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KOKIAT AODSUP : ANALYSIS AND DESIGN OF LIGHTNING
PROTECTION SYSTEMS FOR ELECTRIC RAILWAY SYSTEMS.
THESIS ADVISOR : ASSOC. PROF. THANATCHAI

KULWORAWANICHPONG, Ph.D., 208 PP.

LIGHTNING PROTECHTION/HIGH SPEED TRAIN /SURGE PROPAGATION
FINITE DIFFERENTIAL TIME DOMAIN/FINITE ELEMENT/AUTO

TRANSFORMER

This research presented the design of the lightning protection systems for
high-speed railway systems. The rolling sphere method was employed to determine
the locations of overhead ground wire installation for the Airport Rail Link (ARL)
and Chinese high-speed railway systems. The analyses of a travelling wave by the
finite difference time domain method. The analyses of the back flashover from the
refracted voltage and surge from lightning striking at the power poles with different
resistances of ground were presented. Also, the analysis of the travelling wave in
catenary wires by using the finite difference time domain was studied to characterize
the surge voltages from back flashover and direct lightning strike at the catenary wires
when those travelling voltage waves approached the location of surge arrester
installation. The last part of this research took on the analysis of the effects of surge
voltage on the electric field in an autotransformer of high-speed railway systems by
the finite element method. The result of the design of the overhead ground wire
location using the rolling sphere method with protection level 1 showed that none of

the catenary structure touched the sphere. For the analysis result of travelling waves




in the overhead ground wire at the grounded point using the finite difference time
domain method, the higher ground resistance caused the higher refracted voltage and
the lower reflected voltage of the travelling wave. Given the analysis of back
flashover occurrence due to the refracted of the travelling wave and direct lightning
strike at the power pole when considering the same current and ground resistance for
both cases, the back flashover resulted only from the direct lightning strike, i.e. the
back flashover voltage was greater than the refracted voltage of the travelling wave.
For the effects of the electric field in an autotransformer due to the surge voltage, the
electric field strength of the insulated oil in the autotransformer with surge arrester
installation could cope with the normal operating voltage, therefore, there was no
breakdown or any discharge in the autotransformer. In the case of the direct lightning
strike at the power pole with the peak current of -100 kA and considering the
autotransformer without surge arrester instalflation and the ground resistance of over 7
ohm, the back flashover occurred discharge in the autotransformer. Likewise, the
direct lightning strike at the catenary wire at the current peak of more than -70 kA
also caused discharge in the autotransformer. The results can be summarized that the
installation of the overhead ground wire together with the low ground resistance
helped prevent the back flashover. Accordingly, the installation of surge arresters was
very essential to reduce the adverse effects of electric field due to lightning surge on

the autotransformer and catenary system.
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—f— Overlap FS Feeder substation
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® Normally opened circuit breaker ITSC Intermediate track sectioning cabin

51U 3.7 manredida liihdmsosaluneg

323, Jassaheszuumenienliimaeima dimiuse nihawsiga

) @ ' v o = 1 A A
AINITUITCUUAIYINYAIUINIADINA LLWHI“VIﬂiW\Iﬂ’EI’NHJUQﬂﬂ‘imVIN

P4

o w < { o 1 v v W a
anudanunn mazduganse ihduszuuae lwndudany dndnmsenunuInnsiu
aIgnAIUANAITANdARLT IR LY MIndewihdudauagminneennnaledefodsIasa
] 1Y a A o Y ! ' =2 g 2 A
nietlestumaiialseneliini ¥ aredeazulssoudn vaois23u tilesainszuu
so lihwnunszuaaduihraunszaunssinliihge aoiisenszua laihiidndensaiel

Y
T1d5zezn19lna Tearvisadadsandrenszua i 13vi1a0u'ld Tasindudraadne

Q Q

1 4
nszue Wihwmianiidesvzannsatienszuea Ilihldszezniaszana 50-100 km Yuegi

'wuumiiiwﬂizm“lwﬁwﬁLﬁ@ﬂi%’gmzmmwmmjwuawmmaimﬁ'umuﬁusa‘lw



metalize carbon

upperarm

guiding rod

lower arm
o — lifting

/ device
~ =)

support
insulators







Vertical
additional system
height (SH)

* Component above
MV =30 mm

= Uplift pantograph
passing = 20 mm
(dynamic only)

» Construclion
tolerance = 30 mm

sH=160m
CWH=480m
DFP=27tad5m

L=+ 35m

!
|'| 1 r'—r|| s
- — e _]
N | v
R | (!
W | i
WA II. i
| |
| _|_ )
L
o Sgpaem
THE AR 16 L DN W ], TR G SRR RN | O
o it g
o

[T TN

e e e
2 N ¥ T |
| -

4

N unfit: m
= f Fecder
P rn%citwg
re Messenger
— | =228 \Wire
N
l""n! 8.2 I| -
4 ] —
e e ——— -‘l _“
= L 1.21 Contace
= = ire
S 3 2
o = 5
23




27

3.2.4.  szuudasigmsiauruvivenlasesln

szuumsnwide lihldfuszuuse dihdmsusa ldihanuSgedai

Tanaruwdidedu I 3 szuu e szuumsnelnTasase szuumsteriuwdoutayd
J 1 1 £ [ A
9e3 wazszuumMINeuntelates Ia dwaaslugli 3.12

Power substation

0 e I

% g | Overhead contact

(@) szuuminglilagasa

Power substation

e [ B e e

1 1 11

Overhead contact

3 &

BT BT .

§ Running rails

1 ] 4
(b) izuu%18w1uwﬁagtﬂaquaxmas

E Power substation

Feeder
I
AT AT
L ] !
Overhead contact
Running rails

() szuunermunonlaiesln

‘l.l‘ﬁ 3.12 ﬁ“IJLL‘U‘Uﬂﬁ%']EJUl“V\IiJWIi*ﬂu‘UﬂQi Uﬂiﬂul‘l’\l‘lmﬂi yuaaay (‘.ﬁuﬂ“ﬁﬁl 2560)






29

o o <
N1IDBNUUUNITVIUIUIDUNITNHUAAIA YHUIAUDIVAAIA LASHUNULIHANU DI
wioutlases Invuia 10 MVA ugaslumanun n glunulassasrumeluvesndonilasoo

Tad lannmseenuu uaaslugii 3.14

>
>

— 480 mm —>

| N | : i ——
ol ¥ ¢ 3 1 e I [ mﬂajﬂ\ |
T - g
=
HAUIYAN UpuLtrHan S
£ E W% 17(% g
£ E S €
(=] [an] = — i
a8 2 z z
o - = =
' |
| . I
I I :I 1 (!
= 390 mm :»i':—r——
_r— AN > le VAN >

..:!T': - T —- r -4

A

1,070 mm >
el o ile

<
<

51l 3.14 Tassadumelunsfondases Tadmsusa Tuihanwsaga vua 10 Mva

v =
3.3.  hwwazmssenuuumaAuIwe 1IN
1 g 4 AA 1 1 a ]
s ingmseinesssumnandwwansznuaeszuu i msmaihr1dins
Aa 1 £ g A A 1 o [ a 9 = A
nsanInmatendssy yuilusesn ldendmisunssuauinsvesdaulueda 3o
o’cy = 9 Y I =K @ 19ax v W A o da
wypdt &9 lduaadddmiudinnundrveswan wann 14§35 flesiudes niensnidau
1 <3 A A [ 9 ] £ 9 [
nnihi winweswudsmihngnnuds v uazanudouninihidi Fawanwudrleiinms
sl v £ v A 20 1%0d13 v N 2 s A
mafhrgnaivunwszd lumwilewnin ldnaniumnuszises My eaeihaan
[ 4 v v 7 L 1 { a ]
lunddglsd uazdszmadangy 1di¥enaerwuniunuszalaluad lugaesimaie
~ (=1 9}& 1 1 o A o 9 9 [ < 1 A
wind liiinnuiFenazsisuia uazuenuezderiiieeenla ed1elsnaunguynnani

Yq 9 ' <3| 9 o A A 19 ¥ a ' A
ﬂ?WNEiWLW@]‘Na')”I !ﬂuﬂ15'ﬁi1Qﬂ3111f’TuﬁgLVIf’]u1u@1ﬂTﬁLW@lluilﬁlﬂﬂﬂQWN@]@Lu@QﬂlﬂQ

Y v Y

9 a ] 1 dl o dy d' o Y =)
LE‘TLWINﬂ"IiLﬂﬂ‘ﬁ"IN”I ualun qﬂﬂﬁﬂi%%iuhlﬂﬂﬂﬁﬂﬁ”mluﬂﬂﬁnﬂﬂﬂﬁ@@i1ﬂ"ﬁﬂ’.ﬂiﬂﬁﬂﬁ”lﬂ

U



30

9
AAa J.

A 4 = A oA ~ A a a A L.
INHNIDNUU Gluﬂ f.71. 1784 NﬁUQﬁ@ﬂﬂWNWﬂluﬁlULN@QNUUﬂ 1394 “A Proof that the ringing of

. <] 1
bells during thunderstorms may be more dangerous than useful” Lef aaliunluszezina 33 9

v A

s 1 3 { 3
ﬂa’lﬂﬂ@ﬂllﬁauﬂl@ﬁiﬂﬁﬂgﬂﬁhl}ﬂ 386 59 VAUZNNUHIULALTERUNANITIHY 103 A5

14 %

1 o Jda
Tudl a.et. 1388 D9 A, 1762 anudenieaoninddu ldgniiuiindoyald Taono
@ J J A a A a = 3 o
sraiaesuasa Tuloania NUANNGIlsnm 100 m AanNUEENIY 6 AT LazINa1e 3
Y
GRS
@ a ] o ! o 3 { {3 a
wasnauuuazdulvggniunldlusaissun 18 Seduilunazdesdianuiinuau
' o a 4= 4 1 su @ a { <
Yuvnalug lusuldduuesTuadnmegnly msteoudeveseen Tuasnuduldauingy
a § [ a [ a a -4 { 4
Meanilu gedawaliinaouasiedenss 1l a.a. 1769 autluvuia 100 ton sziievun Tuad
Tutlszmesaae IATAFeFIA 3000 Av T A8, 1865 walios 4000 au 1deTFImileanilun
[ a 4 4 4 ] 1 [ 1S
aglurtoaldauuosTuadudaoiuuume Tama gnyaruiudieir wuRernudhruiy
aung I iinanssiaNARIaIINEUDINMIS
A Yo ' 1 = o ) =) 13
Folunzialdsumaannihdsu@endu anmsdrisrvveuselulszmeadinguudas
Y < ' = a = & i AR
Tiriuanlu 161 (a.a. 1799 — a.A. 1815) thAANUEEH8 150 AF3 wonnilludl a.a. 1798
A o = Yo = 1
FosudmilIdsuanudeiennie

ao 4 o o a
1N IaMsveswybd uagmsane MldTdaunerewaiiangpi uazdiesuie

U

a 1 o (% I ] a a A
famsinai wazgnsaidwmsutlesnuainihint 1udl a.a.1746 iuadiu udsenau Sudu
{ o 1 s o 4 4
nagou wag Anvuneanuihniuas Wi TaeldTamdau mdunanmsathinlulomdau
9 1A Q’ [ 1 = = d‘ = 4 a [
laun &, nav wazanbe3Ul1e a.8.1750 wideuduouveu ines aoaaudu luaouaou

o v Aa o a o Y @ a 1 o I
TagringuonsnaaeInuusNY ﬂ’f]aaUﬂWﬂﬁWﬁlﬂuGI'JLL‘V]UGU’E]\?LW‘Iﬁ\?ﬂﬁllﬂ'\‘lLf)ﬂﬁTiﬁ'lﬂﬁU

a

o v v A v
WU IUNTHTVOS Philosophical transactions of the royal society N1INANNINUNUUITNY

~
A

' 3 v Aa o 1 < J g
ﬂﬁgﬂﬂ‘ﬂﬁl'}ﬂﬂ'ﬁ'ﬂﬂllﬂ%‘ﬁaﬂ 6-9m %’Nﬂuu‘iﬂﬂ ﬁ'lua'NGU’E;JQT%H“LJHJULLW@@W‘I@'NJ‘?QUJU

9 dy a 1 a Yo av A 1 J Yo o 1 <
TEHURUIUITINWUAY “If’NLﬂﬂW1€ﬂ14uﬂ?ﬂﬂﬂu@gﬂullwaﬁwﬂﬁuclﬁﬁwWﬁllﬂ\uﬂaﬂ Uag

v Y

a9 d' = o A A = []
aaﬂmwuaaﬂums’mﬁammmiﬁﬂﬁﬂaaﬂummmmmmsa"lu

e
=o

g

2D

a a a { v 4 J I
Tudeuiiguiou 1 a.4.1792 uvlsenan lddunuiTnadeunandi ilesnnunaman

9 = 1 £ A a K% U d%l A a 1
doalinnuenminindinyuagnasegnudistuiuluemavaz inanigdu wany 1

§ < o J o '
wioteile U Indnauandsingusgme Tdhundaisvewuninmanaassiid ldndunui
4 ' a Y u’d’ a o
Usingmisal fhwav fh¥es wagihr1 inanndszy Wi lueinia ndesamiuuudsind ud

a s 1 1< v @ { '

awsodszavgmeaoi IdidlunuusnTaser lanzae 13nuseanonosige q udraeae

anaaandeau Fuilumsiloadudrildnande luih 1ineimag lnadhg lanzineadiu



31

9 A 9 1a 1 g [ 1 A
El’t]ﬂﬁ'ﬂﬂ@ﬂllaﬂqﬁaaﬁu1@1ﬂﬁ1ﬂﬁ3@%@@&@113@1\‘]@1@1&1’7%@Iﬂﬂﬂulﬂu@uﬁiWU ADAUYIIO

Y A
11T UIULIDU

33.1. nalnmsthanik

= a 1A o o Ay A o 9
ﬂTiﬂﬂH1ﬂallﬂﬂ15Lﬂﬂ1N1N"l FIFIAYNADINITNTIUADIINICTANIYUDINIT

o

9

1 Y
mathi Tanwaulvferdugiuuuvesmg uaznalnsuduvesmamaidi lgudu ua

a o q’j 9 [ A A o o
ETJLL‘]J‘Uf"fllﬂ15‘1/]1Qﬂﬂ!@]ﬁ?ﬁ@]iiﬂﬂlﬂﬁ@ﬂ@:ﬂ%Wﬂﬂ]@ﬂﬂ15‘171”IN"I!JJuﬁﬂﬂﬁ]%ﬁTNWiﬂuTllﬂW@lui
a 4 1 J J qul { v 3 ]
uaznTgHan199 18 daemaiivznariiiesdun Meaduduaeun1sil (Stepped leader) Yo 9

manar e

4
ey

(L

Ll
M

g

TH

NEGATIVE RAIN-" POSITIVE RAIN-"

517 3.5 msudsdve)sg Wi ludewma (Hileman, 1999)

U

v
=

H v

Tunquinadiszy ihueuureguinaiegiiiazesnitianusilulse

a A [l ~ <3 g’ 3 A <3| @ ~
1A uazuTnanedgilazesunamiudeliadoiuziulszquin dweaaalugii 3.15
lugrsiitnanigeimsianisulsisau Jufanisaremuestlszyioannunsoaus

Y Y v
avwlih Yadaihuay nagdhrasgiiuTan drnzmeduluninuniiau dihg
oA a dg’ 4 @ o

Hrusuadulavninonuandrvesdszylueima Taena ldvuiaves
auwlifn 1030 kv/iem ansadiliermananisuanddlddszy Iddufanisore’la
dnvazmanaiiuluigudiedis lugli 3.6 auwgnelfiiannunIoavesaun Inihi

E4

A A a Y 1 A a VoA a 0911 ] ]
wuralan uazmnmhﬂqmum ﬂﬂllﬂﬂ"liLill!ﬂﬂ‘ﬁ1N1L5N%1ﬂﬂ15lﬂﬂﬂluu1ﬂ1w1 (Stepped



32

£ & ) :x‘ ) = @ [~ @
leader) FuduAie1UszIn 50 m LUagInu9 ﬂlum%um'ﬂmﬂmﬂumﬂizmﬂuaﬂymmm

v A osll ) 3 ) % ) Y a [ 3
TaTsunluwaadadvesduiilscua 30 m Guihweynirldiinanisuandivestlssyludy

Y]

daq 1t Taeneasnuuudnusnlygeai mmLﬂiﬂmmﬁum"mﬁmmwumiaﬂ M3LNe

9
% 1 =

Y
dunhwsaztulgnaniesninlulasiuni Tﬂfm'é”ﬁimﬂumimﬂeﬁuﬁﬂmmawsﬁuﬂiwmm

9

150 m/ps manalalsu uag suumumﬂmﬂmlmmmmmu"l@mam ﬂWi!ﬂWll‘L!’L!ﬂﬂ d

fudu Lmzﬁizﬂzﬁnﬁﬁﬂﬂ’jﬁzﬂzm%ﬂg (Striking distance, 1) PIzIAAMTIFOTA NI DNY

o Y | v o v o Yy
vosoMetas i e manatedu 9’]']1!1(11‘!@‘]ﬂymgﬂ]ﬂ\iWaTﬁNTLLﬂ”%TiWNﬂ]iqﬁam@\11]531}
Y

=

G]’Nslﬂllﬂﬂ‘ﬂi %mﬂﬂamu"lﬂaﬂaumm ﬂﬁlﬂﬂlﬁﬂﬂﬁ"ﬁﬂﬂ ms‘lwasuaqﬂs wu‘lﬂmmmu
iFon11 §111 118 unaY (Return stroke) um%mmmﬂmmmﬂixﬂummﬁu danailu
v o d' =\ a 4?’ Y d' U dy a = U
G]’J‘Lﬂuh/hﬂﬁ/]@”ﬁ]uﬂi'illﬁﬂ"’lli’)ﬂﬂizﬂl,ﬂﬂﬂlullﬂﬂﬂ Lwamamﬂszi}mﬂmmuazwuﬂu PWILIYNIN

Dart leader

b b b b b e s b b P b b e b & & T T

(a) (b) (c)

510 3.16 manaihsz wamaaiuiaTan (Hileman, 1999)

Y

UYUIANTS LLZ‘T‘%WNW (Z) nagisee r, mmmmmu Yu Taeligums lag Useum

ﬂ'mmﬂﬁumiﬁm

Whitehead ro =21, +30(L-e"*®)  @3.1)
Love R.R. r, =101 %% (3.2)
Armstrong and Whitehead r, =101 00'8 (3.3)

] = 1 I = 1 <
vanszuadhni (7)) iviedlu kA nagszes » Jmiieilum



33

3.3.2. dszanvesdwasvhen
lurdenruun Idinauelszinnvesdmasihniilssyaunaouinacues
a a d” a dg’ dy d'z: z:' 1 9 cs'd
VINANNAFINYOI CF Wagner Iagavuagiuiazmavuuinlunuinda uazdenead1ani
1 a 1 I o 1 a
anugaliinu 100 m od1a lsAmudweasihieign 3 dszinnldesine1ilas Berger Uszian

yosdwasramsodwunld 4 dszinndwaaalugali 3.17

+
+*
+

+

/

] 4

o A AR
b) ﬂﬁgﬂﬁUQTLLﬁQLﬂaf’JUV]mu

*++

Ed

° A A= ° A4 A
c) ']Ji%i]‘]J’Jﬂa"ILLﬁQLﬂﬁBHTISUH d) ﬂﬁzﬁ;mﬂammmaaumq

310 3.17 dszinnvesdwasihie (A. R. Hileman, 1999: 204)

d' o tﬁ' d’ a dg’ [ Q’ 9 d’d [
szani 1 1J'§$ﬂﬁﬂa’]l!ﬁ\uﬂaﬂuﬂﬁﬁlﬂﬂmuuWﬂﬂUﬁQﬂﬁﬂﬁiW\‘]ﬂﬂJﬂ'J']iJﬁ\?th

U U

=< o A

a a tﬂy A Ay ' Ao o I A A g 9
1Y 100 m uazUsNaNUNalas U81uIu 85 - 95% GumammﬂmmmmuﬂUﬁ SIGLGERN

U

4
1 Al segIuveInsziallszum 33 kA

td' o tﬂ' td'd?’ a d? ) % 1 =
sziana 2 ﬂizgauammma@umu NAVUNINAINITUDIAITY LFU AN

Y

. A v a 4 @ a v 1A Y o 9y
Empire State 71 §311005n Uszmsanigomsn (23 n59@01l) Berger laiminaaoulaoly



34

a z a s &
119 70 — 80 m AAAIUUBDAIYT San Salvatore TullszmaaIamosLAUA F91ANFI 650 m

9

&L a o 1 o ua: = I o A AR I
Funadwaarhiswau 1196 a5 lu 119 75 % duilszaavdwaundounu wag 11% i
. 4 4 : . . 4 ad
Uszyavdwaundouias Taoanszuailiilszianlszyavdmaundouniuilszunm 25
kA
= o A AL 0 4 4
Uszn® 3 wag 4 Uszguandwaunaeunvy tazilssuindaunfounag
1 1 a g 1 ]
Berger hianusauenlaiutuilszianla Tasnatu 14% mnmsnaaey Tasiianszuaini
Uz 1.2 - 2.2 mwesnszuaihinlszinmlszgauduauniouias
3.3.3. danmsihavheasgiulan
= 1

o a ] ldy 1 dy ~ o
dasimanafidiasgiiulanlunaaziiuiiianuuandisiuesnliaiy

Y a J @ a 1 1 a { 4 X a 3 1
anvazngimans Tasdasimsnadiieznumiulunsnanlinusuge Funeasuaie

=

' 1 a 4 a va Y A |
youua lahennusnuoug wedfiace19iunldewdesioq (Thunderday : TD) 1ilu

Y

UD

=

ana dy 9 1 A A 4 A o 9 (% 1
aaamuamuslumﬁmmgwmmiwwmauq “I/]Llflﬂi"]f’f]@ﬂtLﬂULLﬁZﬂ@QﬂMi%UU@Nﬂ

Y
{ < { ~ A % 1 )
U 3.18 Wuwunuaaavan laaumaeaihfos ¥au5en91 sokeraunic map Vo3 sene Ine

Qan

' 9 v Y
Jun'ldgouldsudsahosdouiihrunadu 1 asaau 'l
@ a 1 1A 1 2 = [
sasimanafhiiasgaude yearkm’ (V) aunsadewilueuns

v
anuduiusnual TD 18910 White head $1931
N, =0.04TD** (3.4)

1 I 1 = = 1 o w 1 R A 9
M Ng 1um laglszanaianuazdeasdsiinaluszuuaieaasionls
v o d ) ng { [l [l 1 ] I~ c?;’ [
aumsmaNuduiusues TD nudwuasinihrasgaedilaonss (N) uiaiuaiae

528210 100 km/year 910 AIEE iengalaginge 30 m vz 1@

N, = %21 A39/100 kmeyear (3.5)

30
910 Burgsdorf, h Lﬂummqwmmﬂwﬁw 25-30m

N, = % h-TD A39/100 kmeyear (3.6)



35

310 3.18 uwuinaaiu ldgudessihiosnell (TD) (g3na, 2535)

3.3.4. @8AUU@IMA (Overhead ground wire: OHWG)

mstlesnuihrvesszuumedaiias I minmsgnihiii lasase nsziila

'
=2 v

Tagl¥szuuasauiae1na Usznoudie a1eaualae1mie uazmiaoaieau nitlaadun

Y o Y a ] v o A [ qul KX A o an
ammmmwﬂmﬂﬂﬁmmmmmm ‘Vi’i’f]ﬁ’"lflmlﬁiﬂﬂﬁiﬂ AYUUIIUNITUUAUDITNIT



5 (h—yWi+tan’a

2r,




ie  a= \/rf —(rg - h)2 —\/rc2 —(rg - y)2

328% D, 11az D, Al

D, =r [cosq —cosa + b))

D, =r,cosla —b)

9 9 1 A 1w Y 1 o
01 r, UBYNNUIDININY y W whny 0

Og
Dc
fc
28
e
a3 fe
] cn-ﬁ
a c [{
6 ) gy
h a
[?
y 9

INC /AP0 7T T 7775 AR, T

51 3.20 aefloaiu nazaednimiled iy (Hileman, 1999)

37

(3.10)

(3.11)

o § 4 { o o
yumstlosiufauysal (Perfect shielding angle) Ao yufih1#ons1n13210 190

A a Y . . . a1 d J A
mﬂmmﬂmﬂuéjumm (Shielding failure flashover rate: SFFOR) umgﬂug{uﬂ NFUNITN

Y Y J ) Y1 I 4
3.12 81 De tMAugud 92111 1%A1 SEFOR lugud



/

d
» |
y

38

I'm
SFFOR=2N,L [ D, f(1)d (3.12)
|
28 ; \ r‘—h
r‘ A
e 4
s
<o L Jz oW
7 AV N - e
a
h b g
O L T
‘lJﬁ 3.21 mﬁmmmmuumiﬂmﬂuwﬁumm (Hileman, 1999)
~ o A s ] A
f|]”|'ﬂ§ﬂ1/l 3.21 HiJﬂ”liﬁ’fNﬂuTlmJ‘]J“imﬁ1u1iﬂ1/i”|”lﬂi]1ﬂﬁNﬂ’li‘lfl 3.13
r—(h+y)/2 1, 1(h+
a, =10 NN+ Y (3.13)
I, AW\ 2

yudidwaa 1z iin Weunuazay FIANUHBVOIYNINIazaLdad gl

('n"z?

X ERY 4
% HASE
° °  da— R ONDUCTORS

POSITIVE ANGLE NEGATIVE ANGLE

FErrrrrirrirr Frrérrd iy

‘ﬂﬁ 3.22 ﬂ’JﬂJﬁiﬂﬂﬂJﬂ\‘liﬁJ‘]ﬂﬂ\‘lﬂu (Hileman, 1999)



Y
- 2TNTINAUNAY

39

E4 1 1 1
Ansenaunaslfieszyuinaesiu wislaseada 1 himungauieg 14

[ (% dtd' 9 Qy = [ [ tﬂ' tﬂl
Miﬂﬂ@\iﬂu 'iﬁjJ‘VIGl“Ifslu‘Vﬁ\iﬂﬁl]ﬂﬁNﬁ']i]']ﬁﬂlﬁ@ﬂﬁTiJﬁZﬂUﬂWﬁﬂ@ﬁﬂu%uﬁﬂﬂiu@nﬁ’l\?ﬂ 32

M9199 3.2 MItadumisdnihaetheuszaumstleadiu AaATTUMIINMIAIN

angsuliih, 2550)

U ad U
TAU nagla "Jﬁ‘iﬂjﬁﬂﬂﬂ
ad Qq’ as |
fnﬁ‘ﬂf’)ﬂ avqa IBNIINANNAN IHMUY
nyuileany
U v A
i KA Sad R (m) VA (m)
1 2.9 20 5
2 5.4 30 10
Y 1
AnIINY19a1
3 10.1 45 15
4 15.7 60 20
7
80
N\
70 \
60 ™
Z 50
=
Sz 40 NS
2,
30 \\
N~
20
10
0
0 10 20 30 40 50 60
TEAUANUGY h (m)
HNALTR

£
Y

D alunsliunudie  lignsaldisyuilesnuld nsdii1d1438nsq

Qy A A ]
NAUNAINTDITAIVIY




40

4 [
2) h Aoanugevosdnhaefwnileiunndesmsileaiy

mi%’mnéﬁumﬂaﬁaﬁwdaﬂmm%ﬁmuﬂiumsnﬁ 3.2 Tumseonuuy

1 Y [
szupdniden awnsaldsauduld 390 3.23 vaasiunmstlosiulasds yuileeiu waz

A
NIINAUNDY

£ 4 o
nundasans

d‘ dy ~ v Aag v Qy
g‘l.l‘ﬂ 3.23 Wu“ﬂﬂﬁ‘ﬂﬂiﬂu amguﬂmﬂu HAagnINNaunNaN

I t:y A 1 @ a J
m3l#Itnssnannasuutazsodalgnadienieg nsanavsell R sgnasnum
A 9 v o KR &91 a A v v v 9 A 1 A dil a Y
U I0Uu9 ﬁ\?ﬂ@ﬂﬁjTQﬁ]uﬁNWﬁﬂﬂwuﬂu ﬁiﬂﬁllWﬁﬂ‘]JIﬂﬁ\‘]ﬂiTQﬂﬂglﬁuﬂwuﬂu DININNAY

v v v A 9 a us;l = ~ R o & A 9 = Y
ﬁilNﬁﬂ‘]JN’J"]Ji’NIﬂNﬁi"lﬂﬂ ummuuuiamﬁngﬂﬂwm mmmumzm@mmiﬁmﬂuiu

a2 o 4
VIl dwaaslugili 3.24

Al

uinatloany

4‘ o o 1 % 1 ad Qy
517 3.24 ﬂﬁﬂfJﬂLLUU@]’JHWﬁfJﬂﬂI@Q‘i%UU“ﬂ’E]\‘lﬂuﬂWN']ﬂuJ’J‘ﬁVl‘N NANNAN

G



p=R-[R?—(d/2¢]"”

Ky

0.75
t

BFV:K1+(

h,=h



42

e K, =400xS uaz K, = 700xS

UGN Y

L

' llsh

a1

511 3.26 usagunu lldoundu

Y

3.4.  MTUATIZHAAUDS

AAUITUTONMTUNTNIZDBVDTIAUA U IVAUE Taurguinnmanatiind s’
) @ a Y Ia J o
i ,.manu IdeunduninaieAuieeInia #iensAane1993IEes NATNINBS YOITZ U 1
Tdnausunudrvaz lumedwazinaoun llawaiedain aauasluglvesnszua nas
HIIAUIZUNTNTZI1GDDNDINGA NIOAWHUINNANTTUNIY LDAAUIAAOUNHIUTOEAD
1 o A | Aa = 1T a A 4 ) ¥ A @ 1
serINgUnsal Wiedeas NUNslasuulasmauiuans vz InaauuREIUT MR

soeaoindeuiiae i nazdrumasszazioundy dagili 3.27

k

T

Ad' 9 v A 4 A
g‘l.h’l 3.27 WATANHIVUATISUAUNITAAUDT



43

a ~ 1 ad a A 4 v o a A 4 £ I [
WﬂWﬁﬂ!']%']ﬂE‘]JVI 3.27 MUATIDUNUAUTUDIAIUL Z LAY DUNLAUY Z, g90191um

a A 7

< v o A1 Y A o o w 1 ad a a J
dunuaugNuaea 1 Na1eNuY Wﬁﬂ@ﬂﬂﬁﬂ!ﬁluigﬂﬂqw%'lﬂ"mQ Iﬂﬂﬂuﬁﬁﬂﬂﬂwuﬂuﬁﬁﬂlﬂ\‘]

¥ o

AU mmsaﬁmam"l@fﬁnﬂ f"fllﬂ"liﬁ 3.16
z- = (3.16)

) [ 1 1w { ) ] {
FMSUEEeNIAINA AR AT ) uazmmmuﬂizi} (©) NNANMSIN 3.17

HAZEUNSTN 3.18

2h
L=0.2In— (uH/m) (3.17)
r
1073
C=——— (uF/m) (3.18)
1 Inzy
r
d’ A 1 1 Y o Y dy a
We  h A9 AINNUGIILHINAINNUNUAY
r Ao FANvDIANEAIN

o 9 [ ad d' cé Y A . d’ tﬂ' d‘ d‘ﬁ

Mmualiins gy tagnszuad@samyaisual Ao e uay i ondauITNaoUNNIga A
A A 1 a A Jd o Y a [ 9 v A | .y @
asuudasaduiuaus M lNRaLT Y LaznIZUaaLNOUNAY AD € uay i’ AULTIAY
HAZATZUATNIHHIUIUA0 AD € LAy i" ANUFURUTIZHITIAY NTZUA LAZIFSD

a A o 1 A A A
’EJNW!LWL!“])“VIﬂﬂﬂNﬂLLﬁ@\ﬂHﬁﬂJﬂﬁﬂ 3.19, UNIIN 3.20 LLag aUN1IN 3.21

e=iz (3.19)
€=i'Z (3.20)
€=i"Z, (3.21)

' 9
A ' v

NyaouAsynINdNiIAUT A aunsolouaunsussau uaznszuald aeil
g'=e+¢€ (3.22)

i"=1—1' (3.23)

(% o’/’ 4 J @ @ ] 1 ' @ ad A a
ﬂﬁuutﬁﬂi‘?{ﬂ\‘lﬂ'\‘iﬂ?ﬂW!LﬁQﬂUﬁﬂLﬁWWHﬁ@ﬂﬁ@ €' MNUsIA s INALG i‘?llu e

q

4
v A

ANTMANUFUNUT 1aaail



e=e+€=e+i'Z=e+(i—-1")Z

=2e-i"Z= 2e—£é'
Z

k

1 =) v
IFULIAYINY

Z —
N
Z+Z,
W€ _Z-Z
NN 3

fmuald Z, = Oniodansasnyade A 1z 1d

€=0  i'=2i

e=—€ I'=-l
Tunsdingade A 1la1es wie Z, =wazld

e'=2e i"=0
e€=e i'=i

44

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

a A A = 1 CA v o w v o
mﬁWi]Tﬁimﬂauﬁ]iLW6ﬁﬂH1WﬁﬂJ@QLLNﬂuLﬂu1u§$Uﬂﬁﬁﬂ18ﬂ1aﬂll1/‘|ﬁ1 ANUUHIL

9
wmmmammmii‘umu“lugﬂmmmaﬁmmﬂ’u

LA o w 1 4 1T v g T 4 ' o
Tusznudeneias lWihieneduseudonuilulnseieliyarouaouinuieii il

A 1T a A 4 9 o A S v [
mmJaauuﬂmmaummumwmﬂﬁ;ﬂ NITATNDU uazwﬂmmmﬂauiﬁﬂzmﬂymzﬂau"lﬂ

4 1]
Navu °Vi”Iﬂ‘Wi]”Iim1ﬁ3J1JS$ﬁ‘1/l‘ﬁﬂ”li‘ViﬂL‘Vi"Ui’Nﬂﬁui]iW”luiﬂEJG]?J L%EJL!LWIL!S%}’JEJ “b”uag

4 ]
ﬁllﬂi%ﬁ%‘ﬁﬂ?iﬁzﬁﬂuﬂl@ﬂﬂﬁuﬁli L%EJ‘L!LL‘VIL!&%}’JEJ “a” ﬂ”li’JLﬂi”l%ﬁ'élj’fNﬁ”lWaﬂlﬂﬂﬂﬁillfn?]slli’)\i

1 < d' 1 a 9 @ ~ sld'
AIYFAULASAIULIIVDIAAUITUITIUNIITUINIY ﬂ\‘lg‘ﬂ‘ﬂ 3.28 Llﬁﬂdhlﬂﬂzllﬂiuﬁﬁﬁul“]]’lﬂ

a AR A J Y A
W“l]ﬁflﬂiﬂﬂuuaﬁ]i!‘iﬁlﬂ’ﬂ “UlﬂﬂgLLﬂiﬂJﬂTiNllsU’J‘U”a”



Vv
T e -+ | P+ @+ | o

Ty o 4w Z; @

o !
T
2t JSIRZENETRY ) BN
-+ (@) BN
4t a)*( a_"-.-':)gﬂf ﬂj vV i (fI;,IfI_o.,;):ﬂ; V %
(o, -az)
6t L (flf ~)2( fz_")dﬂf -r'ﬂ_"-r'ﬂi v

1 i — |
- = >
\ | d |

45

) Q21450 N

Y BiifpN

517 3.28 laezunsuamaaladvesyd (siiade, 2551)

wilse

Y

A 4 A Yo =
“VINfﬂilﬂﬁ@uﬂﬂ]ﬂﬂﬂﬁu%‘i‘lﬂﬂ\‘]u

b1+: 22# a, =
1+ZZ

bl,: 22# ali:
l+ZZ

b2+: 2223 a2+:
2+ 24y

b27: ZZ# az,:
2+Z3

4

ansmsaziou uazmmlung

Z,-2Z,
Z, +Z,

Zl_ZZ
Z,+72,

Z,-27,
Z,+ 72,

Z,-2,
Z,+ 72,

5 A A A A . &
uaz t Lﬂuizﬂm’sawﬂm,ﬂaaummﬂamﬁ, d ADTTYTANNYNIVDIT YA LDS u D

<3 A £ d? (% (Y ~ o v o ~
AITULITIVDIAAUIT FIVUBYNUAIA U UYIUT Llﬁgﬁjlﬂﬂﬂigﬂq ANTUNITN 3.31



46

u=+/LC (3.31)
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0 . 0 .
i = _C = 3.39
~ i(x,t)=-Gv(x,t)-C p i(x,1) (3.39)

Wiommualy i(xt) Aenszumdsa, v(x.t) Avusadudss uag R, L G, C Ao
1 a 4 1 ~ A a = 1 =\
Ao seImeds :naumsi 3.38 uaz 3.39 e luAansgadeluaiedalas R, G i

1 1w 4 9
Anwmnugud az'la

0 0

i = L= 3.40
~ v(x,t)=-L P v(x,t) (3.40)
0 . 0 .

- =-C—=— 3.41
aXl(x,t) c i(x,t) (3.41)

g [

~ =1 Y ] Aa 4 [
NTUNITN 3.40 Uas 3.41 mmiamauiwagiugﬂﬁumiwmq UIUAY

= o a Y o ~ ~ dyl A
RN Wﬁﬁlﬁﬂﬂ'l'ﬁvlalﬂﬂﬁiﬂaﬂulﬂﬂﬂﬁmﬂ'ﬁﬂ 3.42 159N UNITUIT “qUNITATUIT”
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E=-gradV=-VV (3.46)
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V =Kk x+Kk, (3.50)
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(1) aumsoaailldn (Elliptic equation)
a ] ~ S a A 2
AUMIFIOYWUTHRY (3.53) dzgniseniuiluaumseaalan win b’-4ac < 0

o [l =S dy 9 J . d! = [ dy
m@&nwmﬁumﬂuﬂimwuu"lmmﬁumﬁanlaw (Laplace’s equation) GINNE‘]JLL“]J‘UQQL!
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—+—=0 (3.54)
ox= oy

(2) guUMINII 1Tvan (Parabolic equation)
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1
N =—(a,+bx+cy+d z 6.8
W(n hX+Cy+d, (6.8)

Taeh

&y =X, (Y223 = ¥32,) + X5(YaZo — ¥,2,) + % (Y324 — YaZs)
8, = Xy (Va2 = ¥12Z5) + X5 (Y124 = ¥a2)) + X, (YaZ5 — Y52,)
& =X, (Y12, = ¥,2) + X, (Va2 = ¥124) + X (Y22, = ¥4 Z,)
Ay = %3(¥22, = ¥12,) + X, (V125 — ¥32) + X, (Y32, — ¥, 25)

b =Y,(2,-2,)+¥,(2,-2,) + ¥,(2, - 2,)
b, =y,(2,-2,) + ¥5(2, = 2) + Y1(z, - 2,)
by =y.(2, -2) + ¥,(2 = 2,) + ¥,(2, - 2,)
b, = ¥5(z1 - 2,) + ¥,(z, - 2) + y,(2, - Z)

C =X, (2, = Z5) + X3(24 — 2,) + X,(2, - Z,)
C, =X (Z,— 2) + X3(7, = 2,) + X (2, — Z5)
Cs =X,(2—2,) + %(2, = 2) + % (2, - 2,)
C, =%(2,-2)+X,(2, - 2,) + x,(z, - 2,)
d; =X, (Ys = Y,) + Xs(yz = Ya)+ X, (Vs — Ys)
dy =X, (Y1 = Ya) + Xs(Ya = Ya) + % (Y5 = Ya)

d3 = X4(y2 N yl) + Xz(yl 'y y4) + X1(y4 - Y2)
d4 = X3(Y1 - yz) + Xz(Ys T yl) * X1(Y2 T ys)

A a 1 Aa A 4 Y = A & ~
ae v Ao Ysunasveddazoaduua 1’?11191ﬂWﬂﬂ!ﬂ@ﬁNluuWﬂﬁﬁﬂJﬂ'ﬁﬂ (6.9)

1 X Y z
V= 1 1% Y, gz (6.9)
6l X, y; Z

1 X4 y4 Z4
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NIDVIUTUNTIDAUNUALADSDUNUA szneuale 4 guns Ul@ U

[K ]4x4 {E}Axl - {F }4x1 (6.18)

vuunsng (K], 9naumsi (6.19)

e T 2] ] ]
e v\L OX 4 ML OX I N 4o MLOY Jpya 0Z 4g ML OZ Jy

(6.19)
nnilsfFumsiszananieluaumsi (6.8)
ON, b, oN C ON, d,
=1 =" upg =—L n=1,2,3 (6.20)
ox eV oy 6v oz oV

UNUAINANMITN (6.20) a3luaumsn (6.19) a1
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b. . C, - d.
[K]ia = 1j[%a‘+%a'+%a’jdxdydz i j=1,2,3uaz 4 (6.21)
m

1
[K]4x4 :%—W(bibj +CC; +didj)

bb +cc +dd, bb,+cc, +dd, bby+cc+dd; bb, +cc, +dd,
1 b,b +c,c +d,d, bb,+c,c,+d,d, bb,+c,c,+d,d, bb,+c,c,+d,d,
T 36nV | bb +cc +dd, bb,+cc,+dd, bb, +cc +dd, bb,+cc,+dd,
bb +c,c +d,d, bb,+c,c,+d,d, bb,+c,c,+d,d, bb,+c,c,+d,d,

bb, +cc +dd, bb,+cc,+dd, bb,+cc,+dd, bb,+cc,+dd,

1 b,b, +¢c,c, +d,d, b,b,+c,c,+d,d, bb,+c,c,+d,d,
36mv b,b, +c,c, +d,d, bb, +c,c, +d,d,
Sym b,b, +c,c, +d,d,
Sy S S Su
Kl- L |5 S S S 62
Y3V S, S, Sy Sy '
S41 S42 843 S44

@

1 4 [ ] a 4 [Y] y
agtuvuIniiedisaems@eu TUTHATUADNNIADS TAnIaunNITN (6.23)

U

1
[K]4x4 = r_nV[B]ZXB[B]SM (623)
b b, by b,
A 1
1o [B]:& G G G 4
d d, d, d,

a 4
msvuunsng {F},, 90
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{Flsa=0 (6.24)

Y50 {Flia = (O)I[N]4X1dxdydz (6.25)

Jd o A o Y v A
nnilantumsdszanunieluvesaunisin (6.25) ﬁnJ']ﬁﬂﬂWu'Jﬂ!hlﬂﬂ\‘]ﬁiJﬂWiﬂ (6.26)

{F }4x1 =

(6.26)

o O O O

a Aa dw
6.3.4. M3lszneuanmsvaamuavuszuy

) 1 Aa A o A 9 @ I 1

Maunsveaudazdaamuuan laudsgnounidluaunissiu vinuua
o 1 I a a J & Y 1 1 Y a
anvazilinvesilymeeniludaqmudgessalszneuals » yade sznalinaszy

I Y Y Y

AUNTIINFIUTENOVAWAUNITIDEIIUIUNIAY # AU sati v ldaun1TIINUe

aww i TugdaumaFadudsaumsi (6.27)

[KJun{Ewa = {F Joa (6.27)
i Kll K12 K13 Kln 1 I El | i Fl ]

K21 I<22 K23 K2n E2 I:2

K31 K32 K33 K3n E3 — F3 (628)
_Knl Kn2 Kn3 o Knn_nxn_En_nxl _Fn_nxl

A = o a = ' A 1 1 1
¥N)3) Kﬂﬁ]ﬁuﬂi%ﬁﬂ‘ﬁﬂlﬂﬂﬁ%ﬂﬂi’)m, Efo maum"lﬂﬂm"lnmmm U YN0

A199) 1Ag F AD AMSINOUONTNINTZHI 21 9aA0A199)
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E=KF
— —_ — a9-1r —_
El Kll K12 K13 K1n Fl
EZ K21 K22 K23 K2n I:2
ES — K31 K32 K33 " " K3n F3 (6.29)
_En_nxl _Knl an Kns o K“n_nxn_Fn_nxl

6.4.  mamssaesvesanyliihmeluvdenasesln

msiraeanavesauy Iihaieluniondaseslnszuiiveenidu 3 asdl Ao A3
$ravsaun IWihiseaunsaduldan, mssrassaun i uilefaussdwdss naznis
Saesau i Aidadafugnids Tasdma i ldnnendoufuaanuamuay i

Y
voIpuiiuniiond)as 24.47 kV/mm
6.4.1. wam3sdiassalvihnszaunsaaulyanu

[ @ ) [ 3
seauussdulFauvesniiomlases ladmsuszuusa luihanusige vua

25 kV 50 Hz iusasumigen tazaauin I fvaaia A uazvaain B 6aa13199 6.1

M3199 6.1 M i nvealendoutlasnszauusadulda

139 UAIBDA (KV) anunzgaduy lihgega (kv/mm)
YAAIA A YAAA B YAAIA A UYAAIA B
3535 -35.35 2.83 2.83

namsnsznean e lundoutlases Tnvesszuua luihanusage

Tugduuw 3 48 wazuvy Contour terAIAIgN 6.3 Hazgi 6.4 muddu




kV/mm

245

0.5

kV/mm

24

05




30

25

T T I

T T

— Rate voltage 25 kV
— Dielectric strength of transformer oil

= N
1 (=]

Electric field (kV/mm)

=
o

0

__/\ 1IN I /\/_v\
0.2 04 0.6
Position (m)

NN K
0.8 1




ANUAIUIMUAL HseUMeen (kV) mmm‘%‘maum“lﬂﬂwqa qa (kV/mm)
(Q) VAAIA A UA[IAN B VAAIA A UA[IA B
5 -250 -35.35 20 2.83
6 -300 -35.35 24 2.83
7 -350 -35.35 28 2.83
8 -400 -35.35 32 2.83
9 -450 -35.35 36 2.83
10 -500 -35.35 40 2.83
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-90 -423 -35.35 33.84 2.83
-100 -470 -35.35 37.6 2.83
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Design of the10 MV A 25 kV Auto — Transformer

Specification of Auto Transfor mer

153

Ratting 10 MVA
No - load voltage ratio 25/25 kV
No. of phase and frequency Two Phase/ 50 Hz
Winding material Copper
Tapping Fixed
No - load and |oad loss (max) 5/35 kW
Impedance 7.15%
Maximum flux density 1l.6teda
Maximum current density 3.0A/sq.mm
Temperaturerise 40/50° C
Other Specifications As per 1S-2026
Voltage per phase Vp = 25000V
Current per phase Ip=400 A

Current density assumed

Cd=2.6 A/sg.mm

Conductor area

153.85 sg.mm

Equivaent conductor size

13x6x2 nos.

Area of conductor

[(13x6)-0.86]x2 = 154.28 sq.mm

Therefore, the working current density

(400/154.28) = 2.59 A/sg.mm
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Number of Turn

Voltage per turn
Where
Therefore

Number of Turns

Et = KVQ

Q = 10000 KVA and K=0.39 (assumed)

Et=239
Phase voltage/Et
25000/39

641

Core Diameter
Voltage per turns
Flux density (assumed)
Therefore, gross area (AQ)

Ag (so.mm)

Approximate core diameter

Et =(25000/641) = 39

1.6 Teda(Bm)

(Et x 10%)/(4.44 x f xBm x 0.97)

1132

D =sgrt(( Ag x 4)/(pi x 0.95))

D =39cm
Coil Disc Detail
No. of turn per phase 641 turn
No. of disc being selected 60 disc
turn per disc 641/60

10(8/12) turn/disc




For mation of coil

Design of coil, its length and diameter

No. of turn per phase 641 turn
No. of disc per phase 60 discs
No. of turn per disc 10(8/12) turn
Conductor (bare) 13X 6 mm x 2 nos
Coverring TPC - 0.5 mm
Covered conductor 13.5x 6.5mm
Disposition of conductor 1Wx2D
Length Depth
Covered conductor size 135 6.5
Disposition x1W x2D
Size of covered conductor 2 in parallel 135 6.5
Development length for 60 discs X 60
Radial build for 10 (8/12) T/disc x 11
810 mm 71.5=72mm

Coil inside diameter

= 415 mm

Core diameter + 25 mm

390 mm + 25 mm

Coil outside diameter = ID + 2 x radia build

559 mm

415+2x 72
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Length of Coil

Spacer block details Gap detail
Spacer block between 1st and 13th disc 12 gapsx 3 mm =36 mm
Spacer block between 13th and 15th disc 2gapsx 9 mm =18 mm
Spacer block between 15th and 16th disc 1 gapsx 15 mm=15mm
Spacer block between 16th and 18th disc 2gapsx 9 mm =18 mm
Spacer block between 18th and 43th disc 25 gapsx 3mm =75 mm
Spacer block between 43th and 45th disc 20gapsx 9mm=18 mm
Spacer block between 45th and 46th disc 1 gapsx 15 mm=15mm
Spacer block between 46th and 48th disc 20gapsx 9mm=18 mm
Spacer block between 48th and 60th disc 12 gapsx 3 mm =36 mm
Total height for insulation block 59 gaps = 249 mm
Effective reduction after compression
(Approximately 7.5 %) (-) 19 mm
Height of insulation after compression 230 mm

Therefore, the strunk height of coil after compression

= Development height for 60 disc + effective height of block

810 + 230 = 1040 mm




Thefina details of the coil are as under:

Tota turn per phase = 641 turn
No. of discs per phase = 60 discs
10(8/12)
Turns per disc = T/disc
Coil inner diameter = 415 mm
Coil outer diameter = 459 mm
Cail height (before compression) = 1059 mm
Cail height (after compression) = 1040 mm
Coredetail
Rx2=195x
Core diameter 2 390 mm
(+) 125 mm
402.5 mm
Radial gap between core and coil (+) 125 mm
Core inside diameter 207.5x 2 415 mm
(+) 72 mm
487 mm
Radial build of core (+) 72 mm
Core outside diameter 229.5x 2 459 mm
(+) 20 mm
Core limb centre 479 mm
Rounded - off to the next higher value of 480 mm
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Calculation of window height of core

Shrunk height of coil = 1040 mm
York insulation at top and bottom (65 mm x 2) = 130 mm
MS pressure plate = 25 mm
Insulation to the pressure plate = 5 mm

Window height of core 1200 mm

Design of Tank

The following assumptions are made while cal cul ating the tank dimentions.

1 | Gap between coil to the inside of tank on the longer side | 65 mm
2 | Gap between coil to the inside of tank on the width side 65 mm
3 | Gap between core yoke to tank bottom 55 mm
4 | Gap between core yoke to ratio switch base 50 mm
5 | Height of ratio switch 220 mm
6 | Gap between ratio switch top to inside of tank cover 100 mm
7 | Gap between coil to the inside of tank on width side 115 mm

Base on the above internal clearances, let us form the tank dimensions as follows:
(@) Length of tank (inside):
= CL of core+ Coil O.D +2x 65mm
=480 + 459 + 2 x 65
=1069 mm => Rounded - off to 1070 mm
(b) Width of tank (inside):

=65+ Coail O.D + 115



=65+459+ 115
=639mm  => Rounded — off to 640 mm

(c) Height of tank (up to tank flange):
= Y oke to tank bottom + 2 x width of 1% core step + W/H core
+gap between yoke to R/S base + height of R/S + gap between
R/Sto tank top cover
=55+ 2x 320 + 1200 + 50 + 220 + 100
=2265mm => Rounded - off to 2270 mm

Therefore, the final tank dimensions are:
Length = 1070 mm
Breadth = 640 mm

Height = 2270 mm
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Effect of Train Headway on Voltage Collapes in
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i Aind head

y is one of key factors in railway
system operation. Most railway passengers normally expect that
a next train will arrive at their platform as soon as possible. Due
to economical and safety aspects, headway between two
consecutive trains must be kept over its critical value. In this
paper, multi-train simulation associated with dynamic load flow
program instructed in MATLAB is emploved. A 50-km AC
railway power system is used for test. This test was conducted by
decreasing train headway until voltage collapse occurs. As a
result, the minimum train headway that causes the voltage
collapse for this test system is 50 s. This confirms that the
proposed algorithm can be effectively used to identify the point of
voltage collapses in AC railway power systems.

Keywords- ac railway ; Voltage Stability; Voltage Collapse, AC
Railway Power Systems

L INTRODUCTION

Voltage instability is a phenomenon which often contributes
to the development of power system disturbances. While
increasing load admittance, bus voltage decreases to such a
degree that the apparent power. As a result, voltage collapses
with all consequences resulting from it. The problem of
voltage stability concerns the whole power systems, although
it usually has a large involvement in one critical area of the
power system. During the large-scale power system
disturbance, the last line of defense is the load shedding at the
stations, reactive reserve management [1]-[2]. IEEE defines
voltage collapse as: the process by which voltage
instability leads to loss of voltage ina significant part of
the power system [3]. Voltage collapse is associated with
reactive power demands not being met because of limitations
on the production and transmission of reactive power. This
topic is also important in AC railway systems. In some
countries especially in Asia there is a need for high-speed
inter-city railways to connect their people. Due to sudden and
frequent changes hungrily.in- power consumption of high-
speed AC railway substation, the relation between train traffic
operation and the voltage collapse must be carefully studied.

System analysis within the traction power system is vital to
the design and operation of an electricfied railway [4]. The
traction-power simulators usually include modeling of the
track geometry and traction-system characteristics and permit
multi-irain  operations. By solving the power network

Thanatchai Kulworawanichpong
Power System Research Unit, School of Electrical
Engineering Institute of Engineering, Suranaree University
of Technology, Nakhon Ratchasima, THAILAND 30000
E-mail: Thanatchai(@gmail.com

equations, the simulators give details of electrical interactions
among trains al specific time steps over a long span of time
and under different traffic conditions. All moving loads in the
railway power feeding system are assumed to be fixed in
position at a specific time given. However, in the real world,
the running trains change their position at every second.
Hence, a full hour operation of train services is required to
investigate the effect of minimum headway on the system
voltage stability.

This paper organizes a total of five sections. Next section,
Section 11, illustrates AC railway power supply systems.
Section 111 gives the brief of voltage stability and an algorithm
to find the point of voltage collapses. Section 1V is the section
describing  simulation results and discussion. Conclusion
remark is in the last section, Section five.

1. ACRAILWAY POWER SYSTEM

A High-speed AC railway power system is a typical
overhead centenary feeding system. It is complicated as
described in Fig. 1 for its conductor arrangement. To
formulate power flow equations, transmission lines and other
network componenis requires sufficiently accurate modeling.

f e 4
Fig. 1. Single—phase AC railway power feeding configuration

A, Modeling of AC Railway Power Feeding Systems

An AC railway power supply system has several
configuration features different to an industrial power system.
Notably, it is single phase. Although the AC railway power

978-1-4577-0547-2/12/831.00 ©2012 IEEE




feeding systems are intrinsically nonlinear, there are some
simplifications of the power network modeling as summarized
in Fig. 2. This equivalent circuit is adequate to calculate
voltages across trains and phase-to-ground substation and mid-
point section voliages.

Substation
MPS
~25kY l
Psl P52 Ps3 P54
B At At v
o 15 km 32km 50 km

*PS = Passenger Station, MPS = Mid-Paint Section

Fig. 2. AC railway power feeding model

B, Power Network Solution

In this paper, only power flow methods based on the bus
admittance matrix is determined. According to the Newton-
Raphson method [5-6]. the decomposed real and reactive
power mismatch equations of bus m are shown in (1) = (2).

cos(f,, -4, +4)=0 (1)

Ras=2I00,
=l

O +i|¥_!f’.l']|sin{9_, -8 +6)=0 2)

With the computation based on the Newton-Raphson
method, voltage magnitudes and phases can be updated
iteratively by using the following matrix equation where h
indicates a counter of iteration.

e e\

I, DyNAMIC LOAD FLOW AND VOLTAGE COLLAPSES

Voltage stability is the ability of a sysiem o maintain
voltage at safety regions. Voltage instability is a severe
problem in power networks, which are experienced heavily
loading, faulted, or with insufficient reactive power supply.
Although voltage instability is essentially a local phenomenon,
the problem of voltage stability concems a whole power
system. The simplest approach of finding voltage instability is
to increase loads until the system voltage goes wire. Voltage
stability in this manner is so called “load stability” problem. In
addition, voltage collapse is a process by which the sequence of
events accompanying voltage instability leads to a blackout or
abnormally low voltages in a significant part of the power
system. This voltage stability problem can be found in every
kind of power systems, including AC railway power systems.

In this paper, voltage collapses in AC railway power
systems is determined by varying train headway until the
voltage collapse is identified. Train headway is a measure of
the distance/time between two adjacent trains in a railway
system as shown in Fig. 3. It is commonly defined as the
distance from the tip of one train to the tip of the next one
behind it. It is widely expressed as the time it will take for the
trailing train to cover that distance. A shorter headway means a
more frequent train service. To perform this calculation, multi-
train simulation of a full hour service equipped with an AC
railway power network solver is employed to enable AC
railway dynamic load flow. To recognize the voliage collapse
in AC railway system, a simple algorithm is needed. The
proposed simulation of finding the voltage collapse is carried
out repeatedly until the dynamic load flow program is not
converged. This point is used as an indicator of the voltage
collapse. This algorithm can be summarized as shown in Fig. 4.

@]}clq time  Braking distance  Overlap
] I -l

I T
I'rain k

—_——
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Fig. 3. Minimum train headway

START

Traink +1

System
initialization

T

Reset power
network
-~
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Fig. 4. Algorithm to identify voltage collapse in AC railways




IV. SIMULATION RESULTS
High-speed railway service with a given train headway was
deled for the si ion test as shown in Fig. 2. The trains
were all assumed to be identical. The simulation was conducted
by assuming four cases of the train headway (300 5, 120 5, 60 s
and 50 s). Figs 5, 6, 7 and 8 show the distance vs time curves
from these tests using the multi-train simulator for 300-s, 120-s
60-5 and 50-5 train headway, respectively. For more detail, the
train travel trajectory of the first train on the track is selected

and depicted in Fig. 9. This train spent about 1200 s to reach
the final passenger station which is 50 km away.
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Figure 10. Power consumption of a selected train (60-s headway)

With short train headway, say 120-s as in Fig. 6, a total
number of trains running on the same track when the first train
arrives PS4 is 10. Assume that each train consumes the
maximum of 3.5 MW as shown in Fig. 10. This case leads to
the total of 35 MW loading to the AC railway power system.
To identify a point of voltage collapses, the mid-point track
section as the farthest node and also the weakest node in the
system is monitored. For the 300-s, 120-s 60-s and 50-s train
headway, the voltages at mid-point section can be shown in
Figs 11, 12, 13 and 14, respectively.
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Figure 11. Mid-point track section voltage for 300-s headway

:
. z
= s w
i 5, .
E i =
£
H LRE
EJD- eﬂ
1 1
H H
or 35
E
Ps1 Ty 0 T e T 1500
Simuluted Time (s} Slevalaied Time )

Figure 8. Train position for 50-5 train headway

Figure 12, Mid-point track section voltage for 120-5 headway
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For a case of 50-s train headway, a total number of trains
running on the same track when the first train arrives PS4 is
just over twice the number of the 120-s headway case. This
case leads to the total of 70 MW loading to the AC railway
power system. In the same manner, the mid-point track section
as the farthest node and also the weakest node in the sysiem is
monitored. For the 50-s train headway, the voltage at mid-point
section can be shown in Fig. 14,
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Figure 14. Mid-point track section voltage for 120-5 headway

s
&

b

b
s

Mid Paint Section Veltage (kV)
i}

500

1000
Simuluted Time (s)
Figure 15. Comparison of the mid-point track section voltages (filtered)

For comparison, the mid-point track section voltage of the
four tested train headways is illustrated as shown in Fig. 15.
When the train beadway is reduced step-by-step from 300 s,
120 s, 60 s and 50 s respectively, the mid-point track section
voltage is dropped aceording to heavily loading of the trains
running along the track. The voltage at the mid-point track
section is stable as long as the train headway is kept above a
value of 50 s. As can be seen from Figs 10 and 11, the voltage
collapse occurs at the 50-s train headway and this is the limit of
minimum train headway for this system due to-the voltage
instability.

V. CONCLUSIONS

In this paper, voltage collapses in AC railway power
systems is determined by consideration of train headway
effect. The train headway is a measure of the distance/time
between two adjacent trains in a railway system. When the
train headway is reduced, in this work, step-by-step from 300
s, 120 s, 60 s and 50 s respectively, the mid-point track section
voltage is dropped according to heavy loading of the trains
running along the track. The voltage at the mid-point track
section is stable as long as the train headway is kept above a
value of 50 s. In this study, the voltage collapse occurs at the
50-s train headway and this is the limit of minimum train
headway for this system due to the voltage instability. This
confirms that the proposed algorithm can be effectively used
to identify the point of voltage collapses in AC railway power
systems.
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Abstract—This paper describes a numerical model of very-fast
transient characteristics for MOV surge arresters. The IEEE
frequency-dependent model has been employed. Integro-
differential equations invelving KCL analysis are formulated.
Trapezoidal rule is used for numerical integration in case of
current flowing through the model inductance. The current of the
model capacitance of the circuit is approximated by using
Backward Euler’s different formula. Non-linear characteristics
of the MOV arrester is simplified by a technique of piece-wise
linear interpolation. In this paper, the proposed numerical model
has been evaluated in comparison with those of ATP/EMTP and
MATLAB PSB surge arrester,

Keywords — Lightning Surge; Surge Arrester; Metal Oxide
Surge Arrester; Very-Fast Transient Simulation

L INTRODUCTION

A lightning flash or stroke becomes a surge when its charge
is transferred onto a power system. It takes a wave shape
partly dependent on the stroke characteristic and partly due to
the system impedance. The lightning surge rep the
highest surge risk to insulation on power systems. Even low
stroke currents can generate a 1000kV surge on the power
system which is more than enough to flash over most
insulators or puncture most equipment insulation. The
lightning stroke can cause a lightning surge in two ways on a
power system. The first is by a direct strike to the phase, and
the second by a nearby strike to earth that results in an induced
surge on the system. In the d case, the lightning surge is
much lower in amplitude. The surge arrester protects the
power systems from both the direct and indirect lightning
surge by diverting the charge and energy to ground. In the
process of diverting, it clamps the surge on the system from
the arrester onward, Since the surge arrester has resistance
even in its conductive state it does not reduce the lighming
surge to zero. Instead it reduces it to a level that will generally
not damage equipment. In some cases, the lightning surge
traveling down the system afler it is clamped can still do
damage to the system. This is especially true in the case where
the surge comes to an open circuit and is doubled due to
reflections.

In this paper, a numerical model of MOV surge arresters
based on trapezoidal rule and backward Euler’s different
formula is described. The model is challenged by injection of
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the 4 ps and 8-ps half-cycled sinusoidal surge currents and the
8/20-ps and 2/20-ps Heidler’s surge currents. The accuracy of
the proposed model is validated by comparing the simulated
results with those obtained by using ATP/EMTP and
MATLAB PSB surge arrester.

This paper organizes a total of five sections. Next section,
Section 1l, illustrates typical properties of metal oxide
varistors. A numerical modeling of MOV surge arresters and
the brief of very-fast transient simulation is presented in
Section III. Section IV is the section describing simulation
results and discussion. Conclusion remark is in the last
section, Section five.

II. V-1 CHARACTERISTIC OF METAL OXIDE VARISTORS

Metal oxide varistor (MOV) material has been widely used
in today high-voltage surge arresters. It has a highly non-linear
V-1 characteristics. A typical varistor is made up by using zinc
oxide (Zn0) powder. The V-1 characteristic of an MO surge
arrester exhibits a knee for small currents in milli-ampere
region. For the applied voltage close to nominal, the current
flowing through the arrester is increased as the voltage
increases.

104 Region | :‘ Region2 |l l'tcglnnS_J
DC20°C
e | DC 100°C
& 5 ]
$ 5
]
g T AC 100°C
AC20°C

W0 10t 100 10 100 L 100 10t 100 108 108
Clasrent (A)

Fig. I. Typical V-I characteristics of an MO arrester disk [1]

The V-1 characteristic of MO arresters can be divided into
three regions as shown in Fig. 1. In Region I, the arrester
current is less than 1 mA and is capacitive. In Region [, the
current is ranged from 1000 or 2000 A and is resistive current.
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In Region I, the current is from 1.0 to 100 kA and the V-I
characteristic is a linear relationship. The V-1 characteristic of
an MO surge arrester can be described in various ways. Three
piece-wise linear or exponential segments are often employed.

I, NUMERICAL MODELING OF MOV SURGE ARRESTERS
AND VERY-FAST TRANSIENT SIMULATION

The frequency-dependent model proposed by IEEE in [2]-
[5], is shown in Fig.2. The two non-linear resistances A, and
A;, are separated by a RL filter. For arrester discharge currents
with slow rising time, the influence of the filter is negligible;
thus A, and A, are essentially in parallel and characterize the
static behavior of the MOV surge arrester. For fast rising surge
currents, the impedance of the filter becomes more significant,
indeed the inductance L, derives more current into the non-
linear branch A,. Since A, has a higher voltage for a given
current than A4,, the model generates a higher voltage between
its input terminals.

The characteristics of 4, and 4, are given for the general
case, and listed in the table given in [1] as shown in Fig. 3.
The disadvantage is the model complexity.

R R
7 L, I
L, |
e 4 LrYY'{'\...x A
v, CG—T Vo Agp Vi ;
|
Fig. 2. Frequency-dependent model fed by IEEE

Volage : p.u.

Current : kA
Fig. 3. Non-linear characteristics of A, and 4, [1]

Analysis of the MOV surge arrester voltage across its
terminal can be done in a simple manner associating with
KCL at node V.. F, and V. The node equations obtained are
expressed as follows.

V,~F 1
S (VW Me~1, =0 (1
R, Lnj(

ﬁ'—_i-+-—1-j'(l'r’,,——V,]a’.fﬂi‘o‘W"+f"-+
R, L de 4,
V-V, 1 =
o ‘+—_|'{V,,—V,]dr=0
L,
K=F .l 4
— [ ¥+ =0 3
PR LGeO i 3)

From the above equations, they can be solved numerically.
In this paper, trapezoidal rule and Euler’s backward different
formula are employed for numerical integration and numerical
differentiation, respectively, as described in (4) — (5). Working
out (1) — (3) at time ¢, (6) expresses all of these equations
simultaneously in a compact matrix form.

'
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Starting with some initial condition of the state variables,
the three node voltages can be solved simultaneously. Based
on a priori information, (6) is used to update the estimate of
the three state voltage variables as each new data point at time
f is acquired.




IV. SIMULATION RESULTS

The proposed numerical model is validated by comparing
its simulated results with those obtained by using ATP/EMTP
and MATLAB Power System Blockset (PSB). Figure 4 and §
show a schematic diagram of the MOV surge arrester drawn in
ATP/EMTP and MATLAB PSB, respectively.
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Fig. 4. Schematic diagram of MOV amester by ATR/EMTP
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Fig. 5. Schematic diagram of MOV arrester by MATLAB PSB

The model is challenged by injection of the 4 ps and 8-ps
half-cycled sinusoidal surge currents. Figure 6, 7, 8 and 9
show the validation of the proposed model by comparing its
simulated results with those obtained by using ATB/EMTP
and MATLAB PSB surge arrester.

Table 1 also describes the sum of the squared emors
comparing the simulated results with the two competitors for
the injection of the 4 us and 8-ps half-cycled sinusoidal surge
currents
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Fig. 6. Comparing the simulated results with those of MATLAB PSB for the
injection of the 4 ps half-cycled sinusoidal surge current
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Fig. 7. Comparing the simulated results with those of ATP/EMTP for the

injection of the 4 ps half-cycled sinusoidal surge current
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Fig. 8. Comparing the simulated results with those of MATLAB PSB for the
iniection of the 4 us half-cycled sinusoidal surge current
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Fig. 9. Comparing the simulated results with those of ATP/EMTP for the
injection of the & ps halfcyeled sinusoidal surge current

Table 1. Sum of the squared errors for the injection of the 4 us
half-cycled sinusoidal surge current

(Trait-Crcld e
10kA4ps 10KA 8 ps
6.1002 x 107 4.4595 x 107
1.2771 x 10’ 1.61 x 107




Besides the sinusoidal surge waveform, the model is also
challenged by injecting the 2/20-us and 8/20-pus Heidler’s
surge currents. Figure 10, 11, 12 and 13 show the proposed
model validation by comparing the simulated results with
those obtained by using ATP/EMTP and MATLAB PSB surge
arrester. Table II also describes the sum of the squared errors
comparing the simulated results with the two competitors for
the injection of the 8/20-ps and 2/20-pus Heidler's surge
currents.

Surge Current: kA
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Time: micrusecond
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Fig. 10. Comparing the simulated results with those of MATLAB PSB for the
injection of the 2/20-ps Heidler’s surge current
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Fig. 11. Comparing the simulated results with those of ATP/EMTP for the
injection of the 2/20-ps Heidler's surge currents,
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Fig. 12. Comparing the simulated results with those of MATLAB PSB for the
injection of the 820-ps Heidler's surge current
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Fig. 13. Comparing the simulated results with those of ATF/EMTP for the
injection of the 8/20-us Heidler's surge current

Table I1. Sum of the squared errors for the injection of the
8/20-ps and 2/20-ps Heidler's surge current

Error (kV) 10 KA 2/20 ps 10 kA 8/20 ps
MATLAB PSB 5.5861 x 107 6.7004 x 107
ATP/EMTP 7.9281 x 10° 5,0248 x 10°

V. CONCLUSIONS

In this paper, a numerical model of MOV surge amresters
based on trapezoidal rule and backward Euler’s different
formula is proposed. The accuracy of the proposed model is
validated by comparing the results with those of ATP/EMTP
and MATLAB PSB surge arrester. The model is tested by the
injection of the 4 ps and 8-ps half-cycled sinusoidal surge
currents and the 8/20-pus and 2/20-ps Heidler's surge currents,
The results confirmed the accuracy of the proposed model.
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Abstract—This paper describes shielding of overhead power
feeding systems for electric railway. Some additional shield wires
are determined to prevent lightning flashes from terminating on
phase conductors. The electro-geometric model is employed in
order to find the perfect shielding angle where the location of the
shield wires is optimized according to the guide of IEEE T&D
committee, A typical douhl&tmk railway overhead catenary
feeding system is

Fiohtning flash ¥ |

Keywords-perfect angle; railway

catenary system; electro-geometric model;

1. INTRODUCTION

Lightning strikes are electrical discharges in nature caused
by lightning and mainly occurred during thunderstorms. Trees
are frequent conductors of lightning terminating to the ground
and are known to provide protection against lightning damage
of nearby building. Direct lightning strike to an clectrical
system or induced lightning surge propagated along electrical
conductors can damage electrical equipment e.g. telephones,
modem, computers, electronic control devices, ete. If a
lightning bolt strikes an unprotected structure, up to 200 kA of
lightning surge current secks the path of least resistance to
earth. Magnetic helds and electrical potential d!fferenc.es in the
structure induce t voltages, which can damage and even
destroy electronic devices that have not been emf shielded or
lightning protected

In cases of electric power transmission and distribution
lines, when lightning strikes a conductor, no other object shares
in carrying the lightning surge current. Most flashes to an
unprotected conductor are able to produce flashovers. Shield
wires are typically used for transmission lines and distribution
lines which are located high above the phase conductor to
shield the conduetor from direct lightning strokes. One
important task of transmission-line designers is 1o locate the
shield wires at a perfect location. Well-planned geometry of
conductor arrangement will reduce the probability of lightning
striking the phase conduetors 1o an acceptable level. The proper
placement of the shield wire above the phase. conductors is
depended on the shielding angle. In the past, a shielding angle
of 30 degree was usually employed for transmission line to
produce acceptable lightning performance on existing lines of
voltage up to 230 kV. At present, after extensive theoretical
studies and careful experiment investigation, the shielding
angle should be decreased as the height of the transmission line
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increases. Overhead distribution lines for all system voltage
levels including long-distance railway overhead catenary
feeding systems are exposed to lightning, and outage and
damage occur frequently due to this natural phenomenon.

This paper introduces shielding wires to protect long-
distance railway power feeding system from direct lightning
strokes. The perfect angle to locate the shield wires is
determined. In this paper, five sections have been organized.
The next section, Section I, gave a brief description of power
transmission-line shielding against direct lightning strokes.
Section 111 was a summary of finding the perfect angle to locate
shield wires above the phase conductors, especially in power
distribution systems. Section 1V, Simulation Results, p
a design example of electric railway overhead cate-nary fcedmg
systems. The last section, Section V, gave the conclusion.

Il.  SHIELDING AGAINST DIRECT LIGHTNING STROKES

A.  Electro-geometric Model

Electro-geometric model (EGM) was proposed and further
developed by Armstrong, Brown and Whitehead in 1968 —
1969 [1.2]. In Fig. 1, arcs of radii § are drawn from the phase
conductor and from the shield wire. In addition, a horizontal
line parallel and located above the earth surface by distance D
is constructed. The overlap of these two arcs and the horizontal
line defines three line segments representing three zones of
lightning flash termination. If a lightning stroke enters Zone A,
it will be hit the shield wire and therefore the surge current is
shunted to ground through tower footing. In the similar
manner, if a lightning stroke enters Zone C, it will not be
reached any conductor. This lightning flash is terminated to the
earth surface nearby. However, the most severe case occurs
when a stroke enters Zone B. The incoming stroke will be hit
the phase conductor. Distance D and Dy are defined in Fig. 1.
They are the vertical exposure distances for the shield wire and
the phase conductor, respectively.

B. _Striking Distance Equations

The striking distance equation (D or S) is defined by Aff

where 4 and B are coefficients and /. is the stroke current,
representing the last step of the lightning flash was developed
by Wagner [3]. Young [4] found that Wagner's equations
required some modification. Therefore, several versions of
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striking di Juations were T d in order to improve
the estimation of lightning impulse characteristics. Fig. 2
describes some selected striking distance expressions in
graphic.

D¢

Phase conductor

Earth Surface

Figure |. Definition of angles and distances in EGM
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Figure 2. Graphical plot of some selected striking distance equations

C.  Maximum Shielding Failure Current

As can be seen from the exponential equation of the stroke
current, the striking distance is increased as the stroke current
increases. This increment leads to the decrease of the vertical
exposure distance of the phase conductor, D The maximum
shielding failure current 4, is-.defined according to this situation
where all striking distances coineide at a single point. In this
case, D¢ becomes zero.

D. Shielding Failure Flashover Rate (SFFOR)

Shielding failure flashover rate is a number of strokes that
terminates on the phase conductor and results in flashover. If

This work was supported by Rajamangala University of Technology
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the voltage produced by a stroke current across the conductors
exceeds the critical flashover voltage, the flashover occurs.

Il.  PERFECT SHIELDING ANGLE

Perfect angle is defined as a shielding failure flashover rate
is zero. This occurs when D¢ is zero. It means that Zone B
representing the zone of phase conductor termination from
lightning stroke is fully covered by Zone A and Zone C as
shown in Fig. 3. At this circumstance, 8 = o + B. This can be
achieved by setting /¢ to [,.. From Fig. 3 the perfect shielding
angle, o, can be computed by using the following equation.

2D—(h+y)
o=l
o, =5 {§——————~ (1)
’ { 28
Zone A
Lone C
Zone B
s
Shicld wire, 2
:_1,4 O=a+p
Phase conductor D
h
¥
Earth Surface

Figure 3. Perfect shiclding angle

IV. RAILWAY OVERHEAD CATENARY SYSTEMS

In the past, DC power supplies (1.5 kV from the carly
1900s and 3 kV from the 1930s) were mainly used because of
case of control. However, difficulties of DC motor
commutation, limitations of feeding distance and expensive
power supply equipment led to the restrictions on the use of
DC mainline railways. Using a high-voltage AC power
transmission  system, long-distance feeders have become
possible. Until recently, AC/DC converter-fed DC motors were
used, with the converters fed from the AC supply through a
traction transformer. The advantage of DC motors is simple
torque-speed  control. There exist  different  operating
frequencies that are used in electrified railways in various parts
of the waorld. Low-frequency high-voltage transmission

networks, 15 kV at 16-31= Hz and 12 kV at 25 Hz. are used to

feed AC commutator motors in some central European
countries (Norway, Sweden, Switzerland, Austria and
Germany) and in New York, USA, respectively [5,6]. Around




the 1950s, electrified railways at the indusirial frequency, 50
Hz, were established. The Valenciennes-Thionville line in
France was the first 50 Hz railway electrification [7]. Thus far,
a single-phase feeding system with 25 kV at 50 Hz has become
the world standard of mainline railway electrification while a
50 kV feeding system has been used for railways with heavily
loaded locomotives. Fig. 4 shows a typical double-track
railway overhead catenary system. As can be seen from the
figure, no shielding wire for direct lightning protection is used.

Centra of
Alignment

Catenary Catenary

mast

Sleepers

Ballast

Figure 4. Typical double-track railway catenary feeding system [8]

V. DESIGN EXAMPLE - RESULTS
This section is to apply the shielding wire design for railway
overhead catenary systems. System parameters and design
parameters are given as follows.

y=641m (average)
§=101"% (IEEE T&D Committee)
D=ps1 " (IEEE T&D Committee)

Where
B=0.36+0.17in(43-y)

The stroke current, [, is uncertain. It cannot be predicted
precisely. However, we can estimate the stroke current
indirectly by interpreting some statistical data and geographic
information. In this paper. ground flash density together with
railway track location is used to evaluate the stroke current in
design process. The stroke current is large in some arcas where
the ground flash density is high. Urban and suburban areas
where high structures are built and they are always equipped
with lightning shield conduetors probably have small value of
the stroke current.

In this study, we assume that the stroke current can be varied
according to the previous mentioned parameters. To examine
this effect, the stroked current is varied as given below.

L=[12481215202530] kA

By varying the stroke current and by using the system
parameters and the design parameter given previously, the
perfect angle with respect to the height of the shield wire is
obtained. Due to the variation of the stroke current and the
height of the shield wire, the perfect angle is not unique. Fig. 5
presented the plot of the perfect angle and the shield wire
position while Fig. 6 gave some modification by transforming
the perfect angle into the horizontal spacing of the phase
conductor and the shield wire.

Pardect angle: degroe

a0 L 1 i " L . " " o :
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Figure 5. Perfect angle versus shield wire position

Horiz ontal conductor spacing: m
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Figure 6. Conductor spacing versus shield wire position

This design example assumes that the railway overhead
catenary system has eonstruct across country. It passes urban,
suburban and rural areas with different ground flash density in
nature. In the design the stroke current is set as 12 kA for
suburban and 20 kA for rural areas.

If shielding wire height is fixed at 8 m above the earth
surface. The perfect angle and the horizontal conductor spacing
can be obtained and put in Table 1.




TABLE L PERFECT ANGLE AND HORIZONTAL CONDUCTOR SPACING

[ Pt Shielding Wire Height @ 8 m
Perfect angle | Horizontal conductor
| (Degree) spacing (m)
12 KA (Urban & Suburban) 55.96 2354
| 20 kA (Rural) 60.36 2795

As a result, the location of the designed shield wires of the
railway overhead catenary system passing through suburban
and rural areas is illustrated graphically as shown in Fig. 7 and
Fig. 8, respectively.
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Figure 7. Shicld wire position in suburban arcas
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Figure 8, Shield wire position in rural areas

VI. CONCLUSION

This paper introduces shielding wires to protect long-
distance railway power feeding system from direct lightning
strokes. The perfect angle to locate the shield wires is
determined. The electro-geometric model is employed in order
to find the perfect shielding angle where the location of the
shield wires is optimized according to the guide of IEEE T&D
committee. A typical double-track railway overhead catenary
feeding system is examined. The results used design the
location of shielding of overhead power feeding systems for
electric railway.
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Simulation of Lightning Surge Propagation in
Transmission Lines Using the FDTD Method

Kokiat Aodsup and Thanatchai Kulworawanichpong

Abstract— This paper describes a finite-difference time-domain
(FDTD) method to analyze llghlmng surge pmq:lagatmn in electric
power ission lines. Ni of solving the
Telegraphist's  equations  is determined  and investigated  its
effectiveness. A source of lightning surge wave on  power

lines is modeled by using Heidler's surge model. The
proposed method was tested against medium-voltage power
transmission lines in comparison with the solution obiained by using
Bewley lattice diagram. As a result, the cn]culnmu qhnwed that the
FDTD method is one of o ly
lightning wave in power transmission lines.

Keywords— Finite-difference time-domain (FDTD) method,
Traveling wave, Lightning surge, Bewley lattice diagram,
Telegraphist's equations.

1. INTRODUCTION

IGHTNING and switching surges can occur occasionally in

electric power transmission lines. These phenomena can
produce high voltage level in a very short time that can
damage insulation or can cause server flashover [1-3].
Lightning surge may be caused by either direct strokes or by
the fields radiated from distant lightning, called indirect
strokes. Direct lightning strokes are determined as a serious
problem but it rarely occurs. However, indirect strokes, in fact
they are less severe than direct strokes, may be a significant
problem because of their frequent occurrence. The induced
lightning surges can -:ausa significant damages to electric
power comp ication equif
networks, etc. These result in severe damages of c:qulpml.‘mt.
interruption of services, increased op 1t

ion and mai e
cost. Therefore, adequate lightning or surge protection uf
electrical and electronic sy from
disturbances has been increasingly important. For insulation
design of the power transmission system, it is vital to exhibit
the induced woltage behaviors propagated along the
tr issi lines. - Consequently, both theoretical and
experimental studies of lightning induced electromagnetic
fields have been conducted ¢ontinuously in over halfa century.

Numerical simulation plays an important role for theoretical

dies of electromagnetic problems because of the complex
nature of the electromagnetic waves. A close interaction

electrc
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between theory and practical works is crucial for every
developing research field. Numerical computation of lightning
surge propagation in power fr line ing from
either direct or indirect lightning strokes is very important to
know various aspects of the problems and equally important in
developing protection schemes against such an atmospheric
phenomena [4].

In theory, characteristics of ligh 2 surge propagation in
transmission lines can be described mathematically in forms of
partial differential equations (PDEs) as the well-known
Telegraphist’s equations [5]. These equations are linear
second-order partial differential equations with constant
coefficients. These equations fall into three basic categories:
parabolic, elliptic and hyperbolic. In case of lossless lines
where series resistance of lines and shunt conductance
representing  insulation losses are neglected, the system
equations can be simplified into the wave equations which the
lightning surge can propagate along the line without any line
attenuation. Although the wave equations as hyperbolic PDEs
have an exact equations in some circumstances, further
investigation such as appearance of lightning surge arresters
somewhere in transmission lines can raise complexity and
nonlinearity in the governing system equations. Solutions of
these equations were obtained several decades ago by
Heaviside in England and Poincare in France [2]. The FDTD
method [6-8] is basically a numerical tool and can be adapted
in associating with surge arrester models in the future work.

This paper is well organized and separated into six sections.
Section I gives a brief review of electric power transmission
line and its mathematical model in such a way that lightning
surge propagation is intended to be studied. Section 11
describes the FDTD method and its application in lightning
surge propagation in fr ission lines. For comparison,
section W devotes for a classical method of Bewley lattice
diagram of wave reflection along transmission lines. Section V
is for results and discussion. The final section is the conclusion
remark.

I POWER TRANSMISSION LINE MODELING

A Mathematical Model of a Power Transmission Line

The study of transmission line surges regardless of their
origin is very complex. Although the long-line model is
recommended for lines more than approximately 150 mi long
[9], the lightning surge wave propagation is a very short-time
impulse wave-shape therefore the long-line model is a good
representation of power lines for a high-frequency impulse of
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lightning surges.

Fig. 1 shows the frame and the equivalent circuit of a very
small section of a single-phase power transmission line.
Assuming that the line ¢ s are parallel to the ground

and uniformly distributed, the time-domain characteristics in
form of partial differential equations of the single-conductor
line can be expressed as follows.

LAx LAx i, LAx i(x + Ax,1) LAx
[y [, fYyry rynm
Chx —— CAx —”— wvx.0) CAx—— v(x+ Axf) Chx ——
] Ax Ax ’-—". Ax — Ax
1 I
i | |
Sending-end ;-' Receiving-eml | + |
+ + +
v, v, v l,.\ Gx - |
I |
p — . | |
—% - |
1 ]
v dx l

Fig. 1 Distributed line model for power

—‘-i-- =—Rilx,t)- -é—vx 1
= v(xt)= —Ri(x.r) Ld‘f (x.1) (1)

%;(_mp -Gv{x,t}—(‘%i{:‘r} @

Where i(x,1) is a current surge wave fanction
w(x,f) is a voltage surge wave function

R, L, C and G are per-unit length line parameters

Consider the distance x along the transmission line from the
sending end (rather than the receiving end) to the very small
different element of length dx shown in the above figure. The
voltage v(x,f) and current i(x,r) are both a function of space and

6(11) 2012

line wave prof

time so that they are in form of partial derivatives. Since it
assumes that the tr line is a lossless line, R and G
will be equal to zero to give the following expressions.

d d
p LY =] =y (3)
= 1(:,]'} L = »{x‘r}

d d
Lilxt)=—Cc i @)
& t(x,f) {4 57 J{x.r}

A set of the above equations is also called wave equations.
Now either current i(x,f) can be eliminated by taking the partial
derivatives of both terms in (3) with respect to x and in (4)
with respect to 1, or voltage v{(x,r) can be eliminated by taking
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the partial derivatives of both terms in (3) with respect to t and
in (4) with respect to x. This will produce a linear second-
order partial differential equation in form of hyperbolic PDEs
as shown in (5) for the voltage wave equation.

e r(n)= S vl)

(5)

Solving the above so-called “travelling wave equation™ has
a long history. In the mid of the previous century where
computer was not efficient, the classical reflection analysis of
traveling wave through the line junction was the only potential
tool to do so. This method is widely known and broadly
accepted as a preliminary tool of study in wave propagation in
power transmission lines. It is called “Bewley lattice diagram™.,
It enables the calculation of wave refraction and reflection and
any line junctions. This method will be reviewed in the next
section.

B.  Heidler's Surge Function

The lightning surge wave model for the wave propagation
model or the RLC lightning model is represented as an impulse
source occurring on somewhere in a transmission ling, The
solutions for the line voltage and line current are obtained by
solving the Telegrapher’s equations, In the model, the surge
voltage distribution is obtained by taking into account the
voltage waves propagate along the line channel with veloeity v
and the same wave shape. The propagation velocity u is less
than the speed of light (usually 1/3 — 2/3 the speed of light).
The model based on the travelling-wave source was introduced
by Heidler [10] in which the surge wave propagates at
infinitely large speed while the return-stroke speed (front
speed) is still finite. The equation for surge function
introduced by Heidler satisfies the two basic requirements
ded for the lightning surge simulation, i.e. the current does
not have discontinuity at + = 0 s and the current derivative also
does not have a discontinuity at r = 0 s provided that & > 1. At
present time, Heidler representation of the lightning surge
wave is one of the most widely-used surge model for the
lightning surge propagation in transmission line. The Heidler’s

surge function can be described by the following equation.

/)= [f—;){l —e A Jl‘,%

The waveform of the:Heidler's surge function as a current
waveform in the range of 0'— 5 ps is shown in Fig. 2. The
values of the parameters for plotting the Heidler current
function are listed below.

(6)

Fy=10kA
n=1
7 =0.1 ps
=03 ps
k=2

h & 1 6(11)2012

45

35

)

Current [kA]

o o

0 1 4 5

2 3
Time [us]
Fig. 2 Heidler's current waveform based on (6)

ITI. TRANSIENT WAVE REFLECTION ANALYSIS

When a travelling wave on a transmission line reaches a
transition point at which there is an abrupt change of line
parameters, as open or short-circuit termination, a junction
with another line, a machine winding, load termination, etc, a
part of the wave is reflected back on the incoming line and the
rest may pass through other line section. The travelling wave
before reaching the transition point is called the incident wave.
The incident wave may be decomposed into two component
waves called the reflected wave and the transmitted wave. This
relation is a voltage-wave solution of (5) and it can be
expressed as in (7). The transmitted wave, v"(x.7), is a wave
portion travelling toward the next line section while the
reflected wave, v'(x.1), is a wave portion travelling backward
to the source. These waves can be illustrated by the equivalent
circuit shown in Fig. 3.

v(x,t)=v"(x,0)+ v'(x,1) (7

Fig. 3 Waves reflected and transmitted at the junction

If the line section # 1 has the surge impedance of Z; and the
line section # 2 has the surge impedance of Z;, the transmitted
and the reflected portions of the travelling wave can be
represented in terms of the refraction coefficient B and the
reflection coefficient o, respectively, as given in (8) and (9).
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. 27, ®
s Z, +Z,
wofe=y ©
Z,+Z,
Where z,=|fandz o [fa
c ' yc,

| is the wave speed of line |
L,C,

! is the wave speed of line 2
JLC
L, is per-unit inductance of line section 1
L is per-unit inductance of line section 2
C; is per-unit capacitance of line section 1
€ is per-unit capacitance of line section 2

u, =

In practical power network, many line sections are typical.
This leads to multiple reflections among line junctions to
exhibit complicated resulting waves. However, in a lateral line
case, both the reflection and the refraction oceur from the left
to the right or from the right to the left, coefficients of
reflection and refraction can be pre-calculated and then used
repeatedly when any incident wave has arrived. The
component waves calculated at any time and any position by
using this pre-calculation of all coefficients at every junction
can be drawn as the so-called “Bewley lattice diagram™ [2] as
illustrated in Fig. 4.

e fiy v

(arc= ¥ iy oy

- -

Fig. 4 Example of Bewley lattice diggram

IV FINITE-DIFFERENCE TIME-DOMAIN (FDTD) METHOD

The standard example of a hyperbolic PDE is the one-
dimensional wave equation as described follows.

¢ )= T ler) (10)
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Initial conditions are given for (x,0) and also its derivative.
The boundary conditions are given at x = 0 and x = L where L
is the maximum limit of x.

According to the explicit method of solving the wave
equation, replacing the space derivative in the wave equation
by finite difference formula at the t™ time step, (11) is
obtained. In the same manner, replacing the time derivative by
the finite difference formula at the A" space step, (12) is
formed. By substituting (11) and (12) into (10), it gives the
updated voltage wave solution as summarized in (13).

d_':v[“}= w2 +1,r)=2v(A,0)+ v -1,7) (an
d Ax
Lv[x.f}=‘J{’l‘r*I]'z"(i-f)*‘v(l.r-l} (12
dt - At
Wa,r+1)=g*v(d - 1.7)+ 201 - 62 Ma,r) 13)

+d v(d,r)=v(d,r=1)
Where gapilo. AU

= is the aspect ratio
Ar  AxyLC

V. SIMULATION RESULTS AND DISCUSSION
The study of successive reflection of travelling waves
caused by either direct or indirect lightning stroke can be
investigated through a test example of power transmission
lines as shown in Fig. 5. This example consists of four
transmission line sections with the open far-end. The line
parameters of each section are given as follows.

— A B c
s S I
Waoe ~ Linel  Line2  Line3  Line4

Fig. 5 The example transmission line systems
The parameter of transmission line systems is :

Line length: 1 km
Ly = 120 pH/m, C, = 10 pF/m

J

Line length: 1 km

L =480 pH/m, C: =10 pF/m
Line 3

Line length: 1 km

L3 =240 pHim, C; = 10 pF/m
Line 4

Line length: 1 km

Ly =360 uH/m, Cy = 10 pF/m

The Heidler's surge model of the lightning induced voltage
can be characterized by the waveform in Fig. 6. The Heidler's
surge wave has the 8.5-kV peak and 12/30-ps of the rise and
decay time constants.
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Fig. 6 Heilder’s surge wave for the test example

With the help from MATLAB programming, lightning surge
waves propagation on transmission lines can be simulated
numerically. In this paper, this simulation used the time step of
0.5 ps and the step length of 5 m.

Assume that the lightning surge was induced at the sending
end of the transmission line. The incident wave can travel
along the line section 1 with a constant speed and without
attenuation approach line junction A as shown in Fig. 7. After
the incident wave hitting the junction, the incident wave of
8.5-kV peak was separated into the reflected wave of 3.5-kV
peak and the transmitted wave of 12-kV peak. These two wave
components can be depicted as shown in Fig. 8.

Travel of lightning surge along the transmission line

) "
” | Incident wave 2 1
. BSKY, i
10 ' ( 1
. rd ! :
£, | | !
5 3 : : ;
2 i i H
| i '
| :
o j H :
-2 i i )
Al B! e}
4 " ] i ; 1 |
"¢ o5 1 15 2 25 3 315 4
Position km)

Fig. 7 Incident wave before arriving line junction A

The simulation had been carried out further by extending the
propagation of the transmitted wave toward the line junction
B. In this case, before the incident wave of 12-kV peak hitting
the junction, the voltage in line section 3 is zero at all
positions. After the incident wave hitting the junction, the
incident wave of 12-kV peak was decomposed into the
reflected wave of 4-kV peak (out-of-phase) and the transmitted
wave of 8-kV peak penetrating deeply into the line section 4 as
depicted in Fig. 9.

B h&l
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Fig. 8 Transmitted and reflected waves at junction A

. Travel of lightning surge along the fine
= ] ] '
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. ;] R T
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Fig. 9 Transmitted and reflected waves at junction B
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Fig. 10 Transmitted and reflected waves at junction C

The wave reflected from and transmitted through the line
junction C can be exhibited as shown in Fig. 10. In this case,
before the incident wave of 8-kV peak hitting the junction, the
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voltage in line section 4 is zero at all Pcsi[ions_ After the [6] L. V. Fausent, Applied Numerical Analysis using MATLAB. Prentice-

R i i g Hall, 1999,
incident wave hitting the junction, the incident wave of 8-kV {71 S. C. Chapra, and R. P. Canale, Numerical Method for Engineers.

peak was split into the reflected wave of 2-kV peak and the McGraw-Hill, 2002,
transmitted wave of 10-kV peak penetrating toward the [8] C. A Hall and T. A. Porsching, Numerical Analysic of Partial
receiving end. Differential Equations. Prentice-Hall, 1990,
[9] ). J Granger, and W. D. Stephenson, Power System Analysis, MeGraw-
Hill, 1994,
[10] F. Hudlcr "mellmg cuml source model for LEMP calu.uintltm
Proc. 6th on Ele

March 5-7, Zurich, Samr[and 1985, pp. 157-162,

-
e g —_

Position (km) o
Fig. 11 Lightning surge propaganon along the transm
lines of the test example afier 2 ms

In addition, the full simulation of the whole system which
consists of four line sections having a total of 4-km line length
and the total time span of 2500 ps can be plotted in 3D surface
as shown in Fig. 11.

VL CONCLUSION
In this paper, the finite-difference time-domain (FDTD)

method to analyze lightning surge propagation in electric
power transmission lines has been presented. Numerical
solutions for the Telegraphist's equations, in case of the wave
equation were investigated its effectiveness in comparison with
those obtained by using Bewley lattice diagram. A source of
lightning surge wave on power transmission lines was modeled
by using Heidler's surge model. The proposed method was
tested  agai di ltage power ission lines
consisting of four line sections. As a result, the caleulation
showed that the effectiveness and the accuracy of the solutions

obtained by the FDTD method are confirmed.
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ABSTRACT

This paper describes a simulation of lightning surge propagation in power
transmission lines of provincial electricity authority (PEA) Thailand by using finite-
difference time-domain (FDTD) method. Numerical computation of solving the
Telegraphist's equations is determined and investigated. A source of lightning surge
wave on the line is modeled by using Heidler's surge model. The proposed method
was tested against 115-kV power transmission systems in comparison with the solution
obtained by using Bewley lattice diagram. As a result, the calculation showed that the
FDTD method is one of accurate methods to analyze transient lightning surge wave in
power transmission lines.

1. INTRODUCTION

Lightning and switching surge are any disturbance on a transmission of steady-state
condition. These phenomena can produce high voltage level in a very short time that
can damage insulation or can cause server flashover described in (Bewley 1951),
(Hileman 1990).

Lightning or surge protection of electrical and electronic systems from disturbances
has been increasingly important. Because the induced lightning surges can cause
significant damages to electric power components, telecommunication equipment,
computer networks, etc. These result in severe damages of equipment, interruption of
services, increased operation and maintenance cost. For insulation design of the power
transmission system, it is vital to exhibit the induced voltage behaviors propagated
along the transmission lines. Consequently, both theoretical and experimental studies
of lightning induced electromagnetic fields have been conducted continuously (Kokiat
2012).

In theory, characteristics of lightning surge propagation in transmission lines can be
described mathematically in forms of partial differential equations (PDEs) as the well-
known Telegraphist's equations (Benesova 2008). These equations are linear second-
order partial differential equations with constant coefficients. These equations fall into
three basic categories: parabolic, elliptic and hyperbolic. These equations are

" Graduate Student
% Professor
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hyperbolic. In case of lossless lines where series resistance of lines and shunt
conductance representing insulation losses are neglected, the system equations can
be simplified into the wave equations which the lightning surge can propagate along the
line without any line attenuation. Although the wave equations as hyperbolic PDEs
have an exact equations in some circumstances, further investigation such as
appearance of lightning surge arresters somewhere in transmission lines can raise
complexity and nonlinearity in the governing system equations. Solutions of these
equations were obtained several decades ago by Heaviside in England and Poincare in
France (Bewley 1951). The FDTD method is basically a numerical tool and can be
adapted in associating with surge arrester models in the future work.

2. POWER TRANSMISSION LINE

2.1 Mathematical model of a power transmission line

The study of transmission line surges regardless of their origin is very complex.
Although the long-line model is recommended for lines more than approximately 150 mi
long (Granger 1994), the lightning surge wave propagation is a very short-time impulse
wave-shape therefore the long-line model is a good representation of power lines for a
high-frequency impulse of lightning surges.

Lax LAx

i A

I I L0 A A e
= Wxg) CAx—— v(x + Axf) CAx ——

Receiving-end

Fig. 1 Distributed line model for power transmission line wave propagation

Fig. 1 shows the frame and the equivalent circuit of a very small section of a single-
phase power transmission line. Assuming that the line conductors are parallel to the
ground and uniformly distributed, the time-domain characteristics in form of partial
differential equations of the single-conductor line can be expressed as follows.
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:—xv(x,f)z—R.-‘(x.r)—L%v(x,r] (1)

%i{x.t} = -Gv(xt)-C %:’{x.r] (2)

Where  i(x,t) is a current surge wave function
v(x,t) is a voltage surge wave function
R, L, C and G are per-unit length line parameters

Consider the distance x along the transmission line from the sending end (rather
than the receiving end) to the very small different element of length dx shown in the
above figure. The voltage v(x,t) and current i(x,t) are both a function of space and time
so that they are in form of partial derivatives. Since it assumes that the transmission
line is a lossless line, R and G will be equal to zero to give the following expressions.

:;v(x,r): L-;-i‘[x,r} (3)
;—x.-'(x,t] =-C %ilx.t) (4)

Now either current i(x,t) can be eliminated by taking the partial derivatives of both
terms in Eq.(3) with respect to x and in Eq. (4) with respect to t, or voltage v(x.t) can be
eliminated by taking the partial derivatives of both terms in Eq. (3) with respect to t and
in Eq. (4) with respect to x. This will produce a linear second-order partial differential
equation in form of hyperbolic PDEs as shown in Eq. (5) for the voltage wave equation
or called “travelling wave equation”.

b X & / il 5
IC ax? vix.t) e vixt) (5)
2.2 Heidler's Surge Function

The model based on the travelling-wave source was introduced by Heidler (Bewley
1951). in which the surge wave propagates at infinitely large speed while the return-
stroke speed (front speed) is still finite. The equation for surge function introduced by
Heidler satisfies the two basic requirements needed for the lightning surge simulation,
i.e. the current does not have discontinuity at t = 0 s and the current derivative also
does not have a discontinuity at t = 0 s provided that k > 1. At present time, Heidler
representation of the lightning surge wave is one of the most widely-used surge model
for the lightning surge propagation in transmission line. The Heidler's surge function
can be described by the following equation.

fmz[f;_o][pe-% ]“e% (6)
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3. FINITE-DIFFERENCE TIME-DOMAIN (FDTD) METHOD

The standard example of a hyperbolic PDE is the one-dimensional wave equation as
described follows.

CZ:X?V(X,f)=%V(J{,I) (10)

Initial conditions are given for v(x,0) and also its derivative. The boundary conditions
are given at x = 0 and x = L where L is the maximum limit of x. According to the explicit
method of solving the wave equation, replacing the space derivative in the wave
equation by finite difference formula at the A" time step, Eq. (11) is obtained. In the
same manner, replacing the time derivative by the finite difference formula at the A"
space step, Eq. (12) is formed. By substituting Eq. (11) and Eqg. (12) into Eq. (10), it
gives the updated voltage wave solution as summarized in Eq. (13).

d2 V()= vii+1r)-2v(i,r)+v(a-1r7) (11)
dx ? ! Ao
iv(x 1) 4 vid,r +1)-2v(i,r)+vli,r 1) (12)
dt? ¥ IY;
v(iz+1)=¢*v(i-10)4+ 201 - ¢* W(Ar) + ¢7v(d,r) - v(ir - 1) (13)
Vihere 4-cA_ Al isthe aspect ratio
Ax  AxALC

4. REFLECTION OF TRAVELING WAVES

When a travelling wave on a transmission line reaches a transition point at which
there is an abrupt change of line parameters a part of the wave is reflected back on the
incoming line and the rest may pass through other line section. The travelling wave
before reaching the transition point is called the incident wave. The incident wave may
be decomposed into two component waves called the reflected wave and the
transmitted wave. This relation is a voltage-wave solution of Eq. (5) and it can be
expressed as in Eq. (7). The transmitted wave, v'(x,t), is a wave portion travelling
toward the next line section while the reflected wave, v'(x,t), is a wave portion travelling
backward to the source. These waves can be illustrated by the equivalent circuit shown
in Fig. 2.

vix,t)=v(x,t)+v'(xt) (7)
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Fig. 2 Waves reflected and transmitted at the junction

If the line section # 1 has the surge impedance of Z; and the line section # 2 has the
surge impedance of Z,, the transmitted and the reflected portions of the travelling wave
can be represented in terms of the refraction coefficient (B) and the reflection coefficient
(a), respectively, as given in Eq. (8) and Eq. (9).

B2z, 8
‘B"z,+z.‘2 ©
yZ2 -3 9
ar S8 )

Where 7 _ Jf and 7, - JT;
C c

u, = 1 is the wave speed of line 1
4L.C,
u. - 1 isthe wave speed of line 2
? ‘\IIILE‘CQ‘

L+ is per-unit inductance of line section 1
L is per-unit inductance of line section 2
C; is per-unit capacitance of line section 1
C is per-unit capacitance of line section 2

In practical power network, many line sections are typical. This leads to multiple
reflections among line junctions to exhibit complicated resulting waves. However, in a
lateral line case, both the reflection and the refraction occur from the left to the right or
from the right to the left, coefficients of reflection and refraction can be pre-calculated
and then used repeatedly when any incident wave has arrived. The component waves
calculated at any time and any position by using this pre-calculation of all coefficients at
every junction can be drawn as the so-called “Bewley lattice diagram” (Bewley 1951)as
illustrated in Fig. 3.
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Fig. 3 Example of Bewley lattice diagram

4, SIMULATION RESULT AND DISCUSSION

The study of successive reflection of travelling waves caused by either direct or
indirect lightning stroke can be investigated through a test in power transmission lines
of provincial electricity authority (PEA) Thailand as shown in Fig. 4. This example
consists of two transmission line sections with the open and short circuit line
termination. The line parameters of each section are given as follows.

rﬁv’ Line 1 Line 2

Surge > _|
1 o ti int )
Wave - onnection poin -
2bundle | * % 1 bundle
conductor conductor

Fig. 4 The transmission line systems

The parameter of transmission line systems is :
Line 1 Transmission line from substations of Uthaitani to a connection point.
Line length: 2 km, L4 = 0.0012 H/m, C; = 0.0566 F/m
Line 2 Transmissions line from a connection point to substations of Chainat.
Line length: 2 km, L, = 0.00085 yH/m, C; = 0.0412 F/m

The Heidler's surge model of the lightning induced voltage can be characterized by

the waveform in Fig. 5. The Heidler's surge wave has the 10-kV peak and 12/30-ps of
the rise and decay time constants.
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Fig. 5 Heilder's surge wave for test the transmission line systems

With the help from MATLAB programming, lightning surge waves propagation on
transmission lines can be simulated numerically. In this paper, this simulation used the
time step of 0.1 ps and the step length of 5 m.

Assume that the lightning surge was induced at the sending end of the transmission
line. The incident wave can travel along the line section 1 with a constant speed and
without attenuation approach line junction A as shown in Fig. 6. After the incident wave
hitting the junction, the incident wave of 10-kV peak was separated into the reflected
wave of -1.527-kV peak and the transmitted wave of 8.442-kV peak. These two wave
components can be depicted as shown in Fig. 7

Travel of lightning surge along the transmission line
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Fig. 6 Incident wave before arriving connection point.
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Fig. 7 Transmitted and reflected waves at connection point

When transmitted wave on a transmission line reaches a line terminal at which there
is open and short circuit. Transmitted wave components can be depicted as shown in
Fig. 8 and Fig.9 for a line terminal is open and short circuit respectively

Voltage (kV)
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Travel of lightning surge along the transmission line
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Fig. 8 Transmitted waves at a line terminal is open circuit
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i e whole system which consists of two line
sections having a total of 4-km lin and the total time span of 2500 ps can be
plotted in 3D surface for open and

Fig. 11 respectively.

Fig. 10 Lightning surge propagation along the transmission lines of the test systems at
open circuit line terminal after 2.5 ms




Lightning surge propagation

Paosition (km) 0o Time (us)

Fig. 11 Lightning surge propagation along the transmission lines of the test systems at
short circuit line terminal after 2.5 ms

The FDTD method is comparison with the solution obtained by using Bewley lattice
diagram as shown in Table 1.

Table 1 The FDTD method comparison with the solution by using Bewley lattice
diagram.

Reflaction Refraction
Bewley lattice diagram -1.142 kV 8.858 kV
FDTD method -1.527 kV 8.442 kV

6. CONCLUSIONS

In this paper, the finite-difference time-domain (FDTD) method to analyze lightning surge
propagation in power transmission lines of provincial electricity authority (PEA) Thailand.
Numerical computation of solving the Telegraphist's equations is determined and
investigated. A source of lightning surge wave on the line is modeled by using Heidler's
surge model. The proposed method was tested against 115-kV power transmission
systems in comparison with the solution obtained by using Bewley lattice diagram. As a
result, the calculation showed that the effectiveness and the accuracy of the solutions obtained
by the FDTD method are confirmed
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Ak

t—The Telegraphist equation is a set of mathematical formulas to characterize surge propagation in
power transmission lines. Two line portions of 1-km length line are used for test. The proposed FDTD method
was tested with loss and lossless power transmission systems in comparison with the solution obtained by
using Bewley lattice diagram. The surge voltage is decayed in practical transmission lines due to energy loss
dissipation in the power lines. The results show that the FDTD method is accurate to analyze surge propagation
in power transmission lines in both loss and lossless power transmission lines.

Keywords—Bewley Lattice Diagram; Finite Difference Time Domain Method; Lightning Surge; Surge

Propagation; Telegraphist’s Equations; Travelling Wave.

Abbreviations—Finite Difference Time Domain (FDTD); Partial Differential Equations (PDEs).

I. INTRODUCTION

URGE divided into two types are lightning surge and
stitching surge. Lightning and Switching surges can

cause significant damages to electric . power
components,  telecommunication  equipment, I

Solutions of these equations were obtained several decades
ago by Heaviside in England and Poincare in France
[Bewley, 1931].

This paper is well organized and separated into five
sections. Section 2 gives a brief review of electric power

networks, etc [Hileman, 1999]. These result in severe
damages of equipment, interruption of services, increased
operation and maintenance cost. For insulation design of the
power transmission system, it is vital to exhibit the induced
voltage behaviors propagated along the transmission lines
[Martinez-Velasco, 2010]. The power transmission lines
divided into two models are loss power transmission line and
lossless power transmission line [Granger & Stephenson,
1994). In case of lossless lines where series resistance of lines
and shunt conductance representing insulation losses are
neglected, the system equations can be simplified into the
wave equations which the lightning surge can propagate
along the line without any line attenuation [Nevels & Miller,
2001].

The Telegraphist equation is. mathematical of surge
propagation in  transmission * lines [Kokiat Aodsup &
Thanatchai Kulworawanichpong, 2012]. These equations are
linear second-order partial differential equations with
constant coefficients, The FDTD method is basically a
numerical tool for Partial Differential Equations (PDEs)
[Fausett, 1999: Burden Richard & Douglas Faires, 2001].
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1

transmi line and its mathematical model in such a way
that surge propagation is intended to be studied. Section 3
deseribes the FDTD method and its application in lightning
surge propag ion lines. For comparison,
section 4 devotes for a classical method of Bewley lattice
diagram of wave reflection along transmission lines. Section
5 purpose results and discussion. The final section is the
conclusion remark.

II.

ion in trar

MATHEMATICAL MODEL OF
TRANSMISSION LINES

The surge wave propagation i a very short-time impulse
wave-shape therefore the long-line model is a good
representation of power lines for a high-frequency impulse of
surges [MeEachron et al., 1930). The frame and the equivalent
circuit_of a very small section of a single-phase power
transmission line, show in figure 1.
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Figure 1: Distributed Line Model for Loss Power Transmission Line
Wave Propagation
From Telegraph equations
{"\{f.t]-m“ o l[:uu.v:} 1
i [l. x) Gl i) 4 Ct"ﬂ{l. x) @)

ox
Where
i(x,t) is a current surge wave function
v(x,t) is a voltage surge wave function
R, L, C and G are per-unit length line parameters
Current i(x,t) can be eliminated by taking the partial
derivatives terms in Eq.(1) with respect to
&, x) fi(t, x) &%, x)
Al R T ()
Voltage v(x,t) can be eliminated by taking the partial
derivatives of terms in Eq. (2) with respect to t

(‘-:.n"{'r,xl_ e x) |3

a0 & T a2 @

Substitute from Eq. (2) and Eq. (4) to Eq. (3)
_nx) air,x) ) )
P S RO+ C—2 =)~ UG~ p —= {5
So,
i:.x’;_xl-nam )+ (RC —era"" =%) , 8 '1;”; (6)
2 of

The transmission line is a lossless line, R and G will be
equal to zero. The frame and the equivalent circuit of a very
small section of a single-phase power transmission line, show
in figure 2.

ication Engineering (CNCE), Vol. 2, No. 3, May 2014

From Egq. (6) R and G will be equal to zero.

J__'"";r’z' X LC—":_::;XJ] (7

III. FINITE DIFFERENCE TIME DOMAIN

(FDTD) METHOD

For numerical solution of wave equation (6) and (7) we used
the method of finite differences. The boundary conditions are
given at x =0 and x = L where L is the maximum limit of x.

A Ar  Ax
Tl
K,
T Y
[
T1 Y
oM R A+L
L

Figure 3: The Scheme of Central Deference Approximation

According to the explicit method of solving the wave
equation, replacing the space derivative in the wave equation
by finite difference formula at the T time step 2™ order,
Eq.(8) is obtained [Benesova & Kotlan, 2006]. In the same
manner, replacing the time derivative by the finite difference
formula at the A™ space step, (9) is formed and the T* time
step 1" order, Eq.(10) is obtained.

f‘:\{r.x}=\1:—.-1.,1}—2\{1',:1!4-\’{1'—1./1)

= = 8
ar Ar® @
& \:{r1 x) n{r.).+lJ—Zx(r,\.:j*»{r‘J{—ll 9
o Ax®
n{l’.xlz Wr+LA)-vir-LA4)
o 2A¢ (10)

By substituting (8), (9) and (10) into (6), it gives the
updated voltage wave solulion as summarized in(11).

w.n-l.;l}:%t

= —wr.d+ li-v—li L A—
(AMRC = LG) - 210 ar®

(1)
—{2Arlm+4Lc+?n-(:.).:—mm-zma»uqm—un
3
By substituting (8) and (9) into (7). it gives the updated
voltage wave solution as summarized in (12).

__fixn _},Ao; x+Av.f) fax \1r+l;t]- 6 T, )vi]+LA;_1v{r,;L—l}
N - e =
(12)
——CAx Wxf f— (‘A:'x argl ——CAx ar -
LCAx"
— i L, &
x+Ax IV. BEWLEY LATTICE DIAGRAM
w_wﬁ-— FroongNind | | Ay When a travelling wave on a transmission line reaches a
+ ® o transition -point at which there is an abrupt change of line
Ve ve Ve : Ve =L Cur parameters a_ part of the wave is reflected hall:k on Ithe
1 incoming line and the rest may pass through other line section
' - s ! [Hed 1971; Rob n, 2012]. The travelling wave before
— dx reaching the transition point is called the incident wave. The
Figure 2: Distributed Line Model for Lossless Power Transmission incident wave may be decomposed into two component
Line Wave Propagation waves called the reflected wave and the transmitted wave
ISSN: 2321-2403 © 2014 | Published by The Standard Inter 1 Journals (The S1I) 32
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[Menemenlis & Zhu Tong, 1982; Hasman, 1997]. This
relation is a voltage-wave solution of Eq. (7) and it can be
expressed as in Eq. (13). The transmitted wave, v"(x,t), is a
wave portion travelling toward the next line section while the
reflected wave, v'(x.1), is a wave portion travelling backward
to the source. These waves can be illustrated by the
equivalent circuit shown in figure 4.

v, r)=v"(x,0)+ v (x,r) (13)

Figure 4: Waves Reflected and Transmitted at the Junction

If the line section # | has the surge impedance of Z, and
the line section # 2 has the surge impedance of Z,, the
transmitted and the reflected portions of the travelling wave
can be represented in terms of the refraction coefficient (J)
and the reflection coefTicient («), respectively, as given in Eq.
(14) and Eq. (15).

2Z;
Fig n

44
ARz (15)

Where

s
21=J£ and 23=JL—,2
G <,

1 is the wave speed of line 1
L,
! is the wave speed of line 2
L:Cs
L; is per-unit inductance of line section 1
L; is per-unit inductance of line section 2
C; is per-unit capacitance of line section 1
C; is per-unit capacitance of line section 2
In practical power network, many line sections are
typical. This leads to multiple reflections among line
junctions to exhibit complicated resulting waves. However, in
a lateral line case, both the reflection and the refraction occur
from the left to the right or from the right to the left,
coefficients of reflection and refraction can be pre-calculated
and then used repeatedly when any incident wave has arrived.
The component waves calculated at any time and any
position by using this pre-calculation of all coefficients at
every junction can be drawn as the so-called “Bewley lattice
diagram” [Bewley, 1951] as illustrated in figure 5.

=

=
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Figure 5: Example of Bewley Lattice Diagram

V. SIMULATION RESULT AND DISCUSSION

This example consists of two transmission line sections with
loss and lossless transmission line, The line parameters of
each section are given as follows.

(3\_’ Line 1 Line 2
Surge .
Wave Connected point

Figure 6: The Transmission Line Systems

The parameter of transmission line systems is :
Line I:  Line length: 1 km, L1 = 120uH/m, C1 = 10pF/m
R1=0.1m, Gl =0 £¥m (Lossless line R1 and G1
are zero)
Line 2: Line length: 1 km, L2 = 480pH/m,C2 = 10pF/m
R2=0.1 /m, G2 =0 ¥m (Lossless line R2 and G2
are 2ero)
The component waves calculated at any time and any
position by using Bewley lattice diagram as illustrated in
figure 7.

Zy | Zs
10 kV :
1
3333kV i 13.333kV

1
@=-03333 | FE1.3333
Figure 8: The Reflection and the Refraction by using Bewley Lattice
Dhagram
The surge wave source has the 10-kV peak and 12/30-ps
of the nse and decay time constants. The mcident wave can
travel along the line section 1 at origin point surge voltage
has10-kV peak in loss and lossless transmission lines systems
as shown in figure 8.
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Figure 8: The Incident Wave Travel along the Line Section 1 at
Origin Point

The incident wave can travel along the line section 1
before arriving connection point surge voltage has10-kV peak
in lossless transmission lines systems and surge voltage has
9-kV peak in loss transmission lines systems as shown in

figure 9.

Vaokage (V)

0E 1 12
Position flm)

0 02 04 OB 14 16 18

Figure 9: Incident Wave before Arriving Connection Point

After the incident wave hitting the junction, the incident
wave was separated into the reflected wave and the
transmitted wave. These two wave components can be
depicted as shown in figure 10.

Travel of lightning surge along the transmission line:

z

ﬂ. ]

2 5

10

15 4
“a 02 04 08 0B 1 12 14 18 148 2

Pasition km)
Figure 10: T i and Refl 1 Waves at C, Point
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The full simulation of the lossless transmission lines of
two line sections having a total of 2-km line length and the
total time span of 1500 ms can be plotted in 3D surface as
shown in figure 11,

Figure 11; Lightning Surge Propagation along the Lossless
Transmission Lines of the Test Systems after 1.5 ms

The full simul

of the loss lines of two

line sections having a total of 2-km line length and the total
time span of 1500 ms can be plotted in 3D surface as shown
in figure 12.

Figure 12: Lightning Surge Propagation along the Loss
Transmission Lines of the Test Systems afier 1.5 ms

The FDTD method is comparison with the solution
obtained by using Bewley lattice diagram as shown in table 1.

Table 1: The FDTD Method Camparison with the Solution by using
Bewley Lattice Diagram
Reflectin Retrachh
3.333 13.333
2222 12.222
1444 11.444
I ional Journals (The S1I) 34
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VI. CoONCLUSIONS
This paper illustrates the finite difference time domain
method to analyze lightning surge propagation in power
transmission lines in both practical (loss) and lossless lines.
The telegraphist equations are used to characterize the
travelling wave. From the simulation results, the surge
voltage is decayed in practical transmission lines while that
of lossless transmission lines is not attenuated and the
proposed method was tested power transmission systems in
comparison with the solution obtained by using Bewley
lattice diagram. As a result, the calculation showed that the
effectiveness and the accuracy of the solutions obtained by
the FDTD method are confirmed.
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Analysis of Surge Propagation with Lightning
Arrester using FDTD for 25 kV-AC Transmission
Line

Kokiat Aodsup, Thanatchai Kulworawanichpong

Abstract— This paper ly ghtning surge propagati
and reflection as the surge arrives at a lightning arrester.
Telegraphist equations have been used to characterize the
voltage and current of a travelling wave in a lossless power
transmission line and finite difference time domain (FDTD)
method has been used to analyze lightning surge propagati
The characteristics of the reflected wave and transmitted wave
have been compared in two cases: (ijusing silicon carbide (SiC)
arrester, and (iijusing metal oxide varistor (MOV) arrester.
The results have shown that, reflected and transmitted waves
from the MOV arrester are almost equal in magnitude to those
from the SiC arrester, however, the former is more preferable
because it has a smoother waveform.

Index Terms—Finite Difference Time Domain,
Propagation, Lightning Arrester.

Surge

I. INTRODUCTION

Overvoltage in an electrical power system results from
switching surge and lightning surge caused by the lightning
striking on the overhead shield wire with a subsequent
flashover to the phase conductor or the lightning directly
striking the phase conductor [1]-[4],[16]. The travelling wave
or surge propagates and arrives at an electric. power
component giving rise to shielding failures and faults in the
systems [4], [5]. The lightning surge voltage magnitude and
waveform dictates the design of the protection system and
insulation of the component. A surge arresier protects a power
system from the surge propagation by diverting the charge
and energy to ground [10]-[12], [18]. A surge arrester model
has a non — linear resistive characteristic [10]-[12], Due to
impedance change at a transition point, part of the surge is
reflected back and the rest passes through. The pass- through
surge can cause significant damages to electric power
components, Normally, a transmission line is a distributed
parameter network composed of inductance and resistance in
series and a branch of shunt capacitance and resistance [6],
[17]. The telegraphist equation mathematically describes the
propagation of the surge veltage and current in transmission
lines [7], [B]. [15]. These equations are partial differential
equations (PDEs). The finite difference time domain (FDTD)
method basically approximates PDEs [14],[15].

This paper analyzes characteristics of surge propagation

Kokiat Aodsup, Department of Electrical Engineering, Suranaree
University of Technology, Nakhon Ratchasima, Thailand, Phone
No.+66-44-224-404

T hai  Kulwaor ichpong,  Dep of  Electrical
“ngi ing University of Technol Nakhon Ratchasima,
Thailand, Phone No.+66-44-224-404

and ion in a line which uses either SiC
arrester or MOV arrester. The FDTD method is used to
estimate the reflected wave and the transmitted wave.

The paper consists of seven sections. Section two describes
surge propagation. Section three reviews mathematical model
of a power transmission line. Surge arrester in power systems
is described in section four. Section five presents the FDTD
method. Simulation and results are presented in section six.
Lastly, conclusion is in section seven.

II. SURGE PROPAGATION
Voltage surges maybe caused by a lightning strike at a
conductor, flashover from an air lerminal, or switching
operation such as opening and closing of a circuit breaker.
The surge propagates from the point of disturbance and
travels along a transmission line, As the surge propagates past
a junction between two components such as transmission lines
with different impedances, some part of the surge will refract
or pass through the junction called the transmitted wave and
the rest will reflect as shown in Figure 1.
e.l e’ e".i"
o e i Z,
7

Figure 1: The reflection and refraction of the surge
propagation at the junction between two different
transmission lines.

Figure 2: Thevenin equivalent circuit of two different
transmission lines.

Where e,/ is the voltage and current of the surge
propagation.
€ ,i"is the voltage and current of the reflected wave.
€",i"is the voltage and current of the transmitted

Z, is the impedance of the transmission line 1.
Z, is the impedance of the transmission line 2.
From the Thevenin equivalent circuit in Figure 2, the surge
voltage e" travelling past the junction, and the reflected
voltage ¢” can be obtained in (1) and (2) respectively.
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o=, (n
Z +2Z,
e=e"-e (2)

If a junction comprises several different transmission lines
as shown in Figure 3, the refracted voliage surge ¢” is given by
(3).

" 22(
= e
I, +Z,

where 2, =—— 222324
ZiTs v By B+ 2524

)

Zy

& -“h' 1+
e i e.0 /g-,r';

=t S e Z, e e
Z h‘x“",: l l

<

Figure 3: Thevenin equivalent circuit for several
tr: ion lines ¢ d at the junction.

Analysis of a surge propagation moving past a surge
arrester installation point uses the same principle as the case
of several different conductors connected to the junction.
When no surge is presented, the impedance of an arrester is
ideally infinite as shown in Figure 4 (b). The voltage across
the surge arrester is surge voltage ( €"= ¢) and the reflected
voltage is zero ( €'=0). When a surge arrives at the arrester,
and the arrester starts conducting, its impedance is ideally
zero as shown in Figure 4 (c). The voltage across the surge
arrester is zero ( ¢"=0) and the reflected voltage is the
opposite of the of surge voltage { '=—¢).

In practice however, there exist some voltage across the
surge arrester during its operation because the resistance of
the surge arrester is non-linear. Accordingly, the voltage
across the surge arrester will be tested and provided by the

manufacturer.
Z; z,
szd -0

(a) (b) (c)

Figure 4: Impedance of the surge arrester in the ideal
condition (b) no surge is presented (c) diverting the current to

111, MATHEMATICAL MODEL OF A POWER TRANSMISSION
LINE

The equivalent circuit of a single-phase transmission line
showed in Figure 5 consists of a resistor and inductor in series
connected with a branch of resistor and capacitor in parallel in
each section. The time-domain characteristics in form of
partial differential equations of the single-phase transmission
line can be expressed as in (4) and (5).

£ _— By ity 4
ex\{x,:) Rilx,r) L Ax.1) 4

67

2 iwt)=—crxt)-C L i{x.) (3)
o o

where
R. L, G and C are the line parameters in per unit length.
v(x,t) and ifx.1) are the voltage and current.

Rie LAx

RAx LAY ) RAY LAY oy gROX LAY

Figure 5: Distributed line model for a power transmission

line.

If a transmission line is assumed to be lossless, the R and G
in Figure 5 are eliminated (they will be equal to zero). The
resulting transmission line model is shown in Figure 6. The
partial differential equations of the single-phase transmission
ling can be expressed as in (6) and (7) which are also known
as wave equations.

Oiteh)=<t Zifee) (6)
Fi: 1 ar
%i{x,-‘}- —(.‘%i{x.r) (7
__.—-—L\‘E'n ... i) AAT s A Lax
Cax ‘L O ‘L ("\li W+ Az ('\ri

Ar Ax =

\I T T

J"I'A\
L 1

Figure 6: Lossless line model for a power transmission line.

Considering from both (6) and (7), this will produce a
linear second-order partial differential equation in form of
hyperbolic PDEs as shown in (8) for the voltage wave
equation.

T x.d) (8)
i

From the voltage wave equation, the finite-difference
time-domain (FDTD) method can be used to analyze
lightning surge propagation in electric power transmission
lines [7]-[9].

NG
———x,1)=
LC éx? 1{‘ } é

IV. LIGHTNING ARRESTER IN A POWER SYSTEM

Lightning arresters protect power systems from lightning
surges, by diverting the charge and energy to ground. There
are two-types of lightning arresters used in medium voltage
lines, namely, silicon carbide arresters (SiC) and metal oxide
varistor arresters (MOV). This section highlights the
characteristics of the two arresters, and describes the
algorithm to analyze voltage across an arrester when voltage
surge passes through it.

A. Characteristics of a Lightning arrester

The SiC arrester uses a silicon-carbide material (which has
a nonlinear resistive characteristic) connected in series with a
spark gap. The spark gap provides high impedance preventing
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the flow of current during normal conditions. When the surge
arrives at the arrester, current is allowed to pass through the
arrester after the sparkover. The V-1 characteristic of the SiC
type surge arrester is a combination of both the SiC material
and the spark gap [10]. The MOV arrester on the other hand,
does not have a spark gap, its V-1 characteristic is extremely
non-linear such that spark gap is unnecessary [11], [12]. The
V-I characteristics of the SiC and MOV arresters are shown in

Figure 7.

Vimen
L)

B0 ]

1
W00

s

50 -]
o0 -]
a0
-
s
T T T T T T T T T T P Al
w* "w* w o ] 1w

Figure 7: V-1 characteristics of the MOV and SiC arresters
(1.

Lightning surge test of an arrester in 25-kV system uses 230
kV peak, 10 kA peak discharge current and 8/20 ps
waveform. [10], [11]. The sparkover of the SiC arrester from
the test occurs at the surge voltage of about 90 kV and the
peak voltage across the arrester is 66 kV at 8 ps as shown in
Figure 8.

- ~
s ~
200 ’ ~
’ . Lighinmg surge
£ i) 230 KV
= 140} Sparkover \\ﬂ"
= S0kV 4 .
2 / ; T
. S 7 Voltage scross
= 100 66 kW

o 2 4 & 3 10 12 14 16 18 2
Time (us

Figure 8: Curves of the surge voltage and the voliage across
the SiC arrester.
For the MOV arrester, the peak voltage across the arrester
is 70.2 kV at 8 ps as shown in Figure 9.

P pam— . . e et
P
o’ ~
200 /" ) Lightning surge
. N 230 KVt
' ~
£ 150 i Ya
- / ~
2 ) Voltage across ‘-\
= 100 ! 70 kV,
= 100 N / ek \\
~
/ ~
,/_/——\\
. i
¢ 2 4 € 5 W 12 4 16 18 20
Time (ux)

Figure 9: Curves of the surge voltage and the voltage drops
across the MOV arrester.

B. Final Stage Algorithm of Lightning Arrester Analysis
The flowchart of the algorithm used to calculate the voltage

ISSN: 2394-3661, Volume-4, Issue-4, April 2017

across the lightning arrester is shown in Figurel0.

START

Select rate voliage
of amester and
SCHNg Vopr OF

Vireat 800 Vo cuer

Gt Vg, from
simulation lightning
surge

No

V=V,

Store
results

Figure 10: Flow chart to determine the voltage across the
arrester.

The first step is to select the rating voltage of the arrester
and preset the sparkover voltage (V gua: the voltage level that
causes the sparkover at the spark gap) for the SiC arrester and
the breakover voltage (Viea: the voltage level at which the
arrester begins conduction) for the MOV arrester. The values
of the peak voltage across the lightning arrester (V) are
derived from standard tests. Then, obtain a surge voltage from
the lightning surge simulation and compare with the
sparkover voltage (for the SiC arrester) or the breakover
voltage (for the MOV arrester). . If the surge vollage is less
than the sparkover or breakover voltage, the voltage across
the lightning arrester is equal to the surge voltage clse the
voltage across the lightning arrester is equal 10 Vreser.

V. FINITE DIFFERENCE TIME DOMAIN (FDTD) METHOD

The voltage wave equation in (8) is a hyperbolic PDE. The
standard of a hyperbolic PDEs is given in (9).
o x,1)= o vix.r) (9)
ar ot

The explicit method of solving the wave equation,
replacing the space derivative in the wave equation by the
finite difference formula at the 1" time step, (10) is obtained.
In the same manner, replacing the time derivative by the finite

2
c
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difference formula at the ™ space step, (11) is formed. By
substituting (10) and (11) into (8), it gives the updated voltage
wave solution as summarized in (12).

2 ) Yarhrl=2ldalrvd-lc)
s Ax
6_25,{1_,)=V(/Lr+l)—2v(j., )+v(d, r=1) an
- At
Wi+ 1)= $i-10) - M)+ 64(ar)
(12)
-vir=1)
Where At M is the aspect ratio.

=0— = ———
’ Ax  AwaLC

VI, SIMULATION AND RESULTS

The simulation program is created by using MATLAB. It
takes into account the characteristics of the lightning surge
propagation to a lightning arrester. The lightning surge
voltage for a simulation has 230 kVpeak and 8/20 ps
waveform. The line length of transmission line systems to the
lightning arrester is 400 m as show in Figure 11, the
inductance and capacitance of transmission lines are 143 yH
and 7.5 pF, respectively. The specifications of both types of
arresters are given in Table 1.

Table 1. The specifications of SiC and MOV arresters [10],
[13].

Voltage ratings = 25 kV, Current Discharge = 10 kA (8/20ps)

SiC amester Sparkover voltage (V) 9 kV

Voltage across (Vypeus) 66 kV

- Brakeover voltage {Vieei) 65 kW

Voltage across (Ve ) 70 KV

A i Arrester Point
! = e
— »

/ Elkectric power

Transmissim Line companent

Lightming Arrester

1) 1]

Figure 11: The transmission line system used in the
simulation.

The incident wave travelling along the line before hitting
the lightning arrester point has 230-kV peak in lossless
transmission line systems-as shown in Figure 12

RN L B " i "
- Incident wavg
p 230 KVpeak |
150 |
190 |
I
g :
[
3 i
£ s0 |
100 :
-130 I
0 | Lighning
b | arrester point
250

L] o1 02 o3 o4 0.5 08 Lk o8

Povition k)
Figure 12: Incident wave before hitting the lightning arrester
point.

Afier hitting the lightning arrester point, the incident wave
was d into the refl d wave and the transmitted
wave, The transmitted wave is the voltage across the lightning
arrester. These two wave components are shown in Figure 13
and Figure 14.
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o 61 02 03 04 03 06 07 o0f

" Position (k)
Figure 13; Reflected wave and voltage across the SiC arrester,

The peak voltage across the SiC arrester, as shown in
Figure 13, is about 90 kV from the sparkover voltage and the
negative peak voltage of the reflected wave is about -164 kV.
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2%0
o LA | 02 03 0.4 LR 06 o7 08
Position (kem)
Figure 14: Reflected wave and voltage across the MOV

arrester.

For the MOV arrester shown in Figure 14, the peak voltage
across the arrester is about 70 kV and the negative peak
voltage of the reflected wave is about -160 kV. It can be seen
that the reflected and transmitted wave from the MOV arrester
are almost equal in magnitude to those from the SiC arrester,
however, the former has smoother waveform.

In addition, the full simulation of the whole system having a
total of 0.8-km line length, is plotted in Figure 15 and Figure
16 for SiC and MOV arresters respectively.

Voltage(kV)

4
0s

B P 2
Position{km) .9 Time(us)
Figure 15: Lightning surge propagation along the
transmission lines of the SiC arrester at short circuit line
terminal after 600 ps.
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Voltage(kV)

Position(km) L Time(us)

Figure 16: Lightning surge propagation along the
transmission lines of the MOV arrester at short circuit line
terminal after 600 ps.

VIL CONCLUSION

This paper analyzes characteristics of surge propagation
and reflection in a tr ission line that uses either silicon
carbide (SiC) arrester or metal oxide varistor (MOV) arrester.
The finite difference time domain (FDTD) method is used to
estimate the reflected wave and the transmitted wave. The
simulation done in MATLAB includes a case where no
arrester is used. From the simulation results, it was shown that
the incident surge travels along a transmission line to a power
equipment without being reflected, if no arrester is used and,
the use of the MOV arrester has a slight advantage over the
use of the SiC arrester due to the smoother reflected and
transmitted wave.
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Abstract

This paper proposes the of the lightning surge propagation along head ground wires based on the telegraph
equations which describe the voltage and current on a power transmission line and the finite difference time-domain (FDTD)
method. The proposed FDTD method was tested with the 25-kV power transmission system of a high-speed raillway in
comparison with the solution obtained by using the Bewley method. From the results, after the travelling surge reaches the
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through than the peak of the reflected surge. The computations show that the FDTD method is one of the most accurate methods
to analyze lightning surge propagation in power tr ission lines.
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1. Introduction

A lightning strike in the overhead catenary system of high-speed railway causes of the high transient over voltage,
which results in tips-out of the traction substation or interfering with the high-speed train's communication system
and causing accidents [1,2]. There is an effect on the reliability of the system and a life of people. Then a lightning
protection of overhead catenary system is very important. The overhead ground wire is lightning protection of a
conduction wire in power transmission line system. When a lightning strikes to the overhead ground wire, creating a
traveling wave that travels on the overhead ground wires [3]. The surge voltage is yielded by the stroke current and
the combined impedance of the tower and the ground wires. The tower impedance is footing tower resistance or

di i e. If a grounding resi is hryn as a cause of the voltage across the mwer is alsu very hlgh
chance to cngc‘ndcr the flashover and short circuit in the system [4]. The Telegraphi is ical of
surge propagation in transmission lines [5,6]. This equation is a linear second-order pnnlai differential equation with
constant coefficients. The finite difference time-domain (FDTD) method is basically a numerical tool for partial
differential equations (PDEs)

This paper is divided into six sections. Section 2 gives a brief review of electric power transmission line model
and its mathematical model in such a way that lightning surge propagation is intended to be studied. Section 3
describes the surge propagation on a single conductor circuit analysis by a classical method of Bewley method of
wave reflection along transmission lines. Section 4 describes the FDTD method and its application in lightning surge
propagation in tr ission lines. Section 5 purposes results and discussion. The final section is the remarkable
conclusion.

2. Power transmission line model

A characteristic of the lightning surge propagation in ission lines can be described mathematically in forms
of PDEs as the well known of Telegraphist’s equations. Fig. 1 shows the equivalent circuit of a single-phase power
transmission line. Assuming that the line conductors are parallel to the ground and uniformly distributed, the time-

domain characteristics in form of PDEs of a single-conductor line can be expressed as follows:

d -
D - 1
= v(x,t)=-L drlr:(:lc.n (1)
%i{.nr)-—C%v(x.r} 2)
4 iR C L v(xy) +Ax=sT) 3
dx dt

Where i(x.7) is a current surge wave function, v(x.f) is a voltage surge wave function, L and C are the per-unit
inductance and capacitance in the length of the transmission line and G is a tower grounding conductance. Now
either current i(x,t) can be eliminated by taking the partial derivatives of both terms in (1) with respect to x and in (2)
and (3) with respect to 1, or voltage 1{x,r) can be eliminated by taking the partial derivatives of both terms in (1) with

respect to 7 and in (2) and (3) with respect to x. This prod a linear d-order partial differential equation in
the form of hyperbolic PDEs as shown in (4) and (5) for the voltage wave equations.
il d? “)
—=wx,t)= LC—vix,1
L )=t L o)

x,1) @HAv=xT) (5)

v(m) L(;—\{r.

:’.l’




4 Kokiat Aodsup et al / Energy Procedia (0 {201 7) 000000

If the line section | has the surge impedance of Z; and the line section 2 has the surge impedance of Z; and the
grounding resistance of R, the transmitted and the reflected portions of the travelling wave can be represented in (7)
and (8), respectively.

2Z,R
i )e ——20  fx4) (7
Z,R+ ZR+ Z,Z,
) o il Ll LR P @)
Z,R+ZR+Z,Z,
Where z=/b amd g._.lh
c, c,

L, and L, is the per-unit inductance of the line section 1 and section 2
C, and Cs is the per-unit capacitance of the line section 1 and section 2

4. Finite differcnce time domain method

The voltage wave equation is a linear second-order partial differential equation in the form of the hyperbolic
PDEs as shown in (4) and (5). Initial conditions are given for w(x, 0) and also its derivative. The boundary conditions
are given at x = 0 and x = L, where L is the maximum limit of x.

According to the explicit method of solving the wave equation, the space derivative in the wave equation is
replaced by the finite difference formula at the /" time step 2™ order, obtained in (8). In the same manner, the time
derivative is replaced by the finite difference formula at the /* space step, formed in (9), and the /* time step 1%
order, obtained in (10).

aMex) _vral A -2vr ) vz -14)

art Art ®
al\{r:.‘-)_ W, A+ 1]-2v(r.1.t]+|-(r./1-1) ®
dx” Ax*
6t{£.x}_ r+LA)—vir-LA) (10)
at M

By substituting (8) and (9) into (4), it gives the updated voltage wave solution as summarized in (11) and
substituting (8), (9) and (10) into (5), it gives the updated voltage wave solution as summarized in (12).

2 2
v+l A)= A —wr,A+1)+ a —wr,A-1)
LCAx LCAx"
A2 (1
-2 —— (. A) -t -1L4))
T (T A)—v( )
1 247 2ar?
4+l d)=-———(— v, A+ 1)+ —vr, A=)
)= WG+ 20 AP A (12)

—(4LC + ﬂt;;hv{r, A)+(2LC - MLGwir =1, A))
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Fig. 1. (a) Power transmission line model for overhead ground wire wave propagation; (b) The very small different element of length dx; (c) The
very small different element at tower.

3. Surge propagation on a single conductor circait

In the majority of problems dealing with traveling waves, it is sufficient to make the calculations on the basis of a
single-wire circuit [7]. The potential and current waves are the results of the surge impedance of the circuit. When a
travelling wave on a single conduetor reaches a transition point at which is an abrupt change of line parameters, as a
junction with grounding resistance line at a tower of the overhead ground wire, a part of the wave is reflected back
to the incoming line and the rest may pass through other line section, The travelling wave before reaching the

transition point is called the incident wave. The mcident wave may be decomy 1 into two comg t waves
called the reflected wave and the transmitted wave. This relation is a voltage-wave solution can be expressed as in
(6).

)= )+ v (xe) (6)

The transmitted wave, v "(x.f), is a wave portion travelling toward the next line section while the reflected wave,
v'(x,f), is a wave portion travelling backward to the source. These waves can be illustrated by the equivalent circuit
shown in Fig. 2.

v V'
Sz Sz,
«+7 ¥

v
R Vv

Fig. 2. Junction between single conductor circufts.
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5. Simulation results and discussion

The study of the successive reflection of travelling waves caused by lightning stroke to overhead ground wire can
be investigated through a test example of catenary systems as shown in Fig. 3. The parameters of lightning
protection of catenary systems are as follows:

Line length of the overhead ground wire to tower: 1 m

Surge inductance of overhead ground wire (L): 143 pH/mm

Surge capacitance of overhead ground wire (C€): 7.5 pF/mm

Ground resistance is varied (Re): 0, 5, 10, 100, 1000, 5000 and infinity ohm

Tower
Gromd Wire P
Ha
I
Traction Wire L/
|
o
¥4
L 1
Grounding
Resistance
1m Im

Fig. 3. The example lightning protection of catenary systems.

The lightning surge wave has 10 kV peak u.nd 12/30 Bs of the rise and decay time constants, The reflected and
transmitted wave through the line junciion gr can be exhibited as shown in Fig. 4. The peak value
of the reflected wave using FDTD method is oompmd with the solution obtained by using Bewley method as
shown in Table 1.

Table 1. The FDTD method ison with the solution by using Bewley method.
Grounding resistance (£2) (1] 5 10 100 1000 5000 inf
Reflection Bewley method -10 -9.9962 -9.9924 -9.924 -9.24 -6.25 o
&) FDTD method -10 -5.996 “9.992 -9.921 9255 -6.47 1]
Refraction Bewley method 0 0.0038 0.0076 0.076 0.76 375 10
(k) FDTD method 0 0.004 D008 0.081 0.757 3.533 10

From Fig. 4, the reflected wave and the transmitted wave after the incident wave hit the junction at the difference
of grounding resistance. As the result, the incident wave is all reflected, if a grounding resistance is zero and all
transmitted, when a grounding resistance is an in infinity. Therefore, the reflected wave and transmitted wave
depend on the grounding resistance.
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Travel of lightning surge along the overhead ground wire
T

I I T T T I I I
— Re = inl
or Re = 5000 ohm
Re = 1000 ohm
— Re = 100 chm
Re =10 ohm
Sr Re =5 ohm
i —— Re = 0 ohm
>
P 113 121
&0
-]
=
=
Sk =
-0 g
I I I L L | | | |
a 0.2 0.4 0.6 08 1 1.2 1.4 1.6 LB 2
Position (m)
Fig. 4. T itted and waves at ion point with tower grounding.
6. Conclusion
In this paper, the finite-difference time-domain (FDTD) method to analyze the lightning surge propagation in

overhead ground wire has been presented. Numerical solutions for the Telegraphist's equations, in case of the wave
equation were investigated its effectiveness in comparison with those obtained by using Bewley method. From the
results, after the travelling surge reaches the contact point between the overhead ground wire and the transmission
pole, the surge is partially reflected and partially passes through. If the grounding resi cata ission pole is
small, the peak of the reflected voltage surge is greater than that of the surge passing through. However, the higher
value of grounding resistance causes the higher peak of the surge that passes through than the peak of the reflected
surge. As a result, the calculation showed that the effectiveness and the accuracy of the solutions obtained by the
FDTD method is confirmed.
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