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This thesis presents the study of grounding behavior under a lightning impulse current,
which is different from low frequency behavior. If the transient performance of grounding is poor,
high potential rise at the grounding connection point.and step voltage will occur during the
discharge process. Consequently, it's quite dangerous for human and equipment. The transient
behavior analysis of basic grounding electrode was approached by improved transmission line
model. Telegrapher's equations are solved using FDTD technigue. The results of the simulation
were reassured by experimenual results, The simulated impulse currents according to 1EC standard
are first stroke impulse current of 10/350 pis and subsequent stroke impulse current of 0.25/100 s,
The voltage at injection point decreases with the increasing of grounding wire length. It tends to
saturate when its length reaches a ecriain value, called as effective length of the grounding wire, or
called as effective area of the grounding grid. These values are reduced by decreasing of soil
resistance and front time of impulse current. The vertical grounding rod can distribute lightning
current better than horizontal grounding wire acearding to results in this work.

The study of factors affecting on step voltage was carried out by scaling experiment. The
testing grounding elecirodes were installed in salt solution. The advantages of salt solution are the
controllable resistivity and the convenience to measure step voliage around the testing electrode.
Since different types of grounding electrodes provide different impulse impedances, the
normalized voltage 45 used (for evaluating the performance of grounding electrodes. The step
voltage decreases with the increasing of grounding rod Tength. However it tends to saturate due to
its effective length. The characteristics-of grounding, electrede will affect-the step, voltage, e.g.
more number of branches or vertical grounding rods less the step voltage. The grounding grid will

do the decreasing of the step voltage inside grounding grid arca cumparcd with outside grid area.
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2.2.2 SINEMBAUUNIUUIAG (vertical grounding rod)
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Stranded copper 50 3 per strand
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2.2.3 SINENEANIMINOUIVUNDUHIBNAN (horizontal strip or wire)
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dmovvesaumaaununiman ibhazeg i Tawun 1w Fdnonaunnmsmlawnnies

- o o Al e e gl & 9 - .

wiamaunlawvuanlasnudnanitauifirady Tavlunuuinaoddngui thin - wire
A g 9 o S = 3 g g
merinldlszmamsnisnenssuanuazilssyimavuuussuuinmeay wisunuly
A -, - 'g_ e a (= oy
130 lvvou9n (boundary condition} 73 4HUAIVEIA NI MIANB I HITAIINTINABAY
PN VA I uAY x AIUMIANINUY Method of Moment (MoM) N3 INA10AY
Fhaeusn 1 udeTinodnlssnetnazua f(x' ) uazilszy g(x’' ) Amoudminlaoly
findinne AN (magnetic vector potential, A ¢x ) ) uazindanaaimui livh electric
scalar potential, ¢(x J) MIATAAUNT Maxwell 1114 2 s1lunvuneUdviroswFoanse
sUouInIM

1) arumis Maxwell hegUavilorsuea [27)

E’(x):—%ﬁ(x)—-jmx(x) (4.5 a)
o grx) =[G x.x' Jarx Jdx 45b)
A,(x) = [GA(x.x JI(x Jax' 450¢)
s SR @.5d)

jor dx'
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Tav G, 1Tuilandu Green vosdndmnadmas G2 ludrmilsznouvoailaidu

ar ¥ =]
Green YOIFNOINAD KA

G -l (G +—k12_k:(} +kA ] 4.5 ¢)

¢ 7 o
4 11 klz +ku1 12 1 11

Gi= i‘r G, +,,) 450

G, =exp(—jkn )/ 1. Gy = ep( —jkn )/ (459
iile
T, ﬁﬂ:iztlﬁ'ln.!.mfidf"’ruﬁﬂqﬂﬁﬂﬂuuﬁﬂuﬁiﬁ'mﬁmﬁ‘ﬁﬂﬂuuﬁuﬂ'l
r, ADIZHZIINUHAIANLATADULIINT IR 1ﬁ1ﬁa;jmﬁ oRuINTANogULAN
e I, uaz Vi Tuains i (4.3 0 uaz (45 g Mnnaunsduiitnsn Sommerfeld
[54]

l#matin Method ~ of Moment  [41] @3 WwaSnaouninaus1na (generalized
impedance) e Tl (4.5 a) 0@ sauns

z, =-E, I/ 1 (4.6 )

- i tart o L -l"' lﬂ;‘
Tav m uaz n unuaduvemondnimas £, e lithdudangannaiives

= e L]

2 [ = o w o < 5
HIAIU ﬁ'l"lﬁ‘ll‘uﬂ’l‘ll'Jﬁlluﬂ?ﬂ‘ﬁﬂ"liﬂit ‘TI"IHﬂ‘izllﬂﬁlﬁﬂﬂuﬂﬂﬁju1mﬂn UATADUUDITUNTG

LUATIE (4.6 b)

[z)/]=[7.1.] (4.6 b)
A
1o
[2] e naduiuaualng
[z 0. TS ndfns=in
1. fenszuanlaovasiinaivau
. M e e o - 3 ' A g a1 A
7. Aeduiuausmunusziaounlaeonizua ldmeuau
1 o @ oA oA [ ¥
DyMansznenIzuANIzA N ITIANINMAndmnaanyalasenizua 1, nazen

- ] J.l-.lr. I s 4 r s
DUNUAHENNOUNUAHATITRA asunszuaaiaums

7, =75 = [Mz:]= 21 [ )iz @60
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2) aums Maxwell Tuglduiinsndaanmsi (4.7)

B — M‘jm (VWw-y )J': L (7 )G, (.7 Jdl (4.7 a)

G (rr')=G,(rr )+G (rr')+G. (r.r') (4.7h)

4 A a 2 o A o
o E5 aveww hlibmnsznwawiaienua 27, ¢r' ) Aenszuailvaludniy

=+ ifui pemmittivity 1Fadou o uanuh & e permittivity g il
_Ifﬂ‘.]

permeability G, (7,7 ) AoMai¥u Green 'ﬁﬂuuiﬂf G (r,r' Juas G,(r.r' ) AoMaidu Green
dyadic v WihATaE Fiifosnndamuanizuafiudume (55 waz G.(rr) fio
monudly (asesesdednarimmaduaw) diuih lumsmdmevvesaun i
dowlvve o mun Wiauname (longitudinal electric field) ATaRuin
Fnhinaeandosiuatmadio £ Wuan hifhannszny z. fedduinaudniely

PYNTUADHUIIANNI VDA NIMAANAYDY skin effect AMAWTUNUT (4.8)
tL(E'+E°)=1Z AN (4.8)

aumsTivAdia (4.8) Gondi Method of Moment (MoM) #193efemsulainin
sUuimaniufisadiadads dmnnimesmaunimin lthsuafoniamnay
W 1# 1800 Nekboul  [56-571 uamaunandaanm ifhuazmimin Tug1 partial
differentiation VIEMNYT Maxwell 1814 vector potential {4 ) 1182 scalar potential (V) Tu
T s uag HiN3oi volume UIFZUY A0 Finite Element Method (FEM) miolaauudgiv
wismluszuudiga 1TisugamoRiaums @.9 a) uag @9 b) dmsuaumuAunas
49 o dmduauwlusma daioateaiuilaidy weighting 18un 7 #1451 vector

potential WAz W #1431 scalar potential

j(;;(v i )V )« ;ﬂ VI WVA) oy + jae.), )(jzb}?.ﬁﬂ«r?w;}m -

(4.9 a)

[(o.., +joe,, Vo jad+vi k=0 @.9b)
r

o Ay

(LEnexdl L Endlm-o s
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- 3 a =) = F=Y gf ]
wie Idaunsodnnaduavadia aums 4.9) wgamlauiuaumadadu Taouia
: [ = 1= o -"1: a & -"f -::“ P o
srvauaiiudnedng N awud namlflunsdnouvewmniiaedissduegiums
4 e = 3 af =
nlaudon lvvemvavesdinareomisuazauannuuinia i ivnuuila d2o Spatial
transformation [58-59] Lﬁﬁﬁﬂ‘u‘mﬁ‘\lmﬂqm’lm
3 s g | e 3 i
doAveanvuiasaummiman lihmdnnude FEM - fefinnubavgulums
& " i af - & as a 3
A Tasamsoutsaivved Tamwilyw @wIaseaiumaiananiedinan) il
a P = -"1:-'1 i e 3 3 " -] ndﬂ" e ¥ a
annsninlgiusnnmeaunigdindudonld ednlsfaastizdanusindenism
3 i 3 ¥ ]
A 190N 195 MoM  imgizaealnsmlatanms Maxwell  foWUNISUNANNTTH

Amol

4.3 MIIANZAA NG hybrid (hybrid approach)
AHTUMI AT NAADT TUNT I TIUAVIIZUUTINAOAUAWNAYE  hybrid QN
¥ ¥
vinaueniasnlas Dwailabi 113l 1988 [60-61] MnunTima1iu13Ta0 Andolfato [62] Thidl
2000 #1731 Hybrid  AnMUVIaaUnaTInmi s mnueeanimesmnundmian iay
F Fd
2995 1l#h 3505 Hybrid IuaoUA
' & : = ey o o i e o af
L misszunsmagiuimuaiiy 2 sawuddng s iudazdamudzmla

MINAUNT Maxwell
E=—-gradl’ - jmﬁ (4.10}

3 o - -ﬁi [ o
Taw A veetor potential 1Az I scalar potential tipunuiluudaz dawud & 1naums

(4.10) erpnand@en i uaums @.1n

2.1, +i(V cave, =V ave, ]+jmijﬁjtd¢’= 0 (4.11)
I=1

=g,
A 4 a = o @ o i B v
e Z, Ao suninauameluupadimnh & M59ea skin ceffect 871 17 ave, uay
v ave, fadnd Mihuuddwud £ uasdoud i Tao Andolfats 1@ 1¥ivgnadn

V, =V_ave, -V ave, IMFEHRMINMEMIUDOIWOIR DL L YaY jmj A, di Fluna
I

0 ] ¥
VINMTANLNIVOIA WH LN AVTUA TV UAUMNT (4.11} 1ﬁ’1ﬂuLﬂH (4.12)

Z 1, + i[ﬂ' -G),1,, +ja:-iL,tfj =0 (4.12)

I=1 i=1

v " = ] i W a Ly
HUNg (4.12) ﬂﬂtlu?llﬁﬂﬁ’ﬁjﬁﬂﬁ' ElEnQL‘.'5ﬂﬂ11|'f'l'Tl"I'J"EI-IFﬂlﬂTJ"ﬂ“llﬁﬂ']ﬁ']quﬂEﬂ']

mlzgamaumai @.12) szdnaa ldnmmaefammiman hidhdaums @.13)
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jol, = %j;{w:ﬁ (4.13 a)
(Y
- -
(C-G) =Ye -1 [Sai+¢ L [ a @3
IJ.rt 4}1‘{]’me 1A F 4”“3011 I r

- - . = ” el = FA :
1D A, A0 vector potential IUBALUA k WIBINNNTLUADAWUA i 7 [, uaz [,
e =] " =5y T e =] o -
ABAIMLIBANA k uag ANUONBANUNA k', I, Aenszud lvanudamud, 7, Aems
a ¢ a . o
NIEVIWUDINTEUATINDAUA 7 1) & HINAY, r uaz ' ADTLUZINUHAITIONTEUAUAY
5 P a o3 a9 . N LT
pumvsamasne llinaideamsiinan 6 = o, + jos, Huamniniaon
- - P T & o r & e o el
VO, ¥ = Jiow (o, +iws,, ) AomamnlaunInszNouaz ¢ AeduilszAnims
AxNOUYDIAIMIINAZAIIN
= - o« { - e LT
VoRAVBINITUAFIEHWINL hybrid | ABIZSIMENTNAUDIA LD NLHAADAIBLHUAUY
o S B - .-; v B - ~ v -
awlusinamoau dae linafildgndowwiniuninis ldnguraasiioeediufon

TAt RN UUHAIT oA DY

4.4 MINANHAWNGYI 1905 (cireuit approach)

NBN TV AATIZH I ANT TN NTOUA "IJEI~3‘iﬁ‘].l‘ll‘i'li‘lﬂ'lﬂﬁugﬂﬁﬁm'ﬁfuﬂ% 1
wsn 190 Meliopoulos etal. 1il 1983 [63] Taeldmisfimeiveadas Banmdnoaszain
mm’t‘ﬂﬁ‘aun’ﬁmammﬂmm (AL) fhlﬁ‘uﬂi:ﬂ (AC)Y A (AG) HAZAIHNA LN
moluiendni (ar) 2ssauyalugilvesmsdannliifin g fo (lossless transmission
line) i mhumunssuasaeenndhuansdgi 4.1 @ Sl 1dihnaslmnigg)
a1 m)

Amsedn Tuarr ldnnnmsadauns Tuay anwiﬂugﬁﬁALﬂui:1lui1ﬁﬁ1uﬁu

»
b

NanuA AI0nUB4 Kirchoff A Aun5 (4.14)

[Flr )= [7.@]+be- Ar.)] @.14)

iilo

[r] HhumaSndueaiiauaudved Tuavearnsauya
[7(0)] HunmaesussdiuvesTuaiina o

[7. (0] Thumastwnssuameveniiton Wiy Tua

Bt - Ar,...)] Hunnweinszumdunion i Tua
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k A2 | AL A2 g

k Ar2 Ik(t-t) ~ Tmit-1) A2
—o-\W'—e o
AG/2 70 Z0

(b)
717 4.1 (@) 118z (b) 1T AUYAAWNGHY WITUBL Meliopoulos et.al

o 1 - o a o
WAI1INITY Thapar Bz Gupta [64] Idimaudesmianuiunuuiaoinsndania
r ¥ - ¥ 2 N = x - Poa o= o E] )
molanszuade wisunwmsnasunumanaaenaie Inol¥iswisimes auyaiow)
a8 S o = LT S rfw a o G
mouRuauFveI IRy ue uinaisiiatednafe
1. maauudlimanssaienisua IR nanaala mana 1
2. Al Ena 1IANTANULIATH (square ground grids)
3. AN NS INAALARTINMS ANLATNuEUnayuaz nnalss Anfeana
VINHANNITAURANA L
4. hifewamsniznunizuauadsnaIsa i R anilaay
M. Ramamoorty [65] t@vemsdinlzimsdunamiaiimeinldlunmsdmon
A P - - - & & A '
wio IMuuuiiasas s TR AN TN IFOUAYINT AN AT A NUI A A
v F
ou 1 5al o thnmrdn d i
. o oy A -y n
L AR IUMUIITINMIAY Aon A UANIRATINY AT MY 0TE UL
FINTLAY
2. A5 (leakage conductance) NNFEVIWLUTINEIBANE TR IV 1Adq

AUNN (4.15 a)

1
el 21
(G="|1n —1| mho (4.15 a}
p[ [sz} )
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o~ I r ) =] @ @ L
3 animuea e (L) 'IJ'E']{11‘1?’]‘Ll"r’l“)‘l.l"ltl‘l.lfl'j”l']ﬁI'I'j'ﬂﬂ:ﬂ"lu']ﬂlllﬁﬁ"lilﬁilﬂ’ﬁ'ﬂ

(4.15b)

L=0 UUZJ’[M[EJ‘— 1] uH (4.15b}
a

4. fanavesmdunyilizqueasinmoan
M5303EIVDITEUUTINIBANIZINUAIY MDA NUAINIUHT BRI INIAD
wihenmen manssneduiulisgdonieanumisasminssnenmiisnihde
Wi Tastemdanulizguesinmefunnmsdovinuiuvessinmeauia
Woun mwsines Inglizinamesdanulizgfidl 10° Fim, i1 & veaTandanlizim 9,
ATIATIMUAY 3000 Qum 9218 RC = 0.01-0.1 ps Feinouninamihnauveinsaua
i gz Sanns e oz Banndgie L uay G {udnvuzyes

295 7 IAdwaadlugili 42

o——

AG/2 § AG/2

O O

i 5 = o -
‘Eﬂ“ 4.2 R840 EY i Q TT

uuD1a04E 1z0ens NANI AR DL HY A (circular plate) 1P
AMUIVUNONTILUNTENOWITINADS MIIATIZH NITANYAVDINT 1IANGAUUDTHTAIAAY
Faz1ii 4.3 @ FilagmsmyemsiTansn| N | 4o M padid Fafii i Tuaiarualy
NIMANTAIIY N x M uaasdagili 43 () m3dmnsinganssmsmiBouduesss
SRR IR kg sunsIanIa i Tadld s adwmansTua 1 [/7]
111 force function [L] " 1T bus admittance matrix Az [G] 11 conductance matrix 614

AUNTN (4.16 a) UAZ (4.16 b)
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D T R
(N-1) M+ MN

(b)
§U0 43 @ nusangans A AR TA(b) S NAnGe NV oue Mo Aednl

HONGNC GRN @169
L1 P+ [615 =5 1] (@.16b)

ar g e - - 1 o rade
tagUlmiladeaunsn (416 o annsounaums 1a1ao35 Runge-Kutta 1ani)

kY o - o | 1 Y 9 TR
ﬂﬂﬂ]jﬁﬁ]qﬁluﬂ'ﬁlﬂﬂﬂﬂ'l tumestep ﬂ'lﬁlﬂnﬂ'mlluﬂﬂ]'lﬁﬂu!li‘ljﬂﬁﬂ'lﬂ'lﬂﬂullullﬂ
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:::, =[G {; [7]-[2] '[V]} (4.16 ¢)

f=te] ﬂ"-ﬂ. oy W as o & 1 ¥ = = @
Iz Temife auseldiunsndnsaviiadie 18 awsadnansei ldyn
Tnua ausaiflounszuaasilua lvunldmszeglugilvesnaSndnszua [1] vdfideide

' " g . a
o llamnsoinenaain (delay time) vouds1

4.5 i‘l‘Iﬁlﬁ‘ﬁ]:ﬁﬁ!ﬂﬂqﬂﬁmﬂﬁﬂﬂ%’uﬂ‘gﬂ {Improved transmission line approach)
nIsAnuIMARBUANDIVBITE DTN mIsALATidonsznad i Aronguiuas
x g e a =
nvuitasanuamamanidudilidesna Tnesvuiiaesszvuinasaudrongui)
avww lihfedenisufaunisuundnas lulamuaud wiinslauudg oo
nuuiasandafianudndeugun: s nonum dunuuiiaessuusInaeaLd
-1. ¥ r - a = a ' ' -
nwi s i udeedimadnnnhy lauuramas fanams i wszningnial
= T - r & i = a @ @ A
snmoau uaddldeidedie hisunsminnenmadveadss aaumiiassdrionquiae
i WA W o ow a ‘i'u.’-‘ - o @
danz Liflvedwamate Annalan Tasmunamie lamuanud awsodn Taviiuea
VBIANUANINGITIUTEN TEA AU INAUALIE AN MBAENY0A5Y
-l";. [l P ool Fy ) r Wl af - i i r
iwoanmaumeddivefaguaiolszms i liins ldmguimodiedauminais
& et o o. = = A b P o o & 1 - o - A
uazia TinlszAnsamunaduialimaianuasun lvieiiianes wwddligivaoGonye
Pr v o 3 . E 8w w w f
Tvsdmguaneaalsinlia (improved transmission line) Fald UM I WA AT
=X g e @ [ ) i @ ] = o B :
Tuaniddu 166] uaz [67) Imaimapfmodanlflasmsmiaihsfuuddnidun
wosraahuwainganud i Enguiras ifhmdmen dnandde (68-71) 18
lfuuanamwasuDaiaye (uniform transmission line) Meladon lvildamnsiimeias
v waah linlasumlasaudwms dmsv [68] 92 14aums Sunde dmiudnhnasau
it PO P r = a’ =5 o -"1:-1-':“ L
AUIANNENIDTUATNIARIADH L IIVRLEUANEU TN IO UIAEIDATANALFILIVINATUIY
AR Taoszitlaouseiidninm a T V2ad et lidammdnmadananis hifideazi
i g ol 3 @ i £ [ At [
UL FANEEATT IATIDNE 11R0aAZ M5 INNTNABBITWANANIUDY 13 -40%
Tuaniide 69] 1@ ldwnsiwesdenyeid o laoaums Sunde Tudnie L
PIIATEHNRADT TIMTMEudve s AL a1 we1IMa1e Tu Tawunanaiioudid
ADHUIBATEDINA NI VO NT HATINHANEANYT [72] nuTimsinoousauige)dey
nazuavesdnimmeiaddiauaamnaouey nazlunuassiuielinigldes
i G @ e L i W el af = --:‘1‘I -ri‘ = 3
nazuathrmasuud nihmnueneduanauwu i bifl Taseaduanunatiudnuesam
Ed ¥
A3z dian quasi TEM daiudideniasvesnnumiioni (1) dunnkszq (¢) wazanuy

a = w o af
1 {g )] IﬁQﬂTJ"ﬂﬁ‘i”]i]ﬂﬁ'dﬂﬂﬂ']mﬂ"l”)ﬂ']‘lﬂﬂ”]tl
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m1ﬁ'ﬁ'ﬂﬁqﬂﬂ’i”lqﬁuﬁrﬁﬁ'umaﬂm%"nﬁﬁ?i’l [, ¢ uazg VoIANIANNNITINATIY
Wavanou Taoldaums Sunde nérvonszatomdanan Tnaeaniuedni el
maononouinnldudeaunis Telegrapher ot lsiawAi liaunsal#innennun
UszAnduavesdnit Faiimiunaimeivosdnidannyaldesnszua Ausedu
nrSuds I zINANNeN e udoaRuTiovesituiiszAniraveans ania dnfu
11 [37) Theethayi Idinauemsinnamaomiziudlvdeidadindn TasGunnsiig
snaeauiaeIfa @AY half space homogencous HAMMA LN p_, somiludaumANSoY
fuRaravesBuIdsglil 4.4 msdnnamidenissniuem I, ¢ uazg vewdazviou
ﬁuu"1ﬂmﬂuifuﬂﬂuﬁﬁﬁiﬂummn’ﬁnﬂﬁTelegmpher Taoswaziduaveans IATIEH
NYANITUNI MFouAveITzUUTInmeanz laasue ududa ldvdmnmsdadide
wiwAwe  TusEnamsinNaNns Telegrapher A20MATA FDTD vz vua dx T
mfuANuENYeIR N AR DY [, Feoztnuaiiimnsiinaearraaveamssiaes
dr devlvlumsidendidinanezimuanind de/dr deafininniinamianis
unsnsznwvesaaulufu v, /o dailudoulsiaiesihlinisnedidmeuiigndes
uaziadosam die v, duaududaluemiauas & Wuanmauieldves

g Tlvhduinsvesdn

21N

SIS S

000 L0 0

o YA .
noun 1 yiaun 2 NaunN n

= = .lI =y
;1]11 445 mewau@eadyluay half space homogeneous

MANVATUNIUADNUI (1) ANBEIVRIANTIABzNouA TR I AR
aAuMmaN (4.17)

o= - (4.17)




6l

b a

a At

E @ a
£, TR AT

a8 das o 3 " 3 e {
AT AFBALUAYDIA A TLIMUA DAL lAdaaun i (4.18)

R == m*jj——ww+k mfjj——mm 4.182)

Ji Figma *
Ir 4EI_JJJ M 411—_.'1! s

T 0 — T
k.ﬂﬂm” = soil air {4_ IE h}
ﬂm+ﬂw

AN ALLAYDIFALAUUAU AR MO IARaaMaN (4.19)

'p‘
P =-L= --dfdl+ke T didi (4.19 a)
Tog 4”“':«1 .y ;J‘i[ J X LS ,r ajII-
£ | 7 E ¥
kmm = % (4.19 b}

M

R neoamuAuud nuaudmuIn aaeaunan (4.20)

=i 4 j}—mﬂ (4.20 a)

LI

L _[J‘ ~disdi (4.20 b)

a r oy o ] Sy o = o
AN e veauda Bamuda a5 ng

R, R. .. R.] P, P. .. P ] L. L. .. L.]
R. Reo... R, P P.... P. L. L. ..
R: ’Pz lL:l:
| RoRe ... R - . S -y I I e iy

(4.21)

= a = = 3 r al r
M3 AR AnT suvessnmeAuneldnszuaie d1eauns Telegrapher 1
AMUNITINNIHLATER IR INA N VeI I aY 1zegTujimdenuisnnueves
~ L] [ | C] Aot s -:‘f rai @ 1
AN EN (1) Amdunuilszy (o) nazanui (g ) NUMTRBYRUAKHEINAZIIA (space
time dependent)
[ o A e .-r; s g L=y as
ANTZUAUATUTIAUNNATU DU T INAUAUNINUHAIA NUANTIAY V7 (2.1) uas

whasiianszud 7, (z.6) 1w lannmneuuoiaunis (4.22)
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ayé;’” +12CD =V, @0 (422 a)
Az, t ¥ (z,t
fﬁz )+c :;.E )+gV(z,r)=1F(z,r) (4.22b)

MIUAANMT Telegrapher DE143 mﬁ‘mazﬂixﬁ"llmmgﬂﬁmﬂﬂan'}'ﬂ Tave 1dnaiin
finite-difference time-domain (FDTD) [36] l.l.‘llmt‘mﬁ1‘jﬁ‘1$!lﬂllﬁ$!l‘1dﬁ‘uﬁlﬁﬂﬂuz‘ll discrete
Tasmamiaihdauudinou NDZ udagdamudaziinomue Az s ldiwouTuauseiu
NDZ-+1 uazimnuTuanssua NDZ TnsTuanssumuns Tuaussduianiasiiueyg Az/2
uaz luiesfniuiuiuaaeendvriuiar A lumanat lvaussduuas Tuanizuan:
Wi Ar/2 danaadlugilivas @) msthzammadilosudvaii @.22) Sondnns
central difference 9 8 namifuinfupanisnanazisadulundas damuddiaunsi 4.23 a)
1Az (4.23 b) 11 subscript 7 INMIA 1a2 & inusuni TaonraAnaunsdmeznise

vusmmoauazi lwdeuiud i 45 o)

Fiwl Hiwl A+ il {2 g +3 2 Y L T el 2
Via =V, +!"rt ‘,;:jk +rf; ‘;'f; =VFJr Ve (4.23 )
IJ‘i‘+|.l'1 _ ;’J‘i‘+|.l'1 V.l‘i‘+| = prrH-l +17" IJE-.I-I _Jrrr.

_Jr =] _+c_ Jr m{_ + ‘-.E'_‘k - & _.Fx_ {4_23 b}

Az M 2 2

Fagilauman 4.23) Tnilugil recursion Afuanntsn .24)

Az r Az, r Az
If_+—|"jtz Inrf!."l - !.r—“—.-i‘i.' IJHIJ'Z _ Vnrl __Vnrl 3 = I/nrf!."Z +VJ-”U2 {4.243}
(FE o nerpo (1852 i~ ) o )

(a_..+

i - =) .. af e
PINAUNEGH (4.24 a) dianiosaaey luawzved lua 12 ldaunsussduund Tua

s [CE _% &JV; s g <yry s ”25(;;;;' FIL)| (@241

NS
e 0

uHatY (& =1) daauniif (4.25 a) aumansaduved Tuagaioiil Tnaadend (£ =NDZ+1)

AAAUNTN (4.25 b) AL AUNTUTIAUVD TUATIHAD (k =2, 3, ..., NDZ) A9aun1ii (4.25 ¢)



Vﬂ _{} Vl
VJ/R,
g
z=0
{a)
{ A
I:.,-r
— |+ 2 At
- i 5
p‘:! El '
e > = @V —— (n+1)s
F 3
L
a+ld 2 f k!
[y 2 « o [n+ iJm
A 2
At
9
o nAt
\_\,.-_J
I Az ! i
: 3 ' !
L |
1 = p =
k| k =] 4
k-EJ.f.\z - [k—lbz o
2 2]
(b)

31l 4.5 @) umuinessinmvanlygl diserete
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L= {(5.1)
E, =E,, (5.2)
v =v (5.3)



74

g g a Fe ] [] G [] [] r
llﬁﬁﬂﬁ'lTIt"‘ﬂQﬂ1E|ﬂ1““1“]1'11.'.I-I’I'jﬂﬂﬂf]wﬂﬂﬂamfiﬂuz‘llﬂ'ﬂ‘31'?[']“ b Lﬂ’l‘“ﬂﬁﬂ’ldl.uﬁﬂalw

234 1dun Anwemsnmeau usaduduiad nisuaduad uazduNado N LT IAUMIN

(54)- (5.7}
[, =nl,
i, = nu,
i = nziz
L =—4

Tumsnaasdo iy aIMHINAAYD

(5.4)

(5.5)

(5.6)

(5.7

Fvaanszuaoniadezgnidasdi n mid

L A = L] A a w4 -
aumin (5.8) janunizuadniadei wazpladunssuaduiadiimesildluminanes

soaunanifazIli 5.5

T, =NT, (5.8)
Th
L.
|
i
| 1
0 T >
{a}
T A
|TE N :
L
{ T/n o
(b)

~ & - o & o w g
710 5.5 (a) JnAuNTZUABUAT G (b) UnAUNTZUABUAA 1ADY



75

532 35mananed

o

[ [ 1 & A P )
MInaaedamIumoniaauuLuias 1niesduianizuaduiadniinemg
e 1 G -"I 3 =) a - a f e
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waninaasaiinlas i uiadsuntaudunlsuiumaiammdnms
P as et o = w 3 o
NARDILD AIUNAAIAIN 1T 5.9 uasiiuamAsans nlamduiuFvesmBuadouniua
fuarmenndiuieiniwddwaadugli 521 madmsazianuduiuiesiiaels
curve fitting Avilaniumaatiasaad laun HanduInad Tudloa Yanduend Tlwudvanas
'w" -] L 4 r il‘ o -04 r i r L ';'l
HanFumids Famunilavuiadnnumin: aungad o1 R-square idn31 0.99 d1iu
a @ w Ty o o a o g de S
MIfIuAAMUANTLE 2 HINGIBTA douRuANFIUANUIIYeE AN T 19Tl

famauaad luaunmsn (3.9)

M5 5.9 HAMSNARBIBNEHAYBIAIINEIINEIBANAB BN AT OUNLIALS
fMnnneand amsuiludnga
Anuenan | uraduiniad | nazua Duviad AW n*L Buvind

ABAY, L (cm) (kV) Daniad (kA) | Buiiuaisd (Q) (m) Bufiuaud (Q)
10 458 033 13.88 0.7 1.388
15 3.60 0.39 9.18 1.2 0.91%
20 324 0.48 6.81 L7 0.681
25 346 0.63 549 33 0.549
30 2.86 0.60 477 347 0.477
35 3.10 0.68 456 3.2 0.456
40 3.22 0.78 413 3.3 0.413
45 3.08 0.84 3.67 42 0.367
50 3.04 0.95 3.20 47 0.320
55 2.84 0.91 3.12 5.2 0.312
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6.1 Fonazdorlvililumsiiaes

g EC [7) WRwmigilatunszuathmoondunssuadwiusngiladu 10350
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finsannnanugndesuauiiass meldiden Tuiiliildiiamsuandveadu soil
ionization) 11n4113%0 [79] ag [80] laeTinefsaivesninafihansuandivedu (r)

dunfusnunrmduawm hlihdnge (£.) dsaunsi 6.1)

,] = .lﬂ:ml.l' 'I {{L l}
2rE.

o a 1 ar - A g P oo ar
TINTALUTHRAAIT UG EHJ‘EE'.LI'Iﬂl‘i’l'll!.‘iﬂﬂu‘lﬂﬂ'l?ﬂi]'ﬂ (VC] ﬂﬂ'lﬁlﬁlﬂﬁﬂ'lﬂ!ﬂﬂﬂj

wosan Iddaahish (6.2)
W =0 (6.2)

e o - o~ A a ' ¥ o
foulvlumsiaeampanisusinmoauaeusiau hilvhasigaldoonizuadedia
L) o = = i a =] i e E =
Timunssdu ihdnna 7. ) Tuaw3de 1] wunanuduawn ianaaim vinans
a ] ' ' - "
UANAIUDIALIIM 300 kV/m 1azan [6] vinanszuailruinial 100 kA Aeamnsoiun

& ] ad = a L 3 = P g {
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a131491 6.1 ussauldihanga

ANUAUIIUAY (Q.m) | vanszud (kA) | Sedmsuandam) | useduldidhdnga «v)
50 100 1.60 193
60 100 1.76 177
70 100 1.90 163
80 100 2.03 153
90 100 2.15 144
100 100 2.27 137
200 100 3.21 97
300 100 3.93 79
400 100 4.53 6%
500 100 5.07 61
600 100 5.55 56
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! = e ot -2 -:'; eﬁ = [} 1 -5 Y
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AT IWAIN AL ()
(b}
o P T Y wr e [ o
§1i'n 6.7 DN A URIAUENUATNET N wAUauIa mela

nsIAN RN 0.25/100 s S uR TN I ED {a) 30 - 90 L2.m (h) 100 - 500 Clm

naanuEiu s snInA B uiado utauEIUANNe TN AN o A nsue
Vs 0.25/100 s 11-1;1]';'% 6.7 Wdnpzadigiuns e mduiiofinldn sonathinn
TuzUit 6.6 Taens i g W ndmuilemanud i niainm

A15191 6.2 nAaan s iiaes g, b naz ¢ 1 1901NISH fit curve HaSAINILET
UszAndraveasnaaviianananoldnsenathimsn 10850 ps ifwaudaeds
BuRnauEA A NEII 1N 150 (3.12) 1ouiouiudtue Gupta Faeumsh (3.5) i
v Fiusmaaunmanaia nasi % anueaamdeuaedds  Gupta nlSomiteuiu
TmaufinaugrRanttonnuma dmsuanunnlszianswamaldnszuathimm 025100 us
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317 6.2 anueilsgAniravessnmeauunammeldnszuarhiugn 101350 ps

A gAY | duilseang power function AT ANTHE (m) % A
a b c R- | Fdusiuaudids | 33
square | HIHUAMUETY | Gupta

50 9.19 | -042 | 3.11 | 097 29.4 40.1 37
60 10.98 | 042 | 359 | 097 31.7 44.5 39
70 1271 | 042 | 405 | 097 34.0 482 40
80 1437 | 042 | 448 | 097 36.2 51.0 41
90 16.02 | -0.42 | 488 0.97 3%.5 54.1 40
100 17.58 | 041 | 525 | 097 41.1 57.8 39
200 3039 | -040 | 8.09 | 099 63.0 80.7 176
300 4029 | 041 | 951 | 099 78.2 99.1 211
400 46.59 | 041 | 10.02| 099 94.4 114.0 232
500 5035 | 042 | 981 | 099 109.1 127.3 240

a15f 6.3 AnwiszantHavess nagauuaafineldnszuaihea 0.25/100 us

AnudmnaN|  duilsy ﬁﬂ‘%‘gpower function Anuelszaniia (m) | % Aanu
a b c R- | FEouniuangee | 35
square = HHAANNEND | Gupta

50 2341 | -0.54 | 11.93 | 0.99 5.3 6.4 20
60 2792 | -0.54 | 13.78 | 0.99 5.7 7.8 2
70 3240 | -0.53 | 1544 | 0.99 6.2 8.0 21
80 36.84° 0553 7 1694 | 099 6.7 8.1 19
90 41.17 | -0.52 | 1833 | 0.99 73 9.1 17
100 4535 | -0.52 | 19.68 | 1099 77 9.8 16
200 7993 | -0.51 | 3033 | 0.99 10.4 80.4 270
300 103.10 | -0.52 | 37.08 | 1.00 11.2 99.5 313
400 11820 | -0.53 | 39.65 | 1.00 12.3 114.1 333
500 12620 | -0.54 | 3940 | 1.00 13.2 127.2 334
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goanssduz i Tududniaanuendiquil mszsnmeauianuenlszaniea
Tugthi 6.8 () moWnszuaihiuEn 10550 ps 1119 100 kAaNwo sz Antraziidod
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wn Iy dudmiomnanwmn wszaning 1nga 6.9 @) anumnlszaniramoldnszua
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.!.m:mng*lli':n 6.9 (b) aAnwurlizanseanivldnszuadheimm 0.25/100 ps vua 25 kA 027)

Mogluae 4 - 5 m drwrweansadualszinm 1200 kv
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50 55.34 | -1.65 | 1.68 | 099 15.0 40.5 33
60 61.12 | -157 | 181 | 098 17.2 444 37
70 6777 152} 1.927] 088|192 48.1 41
80 7169 [ 145 199 | 098 219 51.5 46
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400 3954 |-1.32 | 380~ 1,00 63.1 114.0 114
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L1

-] = e - a v

pan 5T oo un R ANTHAMNTENYD Gupta TUATOUTUIANTSADHY Y
r a =5 o [] = o5 a L L]

anusmnuItleiiFudanuuana e dnnuelsE Anrad I UNTuaThEIE N 10350

] 3 -=|.II i i af =) [] L7
us paznsEuaiie 025100 ps vl THumuALaLMA LA TMEAYRADIN

FINA AU IR
A nuelss ANTHave N AeA LI IVEUAMYINA 10T U AU SR a¥ 0
3 - & & § af

AuEMiANuAARARINUANNHINsYaInmssaAnteanaiiuanueIRlpaY aoln

] ¥ - -] i a e =) o {
ADNTAAAIUDIAWEANTIAY Tasaumlssaniaarsimdasdvsunssuaduiaani
@ A : o &y 1 a = o oo g A 5 a kS
DaMInAANAY s nEnavesdaliznoun nud g Tunszuaduiadiihaaudu iln
e oo o« i a & e A -:‘I’ o & | a e o
ApuniuarFveImIH LN s A AR Fazinams Ivaveanssuaduiad

h @ o e =
N hlfalawanduvilausasnaeay

6.4 HAM391BOINGANTINNTIIANGA

M58 18DINANGEFLNS1IRNIALIHBANHIN IBNENAYBIIIANT A NS AT A BT I
asgalaounszua WuhdoesssIzanauionAARI 1Id N3 ATA NI IdnIsana
voumwoausduziosauiioanianinania lngoud siauils sz insdniaesd
valszAndranmodnssuaduiad dedugladuussduueinsdniauanadiz i 6.13
dmsunsndniaiand: UL A MM 50 Qm uaz3if 6.14 AmTunsndnsad
fadaunnudnmmidu 100 Qo

nwldnszuaihiuEn 10350 ps vina 100 kA YwimlszAniraveini1an Azl
011924 40m x 40m~ 60m x 60m NewBANTITUTEIN 100 KV 1Az 1IN 6.13 (b) Vutm
igdnBravoansnaniame lanizuailenig 0.25/100 psvum 25 kA sxfideglugn
8m x 8m - 12m x 12m @awiweausaduiszana 185 kv iilenfivufouranissiassda
nasuathififonimiaALmaTs W imsoansiarigaldsonssuaniednssuaihin
A 0.25/100 s IAnnnmesaussduvadnszuaiirmus neuasam ulvaves
nazuaitiiaiddusi e snasim il

vumlssaniraveansnanianoldnszuaihinsn 10350 ps 1119 100 kA @9
317 6.14 () 1011524 60m x 60m — 70m x 70m TrwoAussFsEIN 150 KV A
131 6.14 (b) sz Andravesninanianul@nszuatiicnamg 0.25/100 s 119 25
KA 9:33/10g 11929 10m x 10m - 14m x 14m Awdweausadlszina 280 kv Fafidunnnh

AOALSIEUIINNTEUATIHWSG N



(V)

o

HTIAUNTIUITEUA

a

20m x 20m
— — -30m x 30m
--------- 40m x 40m

—-—--60m x 60m

50m x 50m |7

175
1387 (sec)
()

2 25
x 10

3

2.5

V)

o

HTIAUNTIUTIUA

o

0.5

4am x 4m
— — -Bm x 6m
-------- -8m x 8m
10m x 10m
—-=--12mx12m

1 = = Ay ] 1 or 1 a o
E]J"]Jﬁ 6.13 'E]'ﬂ’ﬂ'l"lﬂ‘IJ'E]il‘lJ“HWIﬂ?]'"l’lﬂﬂ?]'ﬂﬂ'i]LLT]'\W]'L!ﬁﬁﬂﬂﬂﬂﬁﬂﬂﬂﬁ%uﬁﬁﬁ‘iﬂj

AN THAY 50 Q.m analdnTznasuind (2) 10350 ps 1ag (b) 0.25/100 s

0.2

0.4 0.6
1287 (sec)

(b)

0.8
x 10

111



x 10
2.5 . . : : :
2 i
S
o T T T
P e /e e 7
L S T et R
]
b=
m
]
= TS
&
Z 30m x 30m
:05 — — -40m x 40m
2T NIl s | 50m x 50m | |
60m x 60m
—-—--70m x 70m
O 1 1 1 1 1
1] 05 1 s ? 25 3
17817 (sec) < i0”
(a)
&
=
]
L) AN - s e e
o
o
i 1
F
a;
i émx6m |
] — —-8mx 8m
--------- 10m x 10m
05 i
12m x 12m
—-—--14mx 14m
[} 1 1 1 [l
0 0.2 0.4 0.6 0.8 1
1181 (sec) x10°

(b)
519 6.14 SnFwave swians AN aaoLsIAs Al doons U d IS

A d L 100 Qm meldnssuaduiiad ) 10350 s tae () 0.25/100 us

r
=

= ] 1 4 ) LI I
T"Ii]ﬂﬂﬁiﬂﬁ]ﬂ\?ﬂi']')ﬂﬂﬁﬂ‘nﬂ"lﬂ')']ﬂJﬁ'lH‘l’l']’Llﬂ“lnl 50 Q.m 1az 100 Qm wTANUTUAUS

FERINAWOALT IR ULAZ VLIRNT AN ainaefuAe Ageaussauduu Tdudududeun
g

4 = = 4 = Y @ o
VHDIFEAL A C]Nﬁ'llnﬁﬂﬂﬁll']Elulﬂ‘i]']ﬂﬂ'ﬁﬂﬁ?ﬁ]']ﬂﬂﬁﬁillﬁﬂuﬂqu'n'lﬂﬁﬁﬁﬂﬂll

&£ = 1
nsvanaalual
Ed

cg =1 =
AT UNITIANT A

r
o

- o ] & = o a =
Tuus 2‘;11ﬂJﬂi?;L!ﬁﬂﬂJWﬂﬁﬂlﬁﬁﬁﬂuﬂﬁ']'Jﬂﬂiﬂ MINIZWNIEUTUUANIISUANHUE

' 3 i, = ; ! : a_a b I U4
labersiuaue (nonuniform) dauaaalugld 6.15 s npavesanumderivirldmsudad



113

= e

o I | N ' - -

BUNUHAWTUVDIATHUIUAUNWUYHATUAI TN ﬁ‘m'II'IEIg'lﬂﬁ‘Qﬁﬂﬁﬂllﬁ'E:uﬁHuﬂ‘l‘iﬂi:'l'lll

o T R - w & e ak A o
ﬂiﬁllﬂﬂﬂﬂ1ﬂHQﬁuu1ﬂﬂj1H1u1ﬂﬂgﬁr-luﬂﬂ-lﬂ HRZIHBAIMTUOTIYOIATHIWLYHDIAN T UL
o= - - o w0 - - w [ w @
ﬂ']ﬂﬁﬁﬁﬁ{ﬂu““ﬁu’l“ﬂ“ﬂ"lﬂﬂu‘lﬂ“unﬁ=“~1ﬂ1tilﬂﬂ”“ﬂmﬁH1“1ﬁﬂ1“ﬁ1ﬂ541}ﬂ1ﬂﬂ1u1
§ a @ ol b i o | W o W
ﬁ';IHﬂ1ﬁﬂ1'5ﬂ'ﬁz“-lﬂﬂiﬂ“ﬂuupﬂu-luﬂuﬂ“ﬁ” |.|.ﬂﬂ]“ﬁﬁ“'ﬂ‘ﬁﬂﬁﬂﬂﬂ?:“ﬁﬂﬁﬂ1uﬁﬁﬂ4ﬂ1u

R
ATUUTIVDIATH IV Y

Jr i - o
117 6.18 nisnsEswnIZimnMouA NHYeINT1IANT A

4

4 g

™ & - - a4 L-;:l ; ¥ o a [ - e |
iwamsines Rvansnlanaamnaniidniainnudumuiudiaieg i
iy L = ;—.-’ ¢ ! L o w
MIMBUNATDURUAUFUA IMABANT INA I FURUT 521 I BURLAUT T UYUIAA 1LY D
4 e I ¥ ; 77 = . o] 4 >
NINIANTA NN fit curve AU power function INBYIAMIINIABT a, b UAZ ¢ AWAAY
1 w \ - [ w '

Tuzii 6.16 dmunszuadhiusn 10350 ps uazgalil 617 dmiunszuaihiinu 0.25/100
s

mulAnszuailiringn 10350 ps namnnudiuiseniamduiadounuaudiy

= - ’ a & o - & o

vuansaniave i T Inddudonnudumudumsiy iesnnnssuaduiad
[ [ ' o sl 9 w ) fom L w) 'da L L3 o =
dlvg Ivaegmoludnidwzgniidams a Tadaigunadeufmusveanumiioniy
damalilsza@ninmmsniznonszuguudnieans pAnIalinannd

#msunizaahrmnn 0257100 Jis nimdanudiuEsEnIRmBadauinaus
AuvAns NAnTAvElanumzadmoiuvensuaiHsN 10350 ps ApRAAIUA UMY
- . ar o' ¥ ue v 5 il Ao o e . o
auganamanuduiusio undmidu uansdnszuadimiaueziimduwadauninaud

L 3 LI | -y i a - L] Ty o 1 ‘\. J

ganduiesnnmduritaugvesnumiionhludniweansanialiamsiuaunisanns

L I | o v
PRI THHINAUHTENTTINWUNYUYeIRT d /dt



14

()

puYlaTauNLAUY

o

w da &

=

(a)

)

<

RGN

w g o

=

10 15 20 25 30 35 40 45 50

VNIAASIANTA, L (m)
(k)
=1 = W da = e & = 3 1 i
E‘ﬂrﬂ o.l6 ﬂﬂ?‘lﬂﬁﬂﬂ?‘ﬂlﬂu“ﬁﬂﬂ%u”@'TT:TI']?WTT:]@E]”IEIKIWﬂ'i%llﬁﬁﬁlwﬁlll'iﬂ [()3510) s

HTUANUMUNIUAY (2) 50 - 90 Cm (B) 100 - 500 Qm



25
a
-b_-,P \‘
= 2005
&
=
&
%EG 1<
B 15
=
=
[(feew]
10
(a)
140 —=— 500 Q.m i
—e— 400 Q.m
i 8- 300Qm | |
120 —m— 200 Qm
o] Q\ —4-- 100 Qm
“g 100 5 g v ey il
E 5 L
=
e
@
(]
=
o6
[(¥ie]

2 3 & i} 6 o 8 9 10
VUIAN1I@NTA. L (m)

(b)

= . oy w  da o o o oo 3 1 .
E]J"]J'ﬂ 6.17 'E]'N'Wﬁﬁ'ﬁ]ZIJ'1“ILL‘F]"L1!°]:Fﬂl|"'IJH"Iﬂﬂ'a'W'3‘F]ﬂ’a"ﬂﬂ?ﬂiﬂﬂﬁ'mLﬁ'ﬁWﬂﬂﬂJ 0:25/100 ps

AIHTUATIWATUNIUAY (2) 50 - 90 CQm (b) 100 - 500 Q.m

1 = o PR a i N
ATWITINABT @, b wLBE ¢ W lﬂ‘"lﬂﬂﬂﬁ"ﬂ"l fit curve LL@%TMW‘F\]JE%HTI’LTH@EUEN
o o B o oy o o L] g z:lII oo d' I a o [}
NTIANTAAIYWD NN TTOUWLAWTAT Y UG WHNLTAIAIATTIIN 0.0 ﬁﬁ"f?]'llf’l’;l'ﬁuﬁ'f”’]WF*ﬂLLﬁﬂ

10/350 s HezA 1T 1R 6.7 dnTunszuaihriany 0.25:100 ps



13147 6.6 vinalszAniravesnsndnianieldnszuarheusn 10/350 ps

116

ANUATHNTUAY Futlszantue power function vupilszanine (m)
a b c R-square
50 3146 | -1.17 | 0.59 1.00 44 x 44
60 36.75 | -L15 | 0.67 1.00 47 x 47
70 4230 | -1.14 | 0.74 0.99 51x 51
80 4720 | -1.13 | 0.8l 0.97 54 x 54
90 5196 | -1.12 | 0.87 0.99 57x 57
100 5594 | -L11 | 0.92 0.97 61 x 61
200 17720 | -1.21 | 1.23 1.00 91 x 91
300 280.90 | -1.23 | 1.57 1.00 102 x 102
400 314.60 | <117 | 192 1.00 116x 116
500 36530 | -1.15 | 2.12 1.00 132 x 132

13147 6.7 vinalseAntuavadninidnianeldnszuaihea 0.25/100 us

ANVATUNIUAL FinlisAnFaos power function vlszanina (m)
a b C R-square
50 2248 | -1.06 | 4.16 1.00 7.3x7.3
60 2749 | -1.06 | 472 1.00 7.8x7.8
70 3271 | -1.06 | 5.17 1.00 8.4 x84
80 3778 | -1.06 | 5.66 0.99 8.9x 8.9
90 42.67 | -L06. | 620 1.00 9.1x9.1
100 48.00 | <106 | 6.62 1.00 9.6 x 9.6
200 98.87 | -1.06 | 10.51 1.00 125 % 12.5
300 149.40 | -1.06 | 13.98 0.99 13.9x 13.9
400 199.20 | -1.06 | 16.43 0.99 15.8x 15.8
500 244.60 | -1.04 | 18.79 1.00 17.6 x 17.6
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Abstract

In grounding system design, engineer has to concern
not only earth resistance but also  lightning  tmpulse
impedance. One way ta réduce the resistance is increasing
the length of the ground rod. On contrary, when the
increasing, oferalfd-rod length reaches certainvalue, the
lightning impulse impedance is rarely reduced because the
ground rod has effective length. In this paper, we have given
a value of effective length, which depends on the level of
impulse impedance changing compare with the changing of
ground rod length starting from 1% to 20%. The effective
length will vary from |2 meters to 2 meters for =oil

resistivity 190 £2em.

Keywords: ground rod, grounding system, effective length,

lightning impulse current, scaling experiment
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Paper

Effective Length Consideration with the Minimize

Per-Unit Length Impulse Impedance Method

Pongpan Pariyavong*, Non-member
Weerapun Rungseevijitprapa*, Non-member

In practice, sometimes long grounding wires are applied to decrease the grounding resistance but the lightning
performance of the grounding system is still poor because the grounding wires have an effective length. This paper
presents an analysis of effective length for herizontal/vertical grounding wires using the minimize per-unit length
impulse impedance method. The grounding response due to lightning current was simulated by solving
Telegrapher’s equations with the finmte-difference time-domain (FDTD) technique. During the simulation, the
voltage distribution was low enough to limit the electric field intensity not excesding the critical value for soil
ionization, E. The results of the simulation were proved with scaling experiments. The simulation analysis
showed that the effective length of the horizontal/vertical grounding wires decreases with front time of impulse
current. For example, in soil resistivity of 50 Q.m, the effective lengths of the vertical grounding wire are 29 m
and 5.3 m for impulse currents of 10/350 ps and 0.25/100 ps, respectively.

Keywords : effective length, grounding system, grounding electrode, lightning current, scaling experiment

1. Introduction

A good performance of grounding system from a
DC source to high frequency due to lightning current
is considered indispensable. In particular, at high
frequency, the grounding system will distmbute the
lightning charge into the soil without causing
dangerous potential differences. If the grounding
performance is poor, high potential difference wall
occur during the discharge process and this may
affect humans through step and touch voltages.

While discharging current to ground, the resistance
and impulse impedance of the grounding system are
necessary to determine its performance. The
grounding system characteristics must address low
grounding impedance as well as low rtesistance. The
impedance of the grounding system depends- on
many factors, e.g. soil properties, the geometry of the
grounding electrode and the frequency of discharge
current. The inductive behavior of electrode
impedance, under a lightning, becomes increasingly
important with respect to its resistive term. Even if
the grounding electrode length is increased, the
performance of the grounding system is still poor
because of an effective length. Knowing the effective
length do not ouly contribute to efficient grounding
system design but also minimize the cost of
construction of the grounding system. However,
there are insufficient details about the effective
length for basic electrodes, so it is difficult for
engineers to apply the effective length concept when
they are designing a grounding system.

In an attempt to resolve this constraint, this paper
systematically introduce the consideration of

effective length of horizontal/vertical grounding wires
at various soil resistivities. The ground potential rise
(GPR) was simulated by solving Telegrapher’s
equations with the finite-difference time-domain
(FDTD) technique™ @, The validity of the caleulation
was proved with a scaling experiment. The effective
lengths were analyzed by using the proposed minimize
per-unit length impulse impedance method.

2. Effective length

There are some definitions available for evaluating
the effective length. Greev® proposed a formula for
critical length in terms of characteristic frequency F..
This characteristic frequency depends on soil
resistivity p, electrode length and location of the
discharge point. The equation for critical length (7,) is

I = 0.6(p/FC)0-43 ................................ (1)

Gupta and Thapar® proposed an equation to
calculate the effective length (/) of horizontal
grounding wire in terms of front time ¢

where 4 depends on the position of the injection point.

He® defined the effective length of the grounding
electrode as the length when the decreased value of
grounding impedance with the increment of the length
is smaller than a fixed value of tana as:



where o ig the inclined angle of the tangent through
selected point. The suggested value of eris 5°

Recently, Liu and Theethayi® have defined the
effective length of a single horizontal grounding wire
as having maximum transient impedance at the
injection point 3% larger than its final asymptotic
value. This iz under the assumption that the
difference in the maximum transient impedance at
the injection point between two successive lengths
({2 (I, 1) m) iz not more than 0.00]1 €. The derived
inequality is

z (I )—-Z (I +1)<0.001--- )

However, equation (1) is difficult to define the
characteristic frequency of the exciting impulse
current which has a different waveform. The constant
value 4 in (2) did not provide more in detail and can
not apply to the vertical grounding wire. The last two
equations  still  require additional supporting
information.

In thiz paper, the effective length iz defined as the
length of the grounding conductor, beyond which the
fransient voltage at injection point is length
independent, for a given lightning impulse and soil
properties. The impulse impedance of the grounding
system was defined® as the ratio of the maximum
value of voltage to the maximum value of cuirent.
This means that the per-unit length impulse
impedance iz the minimum at the effective length.
Therefore, a definition based on mathematical
optimum analysis called minimize per-unit length
impulse impedance iz proposed to find the minimum
point.

Under lightning impulse current, a grounding
electrode is a nonuniform conductor as described in
many papers.@"(“). Clearly, the impulse impedance
decreazes with the grounding wire’s length and it
tends to saturation when its length reaches a certain
value.

The calculating procedures of the minimize per-
unit length impulse impedance method for effective
length of the horizontal /vertical grounding wires are
as follows:

1) Define the relationship between impulse
impedance (Z) and length of grounding wire (L) to be
a power function:

il @ menmissrasss s ()

where o, b and ¢ are constants.
2) Derive the per-unit length impulze impedance
by dividing (5) by length L:
Z al’+c 5 5
i =al”' oLt (6)
L L

3) Take the derivative of Z/L with respect to L and
get it to be zero:

d(Z/L)
L.

* EMC Research Lab., Chulalongkom University,
Bangkok, Thailand. Pongpan Pa@student. chula.acth

The equation of the effective length (Z,;) can be
obtained as:

/b

When the impulse current iz fed into one end of the
grounding wire located in zoil with resistivity o, as
shown in Fig. 1 (a) and (b), the peak voltage iz solved
with the Telegrapher’s equations for a grounding wire
using the FDTD technique. The coefficients @, 5 and ¢
are derived by curve fitting of the relationship between
impulse impedance andlength of grounding wire.

o o

| Po - "
I_ _ H ]L Pu
- » L

(@) (b)
Fig. 1. Simulation models: {(a) horizontal
grounding wire (b) vertical grounding wire

3. Transient analysis by FDTD

The transient behavior of the grounding conductor
can be simulated using Telegrapher’s equations (9a)
and (9b)

_ aVéxJ) ( )+ I, )22 8I(x Do ©a)
- 8I(x,t) aV(x 1)

Py =g(x I)V(x t)+ clx,t)—=

where Fyx.f) and [xf) are the unknown distributed
voltage and current along the conductor. 7, is the per-
unit length series resistance. Ifx,f), gf¥x.{) and ¢fx,¢) are
the per-unit length inductance, conductance and
capacitance of the conductor, respectively, at position x
and time ¢. Telegrapher’s equations {(9a) and (9b) are
golved using FDTD method"®. The conductor is
assumed as a thin wire and divided into n small
segments in order to calculate the per-unit length
parameter matrixes?.

The important stage during solving Telegrapher’s
equations iz to estimate the per-unit length inductance,
conductance and capacitance of the conductor. The
per-unit length parameters, such as self and muitual
inductance, earth resistance and susceptance, can be
derived based on electromagnetic field theory®?. The
image principle should be used for the calculation of
the earth resistance and susceptance parameters. For
the inductance, the image does not exist, because air
and =oil are non-magnetic matferials with the
permeability of s,



4. Verification of the model

The prediction of the ground potential rise (GPR)
could be derived by a FDTD technique. In fact, this
phenomenon  depends om many physical and
electrical parameters, e.g. ground resistivity, the
dimensions and configuration of the grounding
electrodes, the waveform of the impulse currents
(rise time, time of decay and peak value) and so on,
Thus, the ground potential rise cannot be predicted
exactly. Therefore, an appropriate experiment is
required to verify the caleulation result of the ground
potential rise.

Unfortunately,  actual  experiments  have
limitations, e.g. space and cost, so a scaling
experiment'”  was  selected where we can
independently change and control the parameters.
This method has been widely used in many
papers "' The scaling concept has two parts.
First, the physical environment factors of scaling
subscripted with 2 and actual factors subseripted with
1 must be the same, e.g. soil resistivity (g). electric
field (£) and velocity (v);

Py = Py e resafie o 0411 0)

E :E? T e A I |

V= VL s i s (12)

Second, the physical dimensions in the experiment
are scaled to actual dimensions with ratio » as

rl =n r: [ 0 i { |3}

gl - ""1 susamms et eine (14
Vpl = "Vrﬂ ............................................ (15)
"’P' - "_Jr;a: M ]

where 1 is the wave front time, ) s the electrode
length, ¥, is the GPR peak value,and [, is the.current
peak value, From impulse impﬂlﬂm:t."? , wi obtain

evveeessssessssee {19

In practice, the soil consists of  basically
nonconducting particles coated with water in which
some salt is dissolved. This water coating provides
interconnected water paths with low field during the
discharge process. In addition, the impulse current
generator has a limitation of capacitor and it can not
provide the required current waveforms under high
resistance. Therefore, soil was simulated with a low
resistivity of salt solution. The advantages of salt
solution are the controllable resistivity of curment
path and the convenient to measure distribution
voltage around the testing electrode, In case of
minimizing the simulation, the transient GPR. of the
grounding electrode should not exceed the critical
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value and the soil jonization can be neglected. This

dissipation current from the conductor (f) is calculated
b}_um

2rlE
I = Ao b Lop
Fa

where @ is the radius of conductor, [ is the length of
conductor, and o 15 the resistivity of solution.

The concentration of solution could be varied 1o
obtain the required impulse current waveform, The
testing circuit is shown in Fig. 2. The diameter of the
stainless steel container was 70 em. The energized
electrode was submerged in the salt solution. Then,
impulse currents were supplied with the same charging
voltage. The transient GPR at the injection poinl was
measured with a Tekwronix attenuator 1000:1 and
impulse current was measured using a Rogowski coil
ratio of 11 kA1 V.

ST— |

Teest unit

Fig. 2. Testing circuit diagram

The actual lightning currents are considered into two
waveforms according to 1EC standard''”, ie. the first
stroke V350 ps and subsequent stroke 0.25/100 ps.
Their frequency contents are shown in Fig. 3", In the
scaling experiment, a simulation impulse current with
a front time of 1 ps was generated at resistivity of 190
{.em.

During the experiments, the length of vertical
grounding wire was changed, and the influence of
length on impulse properties was systematically
analyvzed. The curve fittings were done by polvnomial
function, exponential function and power function as
shown in Fig. 4. The power function was best fit with
R-square better than 0,99, Therefore, the relationship
between  impulse impedance (£) and length of
grounding wire (L) 5 defined by power function as
mentioned in (3).

S.dB (A*s)

VTR R
Eﬂ .-..m: :. n.: : = - bl a I:.|IIJ: RS T
OF - i e =<4

220 B Lhes ian

L 0.25/100

~40f 1 1ma - ne o

aaf

-QOf 443t 2
=100 i 1:ics ; B

I 10 100 Ik 10k 100k IM f

Fig. 3. Frequency spectrum of lightning currents



1.4 o expermmental results |
. -~ exponential fanction
a Lap - - - polynonual function
% — power fanction
= 1.0
=
208
=
:‘é_ 0.6
=04
0.2

1.0 1.5 20 25 30 35 40 43 350
Length of vertical gromnding wire (m)

Fig. 4. Curve fitting on experimental results

For generated impulse current, the mtic m for
lightning currents of 10/350 pis and 0:25/100 us 1=
equal to 10 and 0.25, respectively. In order 1o venfy
the validity of the simulation FDTD techmaque. the
test values of impulse current and test electrode
parameters in the expen
values as in Table 1.

Table | Actual and experimental parameters

Parameter E:a}ing walue A ctual ctual
n experiment valie for
/350)s 025110008 -

Ratio, n - _;10 525 4
Front time (jis) Lps Wps )0.35 ps
Diameter of grounding | 1.5 mm 15 mm-= | 0.375 mm
clectrode 'l
Depth of electrode gem E0em__{ 2cm
Length of horizontal 2030cm (200,300 cm{5,7.5 cm
grounding wire :
Length of vertical iD40cm (300400 cm|7.5,10 cm
grounding wire . -

Fig. 5 and 6 show comparative waveforms of the
experiments (chl - transient GPR, ch4 - impulse
current) and the simulation FDTD technique for
impulse currents of 10/330 ps and 0.25/100 ps,
respectively. The comparative  results _of the
expeniments and the simulation FDTD technique are
summarized in Tables 2 and 3 for impulse currents of
10/350 ps and 0.25/100 iz, respectively,

The results show that the caleulating GPR
obtained by FOTD technique is well fitted with the
experimental | results as mentioned i Lin  and
Theethayi'™ | The different results may anise from) the
catimation of tail tme coefficient o for double
exponential Jitj= 1.(e" ™). However, the maximum
of transtent GPR 15 dependent on the front time and
less affected by the tail time''",

abue for /

- were scaled to actual 4

- (b) vertical grounding wire 4 m
“dia '—--: -

‘ ‘;"_ﬁ‘.',i - Sivdation curent Mas 808 (2 SusDi)
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Siruintion veilngs Lins 37 6V | 100D
Simuigtion current Mas 05 kA [ 100:T)
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kY

110kA ey
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A i i, .
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g ) b | i Semustion voltege Max T3 WV (200w T
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(b)

© Fig. 5. Transient voltages at the injection point (V)

comesponding to the simulation impulse currents (1),
scaled from experimental impulse currents, of different
electrade geometries (a) horizontal grounding wire 3 m

wameans Srrulirteon volbage Mas 915 W (2.5 T

{a)

. wescasas S ietion vollage Max 838 (5usTie)
4 = SarvmilaiitneLomanl Max S0 A [SeaDiv)

(b)
Fig. 6, Transient voltages at the injection point (V)
corresponding to the simulation impulse currents (T),
gcaled from experimental impulse cwrents, of different
electrode geometries (a) honzontal grounding wire 7.5
cm (b} vertical grounding wire 10 cm



Table 2 Companson between experimental and
simulation FDOTD results for impulse current with
ratio =10

Grounding electrode  [n.TF o Ip | n.Vp| Vp(kV) [%aDif¥ of

(us) {(kA) | (kW) | by nVpand
FDTD | Vp

20cm horzontal 10 | 67 332 | 346 43

grounding wire scaled to

200 cm

30cm horzontal 10 | 26 (352 | 370 52

grounding wire scaled to

30 cm

A0cm vertical 10 | 66 | 286 | 300 50

grounding wire scaled

to 300cm

Jicm vertical 10 | 86 |322| 333 3.5

groundmg wire scaled

bo 400cm

Table 3 Companison between experimenial and
simulation FDTD results for impulse current with
ration=0135

Grounding electrode [0, TT| n2id VD | VprV) 5D of

(us) ';EL vy Fﬁ}' n.\-’p and
20cm horizontal 0.35] 42 ﬂn_l : ;3 " 74
grounding wire scaled 1o '
5 crn' — 4
30cm horizontal 025 60 | 8RO 01§ 'I.IL.
grounding wire scaled to
7.5cm ‘ 148 _|_._______,__
30¢m vertical 0.25| 41 [_?1'.1 55
grounding wire scaled ,

Simulation results

In order to obtain the effective lengths, the

transient behaviors of horizontal vertical grounding
wires mthmf’fhmtlagﬂm buried in soil with
£=1" p=50 - 500 Q1m and s = | are simulated.
This relative permittivity (&) is used to determine the
per-unit length capacitance. However the transient
GPR. is not greatly affected by the per-unit lengzth
capacitance, The impulse curent with lightning
mwshage, Jti=1. (e e 70 fop 10/350 415 and
Fp=1, e 0% for 0.25/100 ps, are injected
at one end ut‘ the, conductors, The tadius of the
conductors is 16mm, All horizontal grounding wires
are buried at 0.8m depth.

5.1 Horfzontal grounding wire

The influence of ‘the length of honzontal
grounding wire on the transient GPR in soils with
different resistivities was considered. Examples of
transient GPR of the horizontal grounding wire with
various lengths, buried in soil with resistivity 50
Qm, are shown in Fig. 7. The magnitude of the
trnsient GPR at injection point is decreasing and
finally goes to asymptotic value when the length of
the conductor is increasing due to the effective
length,

The calculated impulse impedances which are the
ratio between the transient GPR and current peaks at
the injection point were fitted curve with power

025 54 | 805 | =8 4177258

e

Tnpilee impaﬂanm @ |
=
(=%
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function as mentioned in (5). The relationships
between the length of horizontal grounding wire and
the impulse impedance in soils with different
mahﬁxrgﬁm were studied and shown in Fig. 8 and 9.

im

Transient voltage (V)
(&)

0 1 2 3 4 5
Tine {S} % 10‘-’*

Transient voltage (V)

F!g 7. Transient voltages at the injection point of a

: O/ mm grounding wire with various lengths buried

01l with resistivity 50 £2m for impulse currents (a)
Sﬂ pg (b 0.25/100 s

L=

e

B

A1) "LI "ll] 40

Leéngth of horzontal gronnding wire (1)
(@)
@508 o

10 20 30 40
Length of honzontal grownding wire ()
(b)
Fig. 8. Relationships between the length of horizontal
grounding wire and the impulse impedance
comesponding to impulse comrent 1V350 ps in soil
resistivities (a) 30 - 90 Q.m (b) 100 - 500 C2.m



[mpulse tmpedance 1£3)

1 2 3 + 5
Length of honzontal gronndmg wire ()

A
300}

200

100

linpnlse anpedance 120

2 3 4 F &
Length of honzontal grennding wae (i)
(b)
Fig. . Relationships between the lenzth of horizontal

prounding  wire and the ampulse impedance
cormesponding o impulse cugrent 0025 100ws e soil
resistivities (a) 50 - 90 Cum (b) 100 - 500 C2m

The effective lengths of horizontal grounding wire
were determined by calculating the cocfficients o b
and ¢ of the power equation according fo (8) asz
chown in Tables 4 and 5. =

It is observed from the simulations that the
effective lengths of the horzontal grovundmg wire
buried in scil resistivity 50-500 C2m are about 15-75
m and 3.1-9.2 m for impulse cuments of 10/350 s
and 025100 ps, respectively. The percentage
difference of the minimize per-mnit length impulse
impedance method with Gupta’s formula (1) tends to
be higher with soil resistivity.

Table 4 Effectve length of honzontal grounding wine
for 10¢350

Sail Power [unction Effective %
resistivity coefficient lengthim) diff
(Llm] a b ¢ | Min | Gupta
PU L}

50 3534 )-1.65 |1.68 15,0 40.2 33

6 6112 [-1.57 [1.51 17.2 44.1 37

T 67.77 |-1.52 1192 | 19.2 47.6 41

a0 71.69 |-145 1199 | 2.9 0.9 46

a0 TREG |-1.43 212 | 233 34.0 49

100 84.35 |-1.40 [2.22 | 252 6.9 33
200 241.3 |-142 |2.56 45.6 B0.5 72

300 338.1 |-1.38 |3.29 | 534 DE.6 o7

400 3954 )-1.32 |3.80 | &3.5 113.8 114

500 436.7 |-1.27 [4.17 | 75.0 127.3 132
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Table 5 Effective length of horizontal grounding wine for

0.25100ps
Soil Power funetion Effective %%
Tesigtivity coefficient lengthim) diff
{L£m) a In ¢ | Min | Gupta
PU |
50 38.53 | =-1.53 |25.7 3.1 6.4 38
Gl TLEL[-14% [28.1 3.3 7.0 44
T0 B5.73]-1.49 |31.9 3.6 7.5 47
&l 100.1 ] -1.45 |34.2 5.9 5.0 33
1] 113.9)-1.45 370 | 4.0 8.5 36
100 128.6]-1.45 |39.0 4.2 2.0 39
200 404.7) -1.67 |54.5 6.0 1.7 6B
300 G018 ) ~-1.60 |63.1 7.1 15.6 L1
400 THT.1]-1.54 [B0.7 .0 18.0 106
500 943.21-147 |90.1 9.2 20.1 128

Frogn the simulation results, the effective length
based om the minimize per-unit length impulse
unpedance is almost the same as basic definition.
When the magnitude of impulse current i fixed by a
certain value, the effective length of the honzontal
grommnding  wire  increases  with  soil  resistivity.
Silvrio"” has mentioned that the current in grounding
elecirode  has two components, ie the leakage
transyversal current spread into soil and the longitudinal
crrent transferred to the remaining electrode length.
In case of high soil resistivity, the leakage transversal
currend is reduced. On the other hand, the longitudinal
current i increased and the effective length is
lengthened. It can be observed in Tables 4 and 5 that
the cective length is shorer for the impulse current
with shorer front Gme. The shoter front Hme will
enlarge the indoctance effect of the grounding
glectrode and block the curent Qowing inte another
end.

5.2 Vertical grounding wire

The mnfluence of the length of vertical grounding
wire on the transient voltage in soils with different
resistivities was  studied. Examples of transient
voltages of the vertical grounding ware buned in soil
with resistivity 50 C2m are shown in Fig, 10, It seems
to be the same with honzontal grounding wine.

The ~calcnlated . impulse impedances were fitied
curve with power function as in (5). The relationships
between the length of vertical grounding wire and
impulse impedance were studied and shown in Fig. 11
and 12. The effective lengths of the vertical grounding
wire were determined by calculating the coefficients of
power equation according to (&) as shown in Tables 6
amd 7. It is observed from the simulations that the
effective lengths of the vertical grounding wire buried
in soil resistivity 50-500 £2.m are about 29-109 m and
53.3-132 m for impulse currents of 100350 ps and
0.25/100 ps, respectively.
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Table 6 Effective length of vertical grounding wire for
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resistivities (a) 50 - 30 Qum {b) 100 - 500 Om




The effective length based on the minimize per-
unit length impulse impedance is almost the same as
with the basic definition. Only the himited length of
the vertical grounding wire is effective in controlling
the impulse impedance. The effective length of the
vertical grounding wire increases with soil resistivity
and front time of impulse current,

5.3 Analysls of applicable grounding wire

Presently, we have realized that both horizontal
and vertical grounding wires have an effedive length
under impulse current especially with shorter front
time. Comparisons of length of horizontal/vertical
grounding wire with the same maximum transient
GPR are presented in Fig. 13 {a) and (b} for soil
resistivities of 50 £2.m and 500 ©2m, respectively.

The simulation results clearly show that the
vertical grounding wire has shorter length than the
horizontal grounding wire, This means that the
mdallation of the vertical grounding wire in 2
groimding system has lower cost of the conductor
than the horizontal grounding wire. As the length of
grounding wire should not lopger than the effective
length, the lower DC grounding resistance can be
reached by appropriate grounding geometry. For
example, many short vertical ground wires (1.} are
connected in parallel via the horizotal grounding
wires (1.} as shown in Fig, 14,

40 v
s |
um3[}-l;'
= H
< 20¢
T |
= 1
Z 10t _ — T
o 0,5mvertical grounding wire |
e 2.6m horizontal grounding wire|
0 - e
0 02 04 06 08 1
Time {5_] % l{}‘ﬁ
(b}
200 ~ e
.--""-'“.--h ?
L

150

:

h
=]

— 0. 5m vertical grounding wire
5.0m horizontal grounding wire

Transient voltage (V)

04 0.6 0.8
Time (s)

(b}

Fig. 13 Transient voltages of horizontal/vertical
grounding wires corresponding to impulse csrrent
0.25/100 ps in soil resistivities (a) 50 Qom (b) 500
fm

1

&
x 10
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Iy, Iy = effective length

Fig. 14. Application of horizantal and vertical
grounding wires

fi. Conclusion

The effective length of grounding electrode under
lightning current is one of the important parameters.
Although the lower DC grounding resistances of a
lopger grounding wire are reduced, the lightning
proteciion performance 15 sill poor because of the
cffective length, This effective length does not only
play an important role in the safe and reliable
operation of power system, but also brings about
considerable saving in material and working cost.
When the length of a grounding electrode exceeds the
effective length, the grounding conductor will not be
utilized effectively.

This paper introduces the minimize per-unit length
impulse impedance method for evaluating the effective
length of the horizontalivertical grounding wires in
soils with different resistivities. Calculations for the
transient vollage al the injection point were based on
solving  Telegrapher's equations with the FDTD
technique. The simulation resulls were verified with
experiments, which were in good agreement. The
influences of the length of horizontal and vertical
grounding wires on the transient GPR. were analyzed.

The effective length of horizontal/ vertical grounding
wires increases with the soil resistivity and wavefront
time of impulse current. This memns that the effective
length under subsequent stroke 0.25/100 ps should be
cancerned rather than fird stroke 100350 ps. With the
same maximum transient GPR, the vertical grounding
wireg-has shorter length than the herizomal grounding
wire. The saving cost of conductor can be done by
implementing the wvertical - grounding wires with
appropriate grounding geomedry.

References

(1) . R. Panl : Analysis of Multiconducor

Transmission Lines, Wiley, New York (1994)
(2} Y. Liu, M. Theethayi and B Thottappillil ; *An
Engineering Model for Transient Analysis of
Grounding System Under Lightning Strikes:
Monuniform Transmission-Line Approach™,
TEEE Trans. Power Del Vol 20, No2, pp.722-
T30 (2005)



{3} L. Greev: “Modeling of grounding systems
for better protection of commurnication
installations against effects from electric
power system and lightning”, IEE Conf Pub:,
No.484, pp461-468 (2001)

{4) B.P. Gupta and B. Thapar : “Tmpulse
characteristics of grounding electrodes”™, J,
Trest. Eng, (Tndied, Vol.64, No 4, pp.178-182
{1981)

{5) I L He Y.Q Gao, R Zeng, 1. Zou, XD,
Liang, B. Zang, J.B. Lee and §. Chang
“Effective length of counterpoise wire under
lightning current”, JEEE Trans Power Del,
Vol.20, No.2, pp.1385-1391 (2005)

{6) Y. Liu, N. Theethayi and B Thottappillil :
“Investigating the validity of exigting
definitions and empirical equalions of
eflective length/area of grounding wire/grid
for transient studies”, Sowmal af
Electromatics, Vol 63, pp. 329-335 (2007}

{7) LF. Gonos, F.V. Topalis and LA, Stathopules
: “Transicnt impedance of grounding rods”,
High Voliage Enginecring, Vol2, pp272-175
(1999)

(8} Y.Q.Gao, J. L. He, B. Zeng and XD, Liang,
“Impulse transient characteristic of grounding
grids,” Jnter Svm., Meay, 2002

(%) A K. Mishra, A Ametani, N. Nagaoka and
5. Okabe, “Nomnilorm characleristic of a
horizontal grounding electrode”, IEEE
Trans Power Del., Vol.22, Nod, pp.2327-
2334 (2007}

{10y A. Ametani and T. Kawamura, * A method of
a lightning surge analysis recommended in
Japan using EMTP”, Trons Power el
Vol.20, No.2, pp.8a7-875 (2005)

{11} L.Dv. Greev and M. Heimbach @ “Frequency
dependent and transient characteristies of
substation grounding system”. IEEE Trans
FPower Def,, Vol12, No.l, pp.172-178 (1597}

{12} E. D. Sunde, Earth conductioneffectsin
transmission systems. Bell Telephone
Laboratories, 1949

(13 A B. Kopeyntsef : “Simulation of impulse
property of grounding device”, Elelapitestya,
MNo.5, pp.31-35 (1958)

{14} . L. He, R. Zeng, Y.P. Tu, J. Zou, 50560
Chen and Z.C.Guan ¢ “Laboratory
investigation of impulse characteristics of
transmission tower grounding devices”, IEEE
Trans Power Dl Vol .18 No 3, pp.994-1001
{2003 )

(15)%.P. Tu J.L. He and B Zeng : “Lightning
impulse perfomances of grounding devices
covered with low-residivily materials”, JEEE
Tran. Pewer Def., Vol.21, No 3, pp.1706-
1713 (2006)

{16) R. Velazuez and D Mukhedkar, * Analytical
maodeling of grounding electrades transicnt
behavior”, IEEE Tramsactions on Power
Apparatus and Systems, vol. PAS-103, no. 6,
pp. 1314-1322, Sep., 1984,

(17} IEC International Standard 62305-1
“Protection  Against  Lighitning  Elec-
tomagnetic  Impulse.  Part 11 General
Principle (2006)", Geneva, Switzerland: IEC
{20045

190

(18) G G Chavka and K. Aniserowicz. * Analysis of
time-domam  characteristics  and  special
parameters of selected models of lightning
current”, Technical University of Bialysiok,
Faculty of Electrical Engieering, Poland

(19) V. Silvrio, “A comprehensive approach Lo the
grounding response o lightning  currents”,
IEEE Tran. Power Del, Vol 22, No.1, pp.381-
386 (2007)

Pongpan Parlvavong (Mon-member) was born in
Thailand, i 1973. He received
the BE. in electrical from
Chiangmai University, Thailand,
md the MSc (Eng) [rom
Chulalongkom University,
Thailand, in 2001, Since the year
2005 he has been a Pho2. student
al the Division for Electricity and
CEPT Laboratory, Chulalongkom
University, Thailand, His main
research areas are electromagnetic compatibility,
impulse current generator and  grounding  system
medeling.

!

Weerapun Rungseevijitprapa (Non-member) was
born in Thailand in 1969, He
received the B.Se. and the M.S.
degree in elecirical engineering
from Chulalongkom Universily,
Bangkok, Thailand in 1991 and
1995 respedively, and Phid.
degrees in electrical cnginecring
from  University of Hannower,
Hannover, in 2001. Since 2002 he
has been working at Chulalongkom  University,
Bangkok. Thailand where in 2003 he was promoted to
the Head of EMC research laboratory, Center of
excellence - electrical. power technology, CEPT,
Chulalongkom University. His main research interests
are electromagnetic compatibility, lightning, and high
voltage insulation technology




191

auasy AF o =y =y o
‘]J‘E IARVIUINYTHHUE

Wio wariug Yo iinfuf 4 Sunan we. 2516 Sandangann dudamadnm
nsaumanitugan madriaanias iih aasdmnssumans i Inonaniosud Ty
Unisfnut 2537 waz UigaiIn @VIM5TuMsEUING MATYUATHTMANT A

o - a o | = _ o = @ o=
WATHFAANT UK IMeAnNEATMART Tullnmsfnw 2541 uazdusamsamnizamligon
Tn mdaanssu lihidias mndndaanasu b auzdminssumans poasnsal

o ar 4 £y - o ¥ ] & a =
w1 aneae luilnmsne 2544 anatonaule laun maeonuunaiuniestuiianszua
susiad mseenuuuszunianiadiu lbiwssae arundiiu ldneauiumiman

W
{Electromagnetic compatibility, EMC) JHSITHN I INIEA40

o o o a o 4 5 & - e
1. ‘I"Iilﬁ"l"lu‘li ﬂgtﬁlﬁﬂ' e ﬁ'ﬁ‘]ﬂ AJUAEDNA, “NITEDNLUILAI BINUUANTEUTUNDN", 113

Uszpimmsvesgudigermimsnmisdima 1w Tad i, 2542,

2. wartiug 15ead uay d1iae dedazein, “mieenuuuaianiosiuidanssuaduiad

WA 75 kA”, Midszarnmaniininas ih EECON asai 24, 2544,

% F
3. waiug Usoed uaz 1590 dedazein, “miseenuuuaiiilsnelannesduuia 100 kA”,
» v
msszauIvinanearanaan hivh EECON a3 23, 2545.

4. marviug U304 uaz F52us S9a39A3 152, “Effective length of ground rod under

s 2 4
lightning impulse current”, 113 UszaAmimanininans su Il EECON adai 30, 2550,

5. P. Pariyavong and W. Rungseevijitprapa, *Effective Length Consideration with the Minimize
Per-Unit Length Impulse Impedance Method™, IEE] Transactions on Power and Energy, vol.

128, No.6, Jun. 2008,

n-' B or o W £l g e oa d
‘ﬂﬂ’ﬂﬂulﬂuﬂ"]ﬂﬂ:ﬁlE.lﬁl'l-l‘Ii"l'ﬁ~3ﬂ'l'ﬁ"EJElIl.!.I.“LI‘LI'f-'l"ﬁ'IilLﬂ'iENlTlLuﬁﬂ'iE!.lﬂﬂNﬂﬂﬂ‘llu'lﬂ 120
¥ o o 4 A g e ow o~ o
kA I!ﬂﬁiﬂ'ﬁ QI'I'I'ﬁﬂ'i'Nﬂ'ﬁtl..!.ﬂElllﬂT:‘I'E'I'E‘IJ'FIEIN 107350 us lﬂﬂj“HﬂﬁﬂﬂUimﬁI]Lﬂ'iﬂﬂ'll.ll.l'lﬂ'ﬁj'l‘l-l

[EC-62305



	ปกภาษาไทย 
	ปกภาษาอังกฤษ 
	หน้าอนุมัติ
	บทคัดย่อภาษาไทย
	บทคัดย่อภาษาอังกฤษ
	กิตติกรรมประกาศ
	สารบัญ
	บทที่ 1 บทนำ
	1.1 ความจำเป็นของระบบรากสายดิน
	1.2 วัตถุประสงค์
	1.3 ขอบเขตในการทำวิทยานิพนธ์
	1.4 ประโยชน์ที่คาดว่าจะได้รับ
	1.5 ขั้นตอนในการทำวิทยานิพนธ์

	บทที่ 2 ความรู้เบี้องต้นของระบบรากสายดิน
	2.1 ความต้านทานดิน
	2.2 รูปร่างของรากสายดิน
	2.3 ความลึกในการฝังรากสายดิน
	2.4 พฤติกรรมทรานเชียนต์ของระบบรากสายดินภายใต้กระแสอิมพัลส์ฟ้าผ่า

	บทที่ 3 ขนาดประสิทธิผลของรากสายดิน
	3.1 การวิเคราะห์พฤติกรรมของรายสายดินฺ
	3.2 ความยาวประสิทธิผลของรากสายดิน
	3.3 ขนาดประสิทธิผลของกราวด์กริด

	บทที่ 4 แบบจำลองพฤติกรรมของระบบรากสายดิน
	4.1 การวิเคราะห์ด้วยทฤษฏีสายส่ง (transmission line approach)
	4.2 การวิเคราะห์ด้วยทฤษฏีสนามแม่เหล้กไฟฟ้า (electromagnetic approach)
	4.3 การวิเคราะห์ด้วยทฤษฏี hybrid (hybrid approach)
	4.4 การวิเคราะห์ด้วยทฤษฏีวงจร (circuit approach)
	4.5 การวิเคราะห์ด้วยทฤษฏีสายส่งปรับปรุง (improved transmission line approach)

	บทที่ 5 การตรวจสอบแบบจำลอง
	5.1 ค่าความคลาดเคลื่อนของแบบจำลองฺ
	5.2 การตรวจสอบแบบจำลองด้วยผลการทดลองจากงานวิจัยอื่น
	5.3 การตรวจสอบแบบจำลองด้วยผลการทดลองย่อส่วน (scaling experiment)

	บทที่ 6 ผลการจำลองพฤติกรรมรากสายดิน
	6.1 วิธีและเงื่อนไขที่ใช้ในการจำลอง
	6.2 ผลการจำลองพฤติกรรมรากสายดินแท่งแนวดิ่ง
	6.3 ผลการจำลองพฤติกรรมรากสายดินแนวนอน
	6.4 ผลการจำลองพฤติกรรมกราวด์กริด
	6.5 การวิเคราะห์การนำรากสายดินมาใช้งาน

	บทที่ 7 อิทธิพลของรากสายดินต่อแรงดังช่วงก้าว
	7.1 วิธีการทดลองแรงดังช่วงก้าว
	7.2 อิทธิพลของความยาวรากสายดินแท่งแนวดิ่งต่อแรงดันช่วงก้าว
	7.3 อิทธิพลของรูปร่างรากสายดินต่อแรงดังช่วงก้าว

	บทที่ 8 สรุปผลและข้อเสนอแนะ
	8.1 สรุปผล
	8.2 ข้อพิจารณาในการใช้รากสายดิน
	8.3 ข้อเสนอแนเะ

	รายการอ้างอิง
	ภาคผนวก
	ประวัติผู้เขียน

	Button9: 


