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2 Electric Field Integral Equation
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ek 50 S5l Joe aloe



A

SOl Joho (s liel =Y

) i S (53l Joho (i jliel jolaie o
Sygo a5 (YA gz je 0 a8 ¥ Joor Slania |
208 oo bl conl a3 513 ulesl 8590 ae
[¥a] axdllas 590 ST 5 o) 091 Slaadeinn =Y Jgo

gl 33
€ p@Qm) M) Jgb

(mm) 39 I
ye o -7 Yo Edges

s [T] 2 o ilins 5 bnts) o ol anglio 61
FUS Sliws ley 9 VW KA aalo b b > lawgs e
Ie ] el oo ‘_g)'L.;ooL.t.i

b S gliisn 5 30 (e pis (B> 8 LS,
S d9d o0 Silwdoe (F) S8 Billae (o 58 )L S
[ral gz s 58 los @90 @ o oz —5l5 aaseis
| odib)f C‘,z.u.u ol

200 //
150 /

S

3

o /

g

£ 100

>

/

2 4 6 8 10 12

50 /
Current (kA)

[¥a] ouss ojsgy S1 s 8 aasie-F JS

T T T T T T T T T

—FH— Measured (Liew & Darveniza)
------- CP model
500+ RS b
,-’ "\.,_ —e— FD-SIM model (propsed method)
,-“ \"-\, """"" FD model
.
400 i S, 1
—~ i} ..
) i e
= i ..
5 i .
o 300+ ! S i
g
o ! e,
> i e

N
8
T
|
0
|

100 g J

2 4 6 8 10 12 14 16 18 20
Time (us)

09,iSUl (o035 10 (GPR) (o Jomily 2ol33l -0 JS
aiald b diclo colol 51 Lol e <17V Job 4y (gogas
W KA L,

2 Soil lonization Model

VAN s D ol qemoin Jlo

o (s y g ylao 908

a2 ally (S0 S slo el )b b gy b Joe o
model) S (ysmliisy odaoy j3a> (9 5 (55
@ atuly S S S la el )b o Jaw ol yo «(FD?
el 0o LA 1o S gl g ) g 00gs uilS )8

2 aluly (S0 S slo el )l b gy Sk Joo o
FD-)  SL glisin ony jea> ;0 5 (53
Ol Heam ,o &Sl e,% L (SIMY model
o R 4 atly S (S S layl )l oS
sl
(FD-SIM) solpis Jaw (gilwosly sl [S3 a5 p3Y
51 ooliul U LT gl avglis s FD 5 CP sla Joe
el o0 ol e 5305 L 45 o3
o & ST KA elo il 55 4 Sy
VAL asb o )

~0.54
p, = 125-(p/10) @©m), s, =5

p(f )=
-1
2
10p20) —f
po L2z, 124 ’ ((p/ ) )[(p/10)1.zs_10n1]
n=1 L f :
o r
(p/10)-% 20"
14
a,
e (f)=e, + n
N .

5 pf) 086 ¥ 1 dC o3l jo Soym uilS )3 Fas
P0 S S Sl 20,35 g 035 Caoglie o 5 4 ()
g S ol aoyo Poml (58 50 ohg Cuglie
Dol V Jguz Bllae Cull o po
o B (Sly bl 50 )5 calpe o) oo
YAl S (S 58Ul glo il b

s A \ n
YIOAXY T YIVEx S ¥Ex LT an
$ 8 f n
VRYE T ANER T YAR T an
a A \' n
f/A 'Y/ YVIY an
\Y ] ). n
-/yay </aA YNY an
¥ VY n

. VY an

! Frequency-dependent

ek 50 S5l Joe aloe



sielo Slhpo Jlis 19 o 1538 8, Jelods g (o s ol (5l Jot WYY

b SB (Sl sl el )y (oS8 (SKinls -Y

s uiligsl aisls  (c2alS ST lls Jgane
el e

5 09 Sl Job 4 aten (oo e el Y

o5 3 AL e 50) S 5o S o el

PGk il e il 5 S31B Cools sl

el azels YU ohy cCesglie b slacSs

gy g adly J"-“’ls u““'lsjé u**-“ﬁ‘ L si.f-;s")l-‘”

P=1rrr ) 00,5 o0 LI e s S

Y USs o

400

p=1000 Qm
A

300‘ ---U-----\
250 Ss

350

200

150 =
.\_‘/“~~~ ~
100 p =200 Qm ~~ ‘\
~

50 ]

Magnitude of Z @)

-10

-20

-30

Phase (Deg)

-40

-50

0 . : . : :
10" 10° 10 10 10 10

f(H.

s VM Jsb & (g050e oa;;ﬂnw'w B 5 oslwl =V s
oSl sl il )b b S e Lo VYO MM gleis
oS sl el b b S ropmalais Las (CP) culi

(FD) iS58 a5 4l

oley 0jg> 50 GilwJue -¥-¥

Sltb) e it 3l be £33 3B o)
8 Sy S (Sl gl (oS58 (Sl
5 ol iy Gal331 2 (S Ggenliisn 5l (30 o>
Ol 039> ) 653 Silwand wisle Bl colol
el oo @l

4 (53908 39 5SS 5l (e s (sl 50
5545 VY0 MM gl b abaiie mlaws 5 e V-0 Jsbo

VAN s D ol qemoin Jlo

b (oo 29,580 (K035 50 (GPRY) (e Jily a3
Silodde Ghgy aw sl ¥ Jouzr 5o 5550 Slasie
aS 50,5 o odaline (0) SIS 0 FD-SIM 4 FD CP

Jol> ool b golgiin (g, 5l amise @l ol o

ol o duslie [YA] x> o 50 (6 pSojlail 5
59 5Eg Al 09l o cdmline (B) UKy aS joblen
FD-SIM g5leJow o 5ty asls 51 FD s5le Jow
salS Pl el el ade ol i (eolginn Jo)
4 S &5 Sanl e Jomiliy (59, 5 SB Ggamilidn
5 039 Fihe S byl ol 8 Sy Jole
TR ) e (Sl JB3, og SIE osims i

sk

2 S glide hs s LS, ;-*-’b oy S
Oy Ceoglie Dl s (F) S (g i 9,Sles
B o a1y e PV Job b (g0g0e 09 58Ul (1 5

40 T

Grounding Resistance ()

L
2 4 6 8 10 12 14 16 18 20
Time {us)

s 0 S 25 (50508 5,38 taglie i, -5 JSL
FUS Sli ooy 5 VW KA b,z anels b aielo oL >

IS 8 059 55 (83 Jua Y -Y

g 4l (e i Vb 5218, (o

YM Job 4 o900 35580l S (Sigele el 8

5 aals (Y S8) Conl o0l aculoes VY/O MM gl

39 Olee gy 5l oolaial b ¢yen el (uilagl 518

Gliee olie gl y,0e ¥ b dC wlS,3 ok

9 g (P= Yoo gBere Nee) S oy Cooglin

FD 5 (el S Sl layiol )y L S13) CP cll>

S 4 (S 4y Ay (S 50 (sl b ST)

ROW PR

1205 o0 glypeial (hd @l V) b 4 axg b

2 S (S (slogiolly uslS 3 (Srly 53l )
Suaglie b oS 3 (e i il (555
D18 (6 it Sl (p = 0+ QM) YU 0554

ek 50 S5l Joe aloe



VYY

Ol axels Rl VIO Sgam asl ddelo Bl yo )0 Gl >
odplice ()lg8 so (yuizred ail oo 49l adelo Db ys 4o
Jlie o FD u&s)qijdjuwxjiséa;
AV eilS 5 Gk sl 5wl akelo
@ 53g0e 39,58 s (61 GPR jlade aris (1) IS
5 Cilie ou (slacaslin b S gl 1y 5o V-0 sk

AR g0 Ol (o) s (63l J o ﬁly'l

r : : :

6000} [ % FD-SMmodel 4 CPmodel @ FDmodel|

5,000 *
< 4,000(- g
<
~ 3040 kv
Y *
2 3000 2067 KV -|
o
S =)

2009 kv
2,000 ) 1353 KV *
] *
1000 807 kV 504 kv
500/~
Huow , ,

0 50 200 500 1,000
Soil Resistivity (Q.m)

3,58l o5 0 axtio GPRjlade aiiios aunlio -4 JSo

ads) iiclo colol 51 36 e Y40 Jsb 4 cog0s
(30 kA, 4 ps, 75 us)

L».w“ L».t S c).>9 wsl.o.a w‘)s‘ L: é}wsa o lie
00 i by s (6 sl J e glsil pn ;0 GPR
aS Cewl ua.?tm.o C.:L..: &‘Ja (OypiTro | od..{d; )J‘):
sloyahl (il B (Siunly (585 5 50 Syge
Sae dion () e Sl o o SIS s
S o gabge (pl a5 (il o LialS axiie GPR

w‘ )a))l.: ‘YL, °)"9 wsL{Lo l;

sall wilS 3 Sily oges blod wasas (o
S 0R A& ey e Silede o S (S Sl
a5 wik (o0 970 Gl Yoy Caeglie b la S
el 0033 5zt Lizel [NV ] a0 )0 45500 £9590
ol },,JUT -f-v

Ju8y  adelo by zoe sl el b J“’L’ S s
UV PR IUW e }ﬁJLsT S ooy g Sl o 138
53,5 ool kel > 30 Sl ol 5 0l o3l

VAN s D ol qemoin Jlo

o (s y g ylao 908

525 Coglio 52 =) + S S 023,58 | Ko S5 S,
Sl oals S5l 485 13 p =Y..QmM
danie oS 5l 5l S L8 S Gelids
gl 78] a2y 5l o @50 4 0] oy -3
S dpdee PR S5 e il el oS
(BOKA, 4 ps, 75 adgl a0 Colol Cod oy piomame
48,5 18 (12kA, 0.8 ps, 20 ps) 446 b o g ps)
sl sl 1y s Jomdlty il (A) JS5 2ol

BB oo L (ya ) pimes aliSee

1600 T Py T T T T T T

d e, -
1400]- i ‘N'"“E@»/’ CP model
/ ~n
) ~.n
1200 - i el
S 1000 - !
< s del
Py L 7 FD model
S 800F
8
5
>

=}

=]

=]
T

ii —

FD-SIM model (Proposed method) -

400~ !'
200
o r c c r r c c r r
0 2 4 6 8 10 12 14 16 18 20
Time (us)
<l
700 T T T T T T T T T

s
<
[}
j=2}
be]
o
>
200 FD-SIM model FD model iy
(proposed method)
100 B
0 r : r r : r r : :
0 2 4 6 8 10 12 14 16 18 20
Time (us)
—

o905 99 ySI gl (GPR) (e Jomesly (381 -A JSo
(@l ep=y-- QML (Kon S 04 2 ¥/ 0 Job a
ol 4y (o (¥ KA S VO pS) aiclo adsl 4,0
VY KA /A PS Y - pS) aselo
5 S peliisn pls (silodos o5 was o Lt b
oh9) S Sl sla el il (Sl
2 ey Jemiliy, G855 stz g HB 3l (ool
ol el a5l g adgl Sl o calol b
-0 osalin (o-A) S 5 (@A) IS ganslas b
O99y o axie GPR OGS aiy oyl a5 005
S gl ddelo Sbyps po dahy) plo b soleiiny
Ol S i Gelids el onl cde sl
il 1y ] adel ddels Sbps 0 (o) 04,8l

ek 50 S5l Joe aloe



sielo Slhpo Jlis 19 o 1538 8, Jelods g (o s ol (5l Jot V¥

&l a2 (GPR) (oo by Sal8l Ol yis =¥ Jor

4 gogas 09 xSl (K03 yo adelo Sliy by Sl
(p=100 Qm) KV) ;o ¥/+ 0 Job

(a0 ) s (63l J o €65 wuls
St ol ol

FD-SIM FD CP (uS) aiclo  aiclo

kA)
FFO FAY  oss t=2
Y04 FAY s t=4 Y.
Yoy fA-  0Ff- t=6
FAA WA NTY t=2
) WE Y t=4 ¥
Yy e AN t=6
yYa A IRTAT t=2
DAY VEFA  ASAY t=4 5.
fas VEYAEYY t=6
ABY VaYa o YYsy t=2
FOV Vare o Yyfe t=4 A-
DAY Vay.oyrye t=6
a7 YHI4 YAYD t=2
YEY YR YAV t=4 Ve
F¥- YE)YVAD t=6

oalS LGPR (ol b o acals SO 50 055 o0 canlive
Vo agl o8 7l dielo by> zoe Sl o)
S slr R O)le 4 a8 ool AN Al 5 S
(a5l 9500 V) o5 Gl oloj L adele (b > g4
@ Sl Oeelisn Cwz S Sl ceo s SL-
5o (46 5,500 #) Yl iy o) L kel g3 IS5
aiclo zgo SOy ald 4y (e (loj 4z pp Az o
S Ggamlibg eddy 59 09500 Haml all 2alss

ol Gl e s GPR g 00ty a8
aiclo 5l 2oL GPR aslic o F Jgoo b 4 azg b
4703 (o8 e e Sl sl g, G 5o
b o i (FD-SIM) oyt Loy, ,» GPR
e SpS oo IR adsle Gliny gl Ol
FD 3l Joe 2> ;0 GPR jolis a5 05 5 0 cvnlice
S S sl (geilS 5 Ky 38,5 S 5
Ly ol aisloas Slasz 2als CP s 4 coes S
L as «(p= 100 Qm) wib oo b S 055 Cuoglin
35 ey s il BTV SO ol 4 4z g5
3xb (o5 oy slacwglio ;o FD 3 CP > g0 o

VAN s D ol qemoin Jlo

735 sl 4 (GPR) (e Jonil (tal8l ¥ Jgo
slp 1, (BOKA, 4 pus, 75 ps) adgl diclo ol ,> asls
€5 a2 Gly s o Y00 Jsb 4 (so5as 59 58Il S
B2 go HLAS ey s (55l J e g
&l (GPR) (o) Josly (ioli8l &l oss =¥ g
5 (BOKA, 4 ps, 75 ps) adgl diclo b = acels ol yss
KV) o ¥+ 0 Job 4 (69508 095Ul Sio3

o) prameans (6 3w Jdo £ 65

asdls

FD-SIM FD cp o

(Qm) S5 031 Caoglio aiels

p=1000 p=200 p=1000 p=200 p=1000 p=200 KA
Yy - vy \YPF A\l \PAD oyYy Ve
RIS OAY Yvy. AOY YYvo RN Y-
VoYY Y¥Y f.ay \yva 070 \oF- Y.
YAYY AQA OFOA \Veb ZYOF ARRAY '
YVAY V-YF FANVY YAYY AFEY YFYY O
YOEY V1Y ANAe YABA  VeNTe TAY. s
YAAD \YYY VAL EN YAAY  VWYAVF O YeeY =
YYAY WY Y- YRIY O AYO-A YA A+
AR VFY. \YYZe  YAYA  YOYVAY  fy Y q-
YaAY V07 \YPO.  SYPO VPAA- OYYA Yoo

L GPR a5 cdl o oylg5 oo ool Cowd a5 bl ow,p b
odle a5 S ool ialsil aielo ol > azels iyl
G ielo ol 2 aels g S o35 Cunglio Ligldl L
b9y Gl ool Cews 4 GPR Jlaie #Slos oy
5 CP gy sboe 2 s5ludoe b (FD-SIM) (solpriny
weals Sl s ogd e i FD
)9k il ey il (59, 2 SB Goemliis
SLLl o amslioip aiclo sl atdds Ll b
I RV PN CE [ E P E WX KNV RV
2 e I aslo 3 Al cqm 09,
S Oed WS (oo lay halS ddie Joly 4z
2 S slasally (ol 2 (Saly 585
5 axiie GPR 1alS & jmie FD (giludas (g,

sl 00335 iy s i 9 Slas
oz T S8 Glan oloy b ool olas ol
Jsuz 59 (GPR) fey fily (al33l (e 2 sl
4 (65508 558U Sy (5l aziie GPR Jlaie ,iSTa> ¥
s (Slode g 95w y2 sy g 2 Y00 Jobo
odd drle iliie Slies lagley Glil @ 5 oe;

ek 50 S5l Joe aloe



VYO

IS cooloinn (g, 5o awo oo lis 1) sl &SI1 g,
;Ia>).,.c )l:_é) g odd ool o9 dasclo st.sls)s o)'Lg

Joe 28lg sloools jloslawl b S ewliis 5l ool
S o 3 1) pgs e (sla ke

8y Sl c goleiinn Jow (25 oy Gl
ouds oolatwl Koo S, adae (glaog xSUI (6,105
58kes p solpiin Joo b bt @ 4z b ol
b sleS s )0 5 adsladslo Dbyd Sl e s
9 CP) Lalisee sle o (59, ouds plxil conlus l,.JL;‘
FD-) goloion (b3, 2,5 a5 ans oo oylis 55 (FD
Ty SIS Gli oloj 5 by sl (il L SIM
Ol asels Goldl L aS g eb 4y 00l o iy dicls
P SE Geliie wislo zae SO0 Glay ol s
(GPR) (o) Juls g a8l yiol58] ey 09,2501 81, bof
WS e oy slalasde LB rals

o (s y g ylao 908

2lr 50 Ore) pew o, Slee K0 Ojle 4y 05wl
odl> 99 o L)""L’ o9 ng&A b 6L¢bc5l> 6‘)" asclo
8, b ol plo il e alie FD 4 CP (g3lo Jow
‘\A-IS)QMGPR 65));0;)..» o).ug.v S GEQJ_._C

Ol Gilwand pgi) (S ohg Cuwglia polis

—e0 429 o) Sl ¢, 38 g o 1) S

G5 ai -F
09y Sl ety pams (g3l Joe sl i (ol yo
Jolss by, s (MOM) (ylee (bg; oS 5 0 (e sy
HLd, aS 555k 4 el 0uls eolaul (HBM) (Sige la
S gl 5l GAU Gly 4wy (s 8
Sdly 5 S8 A il obliieg 2SI T
s 3o 3 S (o 75 slo il (ol

sl 0038,5 bl plgs & j90 4y e
Oy A wey e Sile o 3l ol bl anlie
CB (des g pSoslal 5l ol sbesls b (goleiing

&l

Gl e 4 a5 s"uﬂle)é 059> 50 adclo colal I poads SO yow Jas! behs 5le Joe " P3| W NONE S L S T SR UONE S (1]
FEFVYY azan AVAP 500 B o)lods (V0 0,9 ¢ gudige ;0

[2] "Guide on Lightning Protection of MV and LV Networks: Part | Common Topics", CIGRE Working Group
C4.4.02 (Protection of MV and LV networks against lightning) of Study Committee C4, Paris, France, Feb. 2006.

[3] L.A. Choy and M. Darveniza, "A Sensitivity Analysis of Lightning Performance Calculations for Transmission
Lines", IEEE Transactions on Power Apparatus and Systems, Vol. PAS-90, No. 4, July 1971, pp. 1443-1451.

[4] IEEE Guide for Safety in AC Substation Grounding,” IEEE Std 80-2000, Aug. 2000, pp. 1-192.

[5] IEEE Recommended Practice for Grounding of Industrial and Commercial Power Systems (IEEE Green
Book)," in ANSI/IEEE Std 142-1982, Sept. 1982, pp.1-135.

(i 50 (5w 4 i e a5 3 eoliul b )i cuiS By ot aib ¢ (il a1 3] slsx g g Iya; [£]
NFFNYY aio TR lisls JFY o)led AT 6,90

[7] B. Zhang, J. Wu, J. He and R. Zeng, "Analysis of Transient Performance of Grounding System Considering
Soil lonization by Time Domain Method," IEEE Transactions on Magnetics, Vol. 49, No. 5, May 2013, pp. 1837—
1840.

[8] S. Visacro, "A Comprehensive Approach to the Grounding Response to Lightning Currents," IEEE
Transactions on Power Delivery, Vol. 22, No. 1, Jan. 2007, pp. 381-386.

[9] V.A. Rakov and M.A. Uman, "Lightning: physics and effects. Cambridge University Press”, Aug 2003, p.
600.

[10] L.D. Grcev and M. Heimbach, "Frequency dependent and transient characteristics of substation grounding
systems", IEEE Transactions on Power Delivery, Vol. 12, No. 1, Jan. 1997, pp. 172-178.

[11] M.R. Alemi and K. Sheshyekani, "Wide-Band Modeling of Tower-Footing Grounding Systems for the
Evaluation of Lightning Performance of Transmission Lines", IEEE Transactions on Electromagnetic
Compatibility, Vol. 57, No. 6, Dec. 2015, pp. 1627-1636.

YYAA Gl B 0 leds opain Jls e 0 sk Joe aloes


http://modelling.journals.semnan.ac.ir/?_action=article&au=13615&_au=%D8%AD%D8%B3%DB%8C%D9%86++%D9%BE%D8%B1%D9%87%DB%8C%D8%B2%DA%A9%D8%A7%D8%B1
http://modelling.journals.semnan.ac.ir/?_action=article&au=11809&_au=%D8%AD%D8%B3%DB%8C%D9%86++%D8%B4%D8%A7%DB%8C%D9%82%DB%8C
http://modelling.journals.semnan.ac.ir/?_action=article&au=11450&_au=%D8%B2%D9%87%D8%B1%D8%A7++%D9%85%D8%B1%D9%88%D8%AC
http://modelling.journals.semnan.ac.ir/?_action=article&au=9811&_au=%D8%AC%D9%88%D8%A7%D8%AF++%D8%A2%D8%B0%D8%B1%D8%AE%D8%B4

sielo Slhpo Jlis 19 o 1538 8, el Sz (o s e (55l Jo \v7

[13] J. Wang, A.C. Liew and M. Darveniza, "Extension of dynamic model of impulse behavior of concentrated
grounds at high currents”, IEEE Transactions on Power Delivery, Vol. 20, No. 3, July 2005, pp. 2160-2165.

[14] M.E. Almeida and M.T. Correia De Barros, "Accurate modelling of rod driven tower footing", IEEE
Transactions on Power Delivery, Vol. 11, No. 3, July 1996, pp. 1606—-1609.

[15] Y. Liu, N. Theethayi, R. Thottappillil, RM. Gonzalez and M. Zitnik, "An improved model for soil ionization
around grounding system and its application to stratified soil", Journal of Electrostatics, Vol. 60, No.2-4, Mar
2004, pp.203-209.

[16] S. Visacro, R. Alipio, M. H. Murta Vale, and C. Pereira, "The response of grounding electrodes to lightning
currents: The effect of frequencydependent soil resistivity and permittivity”, IEEE Transactions on
Electromagnetic Compatibility, May 2011, Vol. 53, No. 2, pp. 401-406.

[17] D. Cavka, N. Mora, and F. Rachidi, "A comparison of frequencydependent soil models: Application to the
analysis of grounding systems", IEEE Transactions on Electromagnetic Compatibility, Vol. 56, No. 1, Feb. 2014,
pp. 177-187.

[18] L. Grcev, "Modeling of Grounding Electrodes under Lightning Currents”, IEEE Transactions on
Electromagnetic Compatibility, Vol. 51, No. 3, Aug. 2009, pp. 559-571.

[19] M. Ramamoorty, M.M.B. Narayanan, S. Parameswaran and D. Mukhedkar, "Transient performance of
grounding grids", IEEE Transactions on Power Delivery, Vol. 4, No. 4, Oct. 1989, pp. 2053-2059.

[20] Yaging Liu, M. Zitnik and R. Thottappillil, "An improved transmission-line model of grounding
system", IEEE Transactions on Electromagnetic Compatibility, Vol. 43, No. 3, Aug. 2001, pp. 348-355.

[21] O. Kherif, S. Chiheb, M. Teguar, A. Mekhaldi and N. Harid, "Time-Domain Modeling of Grounding
Systems’ Impulse Response Incorporating Nonlinear and Frequency-Dependent Aspects”, IEEE Transactions on
Electromagnetic Compatibility, Vol. 60, No. 4, Aug. 2018, pp. 907-916.

[22] L. Grcev and F. Dawalibi, "An electromagnetic model for transients in grounding systems”, IEEE
Transactions on Power Delivery, Vol. 5, No. 4, Oct. 1990, pp. 1773-1781.

[23] L. Grecev and M. Popov, "On high-frequency circuit equivalents of a vertical ground rod", IEEE Transactions
on Power Delivery, Vol. 20, No. 2, April 2005, pp. 1598-1603.

[24] L.D. Grecev and F.E. Menter, "Transient electromagnetic fields near large earthing systems," IEEE
Transactions on Magnetics, Vol. 32, No. 3, May 1996, pp. 1525-1528.

[25] Bo Zhang et al., "Numerical analysis of transient performance of grounding systems considering soil
ionization by coupling moment method with circuit theory”, IEEE Transactions on Magnetics, Vol. 41, No. 5,
May 2005, pp. 1440-1443.

[26] K. Sheshyekani, SH. Sadeghi, R. Moini and F. Rachidi, "Frequency-domain analysis of ground electrodes
buried in an ionized soil when subjected to surge currents: A MoM-AOM approach”, Electric Power Systems
Research, Vol. 81, No. 2, Feb 2011 1, pp. 290-296.

[27] B. Zhang, J. He, R. Zeng and S. Chen, "Effect of Grounding System on Electromagnetic Fields around
Building Struck by Lightning"”, IEEE Transactions on Magnetics, Vol. 46, No. 8, Aug. 2010, pp. 2955-2958.

[28] J. Li, T. Yuan, Q. Yang, W. Sima, C. Sun and M. Zahn, "Numerical and Experimental Investigation of
Grounding Electrode Impulse-Current Dispersal Regularity Considering the Transient lonization
Phenomenon", IEEE Transactions on Power Delivery, Vol. 26, No. 4, Oct. 2011, pp. 2647-2658.

[29] J. Gholinezhad and R. Shariatinasab, "Interfacing electromagnetic model of tower-footing impedance with

the EMTP software package", International Journal of Electrical Power & Energy Systems, Vol. 105, Feb 2019,

pp. 394-403.

SaSes (55, » alelo | L8 slajlily adlol DI (ot 5 Syl o653 s Do 5 (Sliae, Al (o (gl a3 (1]

SVEY asan AVAY Leasls DY ojleds V8 0,90 ¢ owdipe )0 (g5l Jow 4y il ‘"QT Szl YU uilS )8 gile Jow b osuomy &o398
YOA

[31] R. Zeng, X. Gong, J. He, B. Zhang and Y. Gao, "Lightning Impulse Performances of Grounding Grids for

Substations Considering Soil lonization", IEEE Transactions on Power Delivery, VVol. 23, No. 2, April 2008, pp.
667-675.

YYAA Gl B 0 leds opain Jls e 0 sk Joe aloes



Wy ol Sy g ,lao 5l

[32] J. Wu, B. Zhang, J. He and R. Zeng, "A Comprehensive Approach for Transient Performance of Grounding
System in the Time Domain", IEEE Transactions on Electromagnetic Compatibility, Vol. 57, No. 2, April 2015,
pp. 250-256.

[33] K. Sheshyekani, S.H.H. Sadeghi and R. Moini, "A Combined MoM-AOM Approach for Frequency Domain
Analysis of Nonlinearly Loaded Antennas in the Presence of a Lossy Ground", IEEE Transactions on Antennas
and Propagation, Vol. 56, No. 6, June 2008, pp. 1717-1724.

[34] C.C. Huang and T.H. Chu, "Analysis of wire scatterers with nonlinear or time-harmonic loads in the
frequency domain”, IEEE Transactions on Antennas and Propagation, Vol. 41, No. 1, Jan. 1993, pp. 25-30.

[35] F.P. Hart, D.G. Stephenson, C.R. Chang, K. Gharaibeh, R.G. Johnson and M.B. Steer, "Mathematical
foundations of frequency-domain modeling of nonlinear circuits and systems using the arithmetic operator
method", International Journal of RF and Microwave Computer-Aided Engineering: Co-sponsored by the Center
for Advanced Manufacturing and Packaging of Microwave, Optical, and Digital Electronics (CAMPmode) at the
University of Colorado at Boulder, Vol.13, No. 6, 2003. pp. 473-495.

[36] S.A. Maas, Nonlinear microwave and RF circuits, Artech House, 2003.

[37] G.B. Sorkin, K.S. Kundert and A. Sangiovanni-Vincentelli, "An Almost-Periodic Fourier Transform for Use
with Harmonic Balance", IEEE MTT-S International Microwave Symposium Digest, Palo Alto, CA, USA, 1987,
pp. 717-720.

[38] C.L. Longmire, and K.S. Smith, "A universal impedance for soils", Mission Research Corp., Santa Barbara,
CA, Rep. DNA3788T, Oct. 1975.

[39] A.C. Liew and M. Darveniza, "Dynamic model of impulse characteristics of concentrated
earths", Proceedings of the Institution of Electrical Engineers, Vol. 121, No. 2, February 1974, pp. 123-135.

[40] F. Heidler, J.M. Cvetic and B.V. Stanic, "Calculation of lightning current parameters”, IEEE Transactions on
Power Delivery, Vol. 14, No. 2, April 1999, pp. 399-404.

YYAA Gl B 0 leds opain Jls i 50 sk Joe aloes



