl 3.10 sURAULTIRUSLEAWasATYR AL USAdIad
Normal operation _ Fault condition _ Afterfault _
7

450 [V\-—-A
400 / \
350 / \

300 W""""j \

L

500 1\ 3.4 5 6

_/——n—./-

250

0.28 0.32 0.36 0.4 0.44
Time (s)

JUN 3.11 JUARUNTEULASHOALRDIATIUANTILENI9T

JUT 3.11 UanaNIeuatlennesigiuan1iednIs Welindnieasty (e 1nsewd

a

SueAnaIATazINgutaUsEN 2 Wieinseuaund Tuvaeiinn13dnl99sTuas 1ignis

AuAukuUlnaudase (muneia 2) lneveatinsewalvsawes T1, T2, TCL, TC2 vilvinssuadn
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Ivarunsouvadhnmsmiaguraialefausnyesnisdnias udmuauionsaunday
ndugszuumnetas 3) tnedsuyaniinssua T1. T4 figa120° siosnazaruausienisinaly
Saszdnads (mneiay 4) lugdaduaziuliissdunssuaiuenmesadegmniiluaniizdnd 39
muaulnIawmes TC1, TC2 Thnseuadiuniy (runelae 5) Wiesnseiunssuaiiennosngau
\denszuaiuennesivgilndifesiuluaniizund (muneiav 6) Juvdsunuiinszuavesind
awmef TC1, TC2 ildnwnsziunszuaiuoninesadronilonisdmeasgnidnesnainssuunia

(Maneway 7) Akdanizun@idnes

Normal operation _ Fault condition After fault

2K

» AR A\
/ i R
A

R APRY

—— AC reactor current
2K | = DC reactor current |
0.28 0.32 0.36 0.4 0.44
Time (s)
JUN 3.12 sUPAUNSEUASLOALDSTLATATIUAN1IEAR99S
Normal operation = Fault condition __After fault
4K
= NZAL A e
2K o
c
: ANAS AN
OK o ’A\”A\J ”;\-"A\’
=
: WAV VAN
2K 2
S e T\
—— Withou
4K | —with el
0.28 0.32 0.36 04 0.44

Time (s)

(%
Y

5UN 3.13 sundunszualuaediefnduazlilafadsgunsaidiinnssua

Y
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A Transformerless Multi-Cell Solid-State Fault
Current Limiter for Medium Voltage Power
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Abstract—This paper proposes a transformerless solid-
state fault current limiter composed of multiple cells of
single-phase bridge controlled rectifier with DC reactor
and an AC reactor connected in parallel with cascaded
rectifier cells performing current limiting in steady state.
The proposed fault current limiter can be used in medium-
voltage power system without power transformer so the
system is more compact. With modular design of each
rectifier cell, the construction and maintenance of the system
could also be simplified. In this paper, the circuit designs,
the computer simulation and the construction of the solid-
state fault current limiter prototype are presented. The
simulation and experimental results show that the proposed
fault current limiter can operate properly.

Keywords—solid-state fault current limiter , fault , distri-
bution system , bridge-type FCL

I. INTRODUCTION

At the present, the demand of using electricity is
increased and the government promote electrical genera-
tion from renewable energy, e.g., PV, wind turbine, and
biomass. The expansion of the electrical grid by new
installations or interconnections and the proliferation of
renewable energy resources increase the fault current level
in the power system. Changing new protection devices to
cope with the increased fault current level is expensive
and complicates the setting for protection coordination.
Fault current limiter (FCL) can help solve this problem
because it is transparent (zero impedance) during normal
operation of the power system. During fault the FCL’s
impedance increases, the fault current is limited to the
safety operating range of the installed protection devices.

Several types of FCL have been proposed such as
resonance-type, series switch-type and bridge-type [1-5].
The solid-state switch FCL has been applied to medium
and high voltage power system because the solid-state
switch has higher voltage and current rating, is simple
to control, has high reliability and doesnt need thermal
management that reduce cost to thermal management
system [1]. At high voltage level, transformer is needed.
However, at medium voltage level, transformer-less FCL
is considered possible used in the distribution feeders.

The solid-state bridge FCL with DC and AC reactors
has been prosed and studied [1-4]. When fault occurred,
both reactors will automatically limit fault current at the
first peak without delay. After a short period, the DC
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reactor is bypassed and only the AC reactor limits the
fault current. Having the AC reactor helps reduce the heat
and size of the DC reactor.

When applying the FCL in medium or high voltage
system. FCL with transformer has been used [4]. The dis-
advantages of using transformer are high volume, weight,
and cost [4]. In this paper, a transformerless multi-cell
solid-state bridge FCL (MC-SSB FCL) is proposed and
developed. Each bridge cell is modular or has the same
design and specifications. The proposed transformerless
MC-SSB FCL would be more compact, simple to build,
easy to maintenance and high reliability.

In this paper, the circuit designs, the computer simu-
lation and the construction of the solid-state fault current
limiter prototype are presented. The simulation and ex-
perimental results will be discussed.

II. CONSIDERATION AND PRINCIPLE OF OPERATION
A. FCL configuration for medium voltage system

AC Reactor
T rYIVvEVNeE

DC -
Reactor

_'_|

Grid
24kv

VSPP

Fault

Fig. 1. Single-phase solid-state bridge fault current limiter

Fig. 1 shows the construction of a single-phase SSB
FCL. The proposed SSB FCL is expected to be used
in very small power producer (VSPP) feeder that has
24kV voltage rating and 10 MVA power capacity. The
step-down transformer is not used to reduce the cost and
installation space. the SSB thyristors must withstand the
system voltage up to 19.59kV, this result in using four
6.5k V-rating thyristors connecting in series or sixteen
thyristors per phase in total. In this case only one large
DC reactor is used. An alternative approach is to use
four bridge cells connecting in series. Each cell has four
6.5k V-rating thyristors and a quarter size DC reactor. This
is called multi-cell solid-state bridge fault current limiter
(MC-SSB FCL) in this paper. These cells are identical,



and the MC-SSB FCL shares the concept of modular
design for construction, control and maintenance. The
proposed MC-SSB FCL is shown in Fig. 2, to increase
the reliability, another cell is added to the system, and
each cell also have one by-pass switch. If one cell fails,
it can be bypassed and the redundant cell can be activated.

B. Operation principles

The FCL have three modes of operation; charging
mode, normal operation mode, and fault condition mode.
Charging mode:For simplicity, in this study, the DC
reactor will be naturally charged by the system voltage to
the peak value of the line current within a several cycles.
In practical, an auxiliary power supply can be used to
pre-charge the dc reactor before inserting the FCL into
the feeder. The auxiliary power supply also compensates
for conduction loss in thyristor and DC reactor to avoid
line voltage distortion. Normal operation mode: When
the DC reactor current reaches steady state, the reactance
of the DC reactor disappears, almost the line current
passes through the DC reactor. The forward voltage of
the thyristors and resistance of the DC reactor cause a
small voltage drop across the AC reactor resulting in a
small line current pass through the AC reactor. Fault
condition mode: When fault occurs, the fault current
rises above the DC reactor current, the fault current will
pass through both DC and AC reactors. The DC reactor
current reaches its maximum designed value within the
first half cycle and all of bridge cells will be disconnected
from the system by turning off one arm of the bridge
thyristors. The DC reactor current freewheels through
another arm of the bridge thyristors. All of the fault
current flows through the AC reactor and is limited only
by AC reactor impedance. To suppress temperature rising
in the DC reactor due to high current, the bridge cells are
reconnected to the system again by entering the inversion
control. The DC reactor current is discharged into the
system. When the DC current level was a little above
the normal peak line current, the bridge cells enter the
freewheeling again for maintaining the current level.

After fault is cleared, the bridge cells enter the charg-
ing and normal operation, respectively. Fig. 3 shows the
state diagram of the operation of the FCL.

The value of AC reactor is determined by the fault
current level that allow pass through the system [,. as
described by (1), where w is angular frequency of the

AC Reactor
Y YL Redundant
____________  unit
|| Bridge || Bridge Bridge Bridge
iLCelld || Cell2 Cell3 Cella
TN Grid
T11 By-Pass Switch 24kvV

131

VspP Bridge Cell closed

It

Fau

™
DC Reactor

T21) T41

Sep1 (By-Pass Switch)

Fig. 2. Multi-cell solid-state bridge fault current limiter

The 2018 International Power Electronics Conference

system and U, is the system voltage.
Un

wlge

L, (1

The optimal value of each DC reactor is determined
in (2) [2].
12U,
A wly,

Lq 2

where Im is the DC reactor current in steady state.
Ui, is the peak voltage of DC reactor. The DC reactor
current within a half cycle of fault condition does not
exceed two times the normal DC reactor current.

C. Compensation for voltage distortion during normal
operation

In practical, internal resistance of DC reactor rdc,
and voltage drop across thyristor VT represent power
losses and lower power quality in the system during
normal operation. So, charging circuits are used to solve
this problem. In normal operation mode, the DC reactor
current is discharged via internal resistance of DC reactor
and thyristors that cause the DC reactor current level
lower than the line peak current. So, the voltage distortion
of the load side is noticeable. The role of charging
circuit, which is a controllable DC voltage source, is to
compensate for voltage drop across the thyristors and DC
reactor and also to maintain the DC reactor current level
above the peak line current to avoid voltage distortion
during rapid line current raise.

ITI. SIMULATION RESULTS

A. Simulation results without charging circuit in 24kV

In this section, the simulation of MC-SSB FCL is
discussed. The important parameters for the simulation
are shown in Table T for 24kV system. The system
configuration is shown in Fig. 4.

The waveforms of fault current with and without FCL
are compared in Fig. 5. The fault current is limited to

Fault occurs Fault is detected

1

_ Faultis cleared
5

Normal

operation

L 4
lyc is a little re

than Iline—peak

nversion 3
control t 1nZdO degree
mode of 2™ cycle

Fig. 3. State diagram of the operation of the FCL
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the designed value in steady-state. The DC reactor current
waveform is shown in Fig. 6. The DC reactor current
reaches it maximum value about twice the normal value at
the first half cycle. The current stops increasing due to the
bridge cells enter the freewheeling mode. About one cycle
later, the bridge cells enter inversion mode, the DC reactor
current decreases rapidly. A little later, the bridge cells
enter the freewheeling mode again the DC reactor current
gradually decreases. Fig. 7 shows the voltage across
the AC reactor. There is small voltage drop across the
AC reactor at normal operation due to thyristor forward
voltage and DC reactor resistance. During fault, nearly
all the system voltage drops across the AC reactor and
the fault current is limited by the AC reactor impedance.

Fig. 8 and Fig. 9 show the voltage drop across each
thyristor in each bridge cell. An equal voltage sharing
between the cells is obtained.

TABLE 1. SIMULATION PARAMETERS AT 24KV
Symbol Meaning Value
Vs Source voltage (line-line) (rms) 24 kV
f Power system frequency 50 Hz
T Source resistance 0.1 Q
rr Line resistance 0.1 Q
Vr Voltage drop across thyristor 1.1V
Vb Voltage drop across diode 0.8V
Lgc DC reactor inductance (per cell) 91 mH
Tde DC reactor resistance (per cell) 0.2 Q
Lge AC reactor inductance 37 mH
Taec AC reactor resistance 02 Q
Tload Load resistance 58.3 Q
Livad Load inductance 139 mH
Ty Fault resistance b X))
Veharge Charging voltage (rms) 220 V

AC Reactor

”””””” L
VSPP \ 0
A
1 Ti1 131 Fault | d
DC Reactor
T21 T41
Fig. 4. Solid-state bridge FCL configuration without charging
Normal operation Fault condition - After fault
4 _ [ Without FCL
< | FCLis installed /\
27
c
: AN~
0 S N~/ N
o
2 g
£
4
0.28 0.32 0.36 0.4 0.44

Time (s)

Fig. 5. Comparing line current between FCL is installed and without
FCL in normal operation, fault condition and after fault
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B. Simulation results with charging circuit in 24kV

In this section, we add the charging circuits in each
cell and bypass switch Sypac. The charging circuit param-
eters that consist of voltage drop across diode and V charge
are shown in Table I. The system configuration is shown
in Fig. 10. In Fig. 11 shows the comparing DC reactor
current with and without charging circuits. If the charging

. Normal operatiop Fault condition After fault
450 <
400 g
350 5 Freewheel

o
300 é Inversion

% control
250 & —
200 8

0.26 0.3 0.34 0.38 0.42

Time (s)

Fig. 6. DC reactor current in first bridge cell in normal operation, fault
condition and after fault
After fault

Normal operation Fault condition

20

i [
S o o
o AC reactor voltage (kV)

.26 0.3 0.34 0.38 0.42
Time (s)

Fig. 7. AC reactor voltage in normal operation, fault condition and
after fault
29, Fault condition PogisPres Fault condition Post-
(kv)fault fault fault fault
; A AVAVAVAES

-

[S=VAVAVAVAVA'S
|SEVAVAVAVAVAYS

0.35
Time (s)

03 0.35 0.4
Time (s)

Fig. 8. Voltage drop across thyristors T1 and T2 in every bridge cell
Pre- Fault condition Post- Pre- Fault condition Post-
kv fault fault fault Elt
4 (VT
SV |
4 VT,
{2 w
g VTs; 1 V43
-4
E;) VT3 1 VTag
03 035 0.4 03 035 0.4
Time (s) Time (s)
Fig. 9. Voltage drop across thyristors T3 and T4 in every bridge cell



circuits are not installed, the DC reactor current level is
below the peak line current, So the distortion at the peak
load voltage is noticeable as shown in Fig. 12.

In the case of using charging circuits in the bridge
cell, the by-pass switch Sypacis inserted in parallel with
AC reactor during DC reactors charging state.

operationprinciple: Pre-charge state, the Sppac Will
be closed to conduct all of the line current. In charge
state, T1, T2, TC1 and TC2 in every bridge cell is
full conduction to charge the DC reactor current level.
When the DC reactor current level is above the peak

Sseac (By-pass Switch)

AC Reactor

i Bridge Bridge Bridge
1L Celll Cell2 Cell3

Cell4

L
o]
VSPP A
Fault |D
Transformer \\\
!
\
@Vmarg&r
/
P
-
Charging circuit ]
Fig. 10.  Solid-state bridge FCL configuration with charging circuits

in simulation

—— DC reactor current with charging circuit
——— DC reactor current without charging circuit
Line current

Pre normal operation Normal operation

400 change firing angle of
TCland TC2 e

200

200 oSS e
-400

0 0.05 0.1 0.15 0.2
Time (s)
Fig. 11.  Comparing between DC reactor current with and without

charging circuits

Load voltage with charging circuit Distortion at peak

load voltage
4

Load voltage without charging circuit

(V) Pre normal operation ( Normal operation
20K
10K
0K
-10K
-20K
0 0.05 0.1 0.15 0.2
Time (s)

Fig. 12.  Comparing load voltage with and without charging circuits
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line current, the TC1 and TC2 will be controlled with
some firing angle to maintain the DC reactor current level.
Subsequently, T3 and T4 will be in full conduction and
the line current will pass through bridge cell. The next,
Sppac will be opened to change the conduction path to
the bridge cell and enter the normal operation. When the
charging circuits are installed in every bridge cell and DC
reactor current level is maintained above the peak line
current, the voltage drop across all bridge cell is almost
to zero and no current flow through AC reactor and there
is no distortion on load voltage side.

IV. EXPERIMENTAL RESULTS
A. Experimantal results without charging circuit

Due to various limitations, a prototype of MC-SSB
FCL has been built for a single-phase 220 V system to
verify the operations. The picture of the system is shown
in Fig. 13. The important parameters of the prototype
are shown in Table II. The charging circuit is not used.

Fig. 14 shows AC reactor voltage and line current. In
fault condition, the line current is limited to the designed
level around 20Arms in steady-state. The voltage across
the AC reactor during normal condition is easily observed
owning to operation at low voltage system. Fig. 15 shows
the DC reactor current and AC reactor current. Under
freewheeling and inversion control the DC reactor current
decreases faster compared to the simulation results due
to lower time constant of the prototype system. The

TABLE 1I. EXPERIMENTAL PARAMETERS AT 220V
Symbol Meaning Value
Vs Source voltage (line-neutral) (rms) 220 V
f Power system frequency 50 Hz
Lge DC reactor inductance (per cell) 70 mH
Tde DC reactor resistance (per cell) 0.2 Q
Lac AC reactor inductance 35 mH
s AC reactor resistance 24 Q
Tload Load resistance 352 Q)
Liocad Load inductance 84 mH
rf Fault resistance 293 Q
Veharge Charging voltage (rms) 12V

e I
thyristor
i

11
P

FCel ] gt

Fig. 13. FCL prototype in laboratory operating at 220V



operation of the bridge cells is in accordant with those of
the simulations.

N : . >

~ Post-fault _

Pre-fault

During fault

15A/div.

Fig. 14. AC reactor voltage and line current (voltage/division = 100V,
current/division = 15A, time/division = 20ms)

i

Freewheellng

Fig. 15. DC reactor current in first bridge cell (current/division = 2A,
time/division = 20ms)

Fig. 16 shows the voltage drop across each thyristor
in each bridge cell. Almost equal voltage sharing between
each cell is obtained. The waveforms are quite identical to
those of the simulations on 24kV system. Fig. 17 shows
the DC reactor current, line current and output voltage in
normal operation. The distortion is noticeable when the
DC reactor current is below the load peak current.

B. Experimantal results with charging circuit

In this experiment, the charging circuits, which in-
cludes 12V isolation transformer, two thyristors and two
diodes, are added to each cell. Fig. 18 shows AC reactor
voltage and line current. The waveforms in fault condition
are similar to those of the experiments without charging
circuits. However, the AC reactor voltage in normal
operation is nearly zero so that no distortion occurs on
the output voltage. Fig. 19 shows DC reactor current
and AC reactor current in fault condition. After inversion
control was applied, the DC reactor current dropped
below the line peak current. The DC reactor was re-
charged by controlling TC1 and TC2 in full conduction,
after reaching the required level they were controlled with
some firing angle to maintain the DC reactor current level.

Fig. 20shows the voltage drop across each thyristor
in each cell. Equal voltage sharing between each cell is
obtained.
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Durmg fault

T
T2
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Fig. 16.  Voltage drop across thyristors in every bridge cell (volt-
age/division = 50V, time/division = 20ms)

Fig. 17.
(voltage/division = 50V, time/division = Sms)

DC reactor current, line peak current, output voltage

D4 Mainzlok 2

-~ 100V/diy
_Post-fault

15A/d|v

Fig. 18. AC reactor voltage, line current with charging circuit
(voltage/division = 100V, current/division = 15A, time/division = 20ms)
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During fault

>

Post-fault .

Fig. 19.
2A, time/division = 20ms)

DC reactor current with charging circuit (current/division =

The output voltage distortion disappears when the DC
reactor current level is maintained above the line peak
current. This can be confirmed in Fig. 21.

r—+——.During fault
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Tal

Fig. 20.
charging circuit (voltage/division = 50V, time/division = 20ms)

Voltage drop across thyristors in every bridge cell with
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Fig. 21.

DC reactor current, line peak current, output voltage with

charging circuit (voltage/division = 50V, time/division = Sms)
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V. CONCLUSION

A tranformerless MC-SSB FCL has been proposed

and the operation principle has been explained. The sim-
ulation results for the 24kV system has been carried out.
The simulation results confirm the principle of operation.
A 220V prototype single-phase FCL has been built to
validate to validity of the proposed control method. The
experimental results show that the prototype FCL operates
as expected. The line current is limited to the designed
value. The voltage sharing between each bridge cell is
acceptable. The voltage across AC reactor during normal
operation can be mitigated using auxiliary power supply
for each bridge cell.
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