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A Study on Steady-State Resistances of Horizontal Grounding
Mesh and Conducting Plates
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This paper investigates the steady-state resistances of horizontal grounding electrodes based on experimental measurements,
FDTD( Finite-Difference Time-Domain) simulations and analytical formula. The resistance of a grounding mesh is compared with
that of a horizontal conducting plate considering the area and the shape. Finally an approximate formula to estimate grounding

resistance is developed.
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Fig. 1. A buried conductor.

2.2 WKEE

HHREMOER A L CHliz S8 AI
3 DAL D NARIZOW T, EPHOEHTER DS p [Qm] Tl
ZENTWAHEOHEP R IR TH 25TV
% 1.

Aok - B E N - S 3 T A

R =(p/4mer)arcsin(e) Q)
Z Z T,

e= 1=/} (©)
e BELER, [ EAAm], r: 5 m]

MR E Fm%{j\ (5)‘E IBWTI=0&F52 L
TR Rpjre DRAUT LV 52 505
RPlate = p/gl" (7)

PR B OB 2 R 556, Ema kL
HIRTFERAVLND. - T, BIREMOHEH

ZAMET D EE, kAU LY HEH S 5%
B r 2 (N)RUTRAT X L.
r=.\Alr (8)

%#’>ﬁ5&ﬁ%@@%ﬁﬁm@%ﬁm%
BIc L 2 WBEEET D LURATEAONG Y.
RmMe:(p/4nX1—4d/ﬂr) ©)

ZIZT, p: RHEFHEQmM], r: ()X THZLN
DA (m], d 0 SRERTE E [m]

3. KEEiimEEE
ARETIE, AT LT Fig. 2 107+ X572
S b BRI K TR A DV TR A AT 5

3.1, BERLEERR
(1) FEBREMF

FBRACE X % Fig. 2 (Z/Rd. PEHIEEMR & L Ci3f
££0.0l m, B 0.6mOEKREMREHD, 03 mD
RS =V ER(KHAD 1.75)% /1 L CHLER
W5,

AFEERTIE, ®EIEJRIZ Pulse Generator (NoiseKen
INS-4020)% W TE Y, HBEREMHN S 40 m 12 712
BliE LTV 5. B EVINERIZ X Rl — 7 1 (3D2V)
ZHAWTHBGRE L TEX, 5 kQ OFEEIEZN
L CREREM~ Fig. 3 ITRT X722 H BNV
15ns, Wil 1A OBEWRELEAL TS, ks, HI
INEEIXFEAEREEMEN 1A LR D X OITREL
TW5. BEAERIC E =808 4 vy, B

(18)



IR & USRS U FEAR O 7 i #2 M KBTI 2 BY 9 2 WFJE 111

ABZH L CTERTH LD ICEEL, 25 m E5 T
LTV 5.

Wenner @ 4 EHRyE V12 X0 BT - RHIECHT
%ﬁumwmmciﬁ%iﬁﬁ%ﬁ%%%wf,iﬁ
SRMOEHIREZRE LIz & 25, 2 EiE & HEH
Ih, I 25m E£TOH 1 JFITEHIE 400 Qm T
b, LIBEOE 2 JEiX 520 Qm Tho7-.

Coaxial cable

Current lead wire Soil

AN

Pulse generator
.+ Connecting wire of 0.2 m

Horizontal grounding electrode of 0.6m

Fig. 2. Experimental setup.
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Fig. 3. Injected current.
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Fig. 4. Analytical space.

3.3. EEBRBFKUFDEHKE

Fig. 5 (C £ 3 L OVFDTD &35 R4 E
TR T . JEABIRIZHEATEIES O S L2230 23548
RN, EFBEHIRST L BIRO W BEOFEE T
KREDEFME~LINKT H2EENEOW 277 L T
W5, =300 ns T OEF T, EBREERIE
416 V, FDTD {535 Tl 406 V,  Sunde D (4)=\EE
FMEIL 404V T, ZDERIT 3 %REICNE->TEH

400 Simulation

> 300 ‘ :
% Wr‘_ﬂ\,}h,"

,_S 200 py g5 i
= “

~ 100 - Experiment .

0 \“ L L L L L
0 50 100 150 200 250 300

Time [ns]
Fig. 5. Comparison of measured and

FDTD simulation results.



112 MR R A WA R R EE A S L

D, BIHIZ—HLTWbHEE25D. £, EHEE
ICEDETOBETRITONT S FEERHE R & 3
FIIR B L TWD ZEns, KEfrts L& H
W72 FDTD ERHRFE RITZ Y Th 5. 1t - C, FDTD
EIC K DK O BEI N A RETH D L F R D.

4. KEEMBBOEDERK
ARFTIEHCK I L OWIR B2 v 7z EBRds &
O FDTD FHAIC & 0 KB O Hfg & IR
DWTHRFT 5.

4.1, BREBOEHIERERRK
4.1.1. ARKEEEE

ER D OMBIRICEE SZERE 2a OEME
RS d ONCEIZHLEE U 72 5 0 4 TR 0D S5 Al 2 MK
U Ripps TR THZ DN TN D,

R.(D)=(p/27° D) (n{4D/\2ad ) (10)

Fig. 6 D X 5 |2 MR T MEIZE ST 2 HEdk
AR [ BB L D BHRIZ OV TE R D.

(1) “Fmfs

Fig. 6 DA v 2DEfESICERL, MEDOMER
WEBNIFN I TS ETEH M—> o T
DU HAE A (7)XN D BOIK A R HTIC — 8 5 &
BRES 2 L&, EMBIREMOBEERIT R, (TRAT
x3hd.

R, =(/M)R.(D/M)+R, (11

ZIZTC, M: Aviafk, D EMRER, Ry=(7)
DEHIHQ]

(2) s E

Ay afiMDLE, WERRE L ITHEREMmD
AR TEE L0 4 m)E ATk THEZ bR
D.

5{=2JZQUE+J) (12)

Mo T, MEMRIIKT DEMRE ry 1 TRAUS K
DHEIHTE 3.
ry =1, /27 (13)

(10 & (13): T H 2 b DRI R, & (7)) DH:
HIFRHT R, DT L L TR B BT R, 2 5
%.

R, =R.(2NAWM +1)/z)+ R, (14)

(3) “EflHEyL

(DX EM)RXDOFHE L TAy 2T MO L X
DHEIRENR DO HEHHIIL R, e & EFT D
R,.,=R,+R, (15)
4.1.2. BEEWBIZK HEH

Fig. 7 O X 9 22 [F—FilZE /MR s CTRE Iz
k ROATHRIREmE B 2 5. k ROBMIZIXET
DELI DML TWD EUET 5 &, BMmOBEHIK
RIFKATH 26N D 2.

R, = (/K R, (r)+ (2/)(k —1)R, (s)+

(k=2)R,(25)+--+R, (ks —5)]) (16)
R,(r)= (P/nl)(]n(zl/m)_l) )

T IS, ke AL, Ry AKCTVHUEM O BT
[Q] ; D, p: KRHURHUR[Qm], s : EEBERE
BEm], r: BECER[m], [ EMEm], d: R
S [m].

arm ]

Fig. 6. Equally spaced grounding mesh.

’L s [m] ’L s [m] ’L

[ [ [ [

Electrode 1 2 3 ceseeerereninieetinesiaete e, k-1 k

Fig. 7. k parallel conductors on the same plane.

(20)



IR & USRS U FEAR O 7 i #2 M KBTI 2 BY 9 2 WFJE 113

AR B CTARZZT D m ROEMOEE 2 EET

BRI R e [ FIRA TR Z LN TE D,

R.,=R. /R, =RR /(R +R,) (18
4.2. EERE9MRET
4.2.1. EEREH

Fig. 8 (ZFZBRALE X 4, Fig. 9 & Table 1 (25 HRx}
gL Lf:7kﬂ?%i&ﬁﬁi®%1¢%ctt}“?ﬁﬂ“”ﬁ?kﬁ'%%%
Tk, HIERESIZ02m THDH. MEREMmIC
B 4 mm OFIERERE HY, FREmE LT
FImxImx1mmDOTVIREHN-. £7-, H
MR EEMRIZ Fig. 9 (27 K D WM A L L CTHERK L
7o, FERGRHIL 2 B#EL 2L, RS ImETO
%1 BT RHESHI=R2Y 200 Qm TH Y, TN LD
2 kX 600Qm THHoI.

4.2.2. ERER

Table 1 |Z BRI & 0 FiAaHL - 72 =300 ns H‘
DEEAE, 5 X OENRE TETHIE Lo RiE %

9. Fig. 10(a)iZ 0.85 m VU J5 O FAR FEi( Case B-1)
&R EM( Case A)DIBEEE LN 2 /~d. WKIZ
X 10(b)IZ AR T Case B ) & A FEMiE( Case C )T

DOIBPEE LW 2 9.

KXY, t=10ns FIEI2iX 60 VLD E— 7 fil
MBS D, AU 2 B & LT
5720, MBHROBT A4 X7 X 2 ARGy DB
tEZLND Y.

Table 1 £V, ¢=300ns (i DOEFEIZE LT,
EBRER 2 BAE TR 2HERR & T 5
£ 20% FREOERNAEL TS, ZHITRIEICH
W IR HIE S LB KGR KEW 4106) D5
KREMEFR (£ 30% )DHIPHN TdH 5. Case B-1 T(9)
K THZ LN PR EMOBZHIIHIMIX 49 Q TH
D, BALKE FETHIE L7 L ORI 6 %lcd &
RN GEo T, FEEBRAE R TIE =300 [ns]LARRIC EH
TEIRDFAE L TV D EHERI S, BUT ORGETCTIEE
AL FIEIC L D WER 2 VS

(21)

Coacxial cable

l I Current lead wire Smlv,"':‘

Voltage reference wire \ o

Pulse generator

25m 2
.. Connecting wire of 0.2 m

Horizontal grounding electrode ’

Fig. 8. Experimental setup with a connecting wire.

(a) Square plate (b) Mesh (M =4) (c) Circular plate

Fig. 9. Various grounding electrodes.
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Fig. 10. Measured results of transient voltages.
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Table 1. Experimental conditions and measured

resistances corresponding to Fig. 9.

Case Type a[m] 7 *[m] Size[m’] Vs R;**[Q]

A-1 Mesh 0.90 0.51 0.81 48.0 59.9

A-2 Mesh 1.10 0.62 1.21 43.9 52.1

B-1 Square Plate 0.85 0.48 0.72 42.8 51.9

B-2 Square Plate 1.00 0.56 1.00 37.7 46.5
C Circular Plate 0.50 0.78 41.2 50.9

p=200Qm.Applied current : rise time 7', = 15ns.amplitude /0= 1A
*r : equivalent radius given by eq.(2.21) Vs Voltage at t=300[ns]
*#R ;:measured result with fall of potential method ¥ a:Simulation at 300[ns]
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Fig. 11. Various electrodes used in experiments.

Table 2. Experimental conditions and measured

resistances corresponding to Fig. 11.

0.85m

Case Type 7 *[m] M Vs Re **[Q]
Case D-1 Mesh 0.48 4 111.9 230
Case D-2 Mesh 0.48 9 97.1 193
Case D-3 Mesh 0.48 16 96.2 188

Case E | SQ-Plate 0.48 - 92.0 189
Case F Circle 0.50 - 89.6 180

p 700 Qm, Size:0.72m’, M : the number of cells in the horizontal grid
#p : equivalent radius given by J A/m, Vs : measured result at t=300[ns]
R : measured result with fall of potential method

(2) FDTD £IZ X 2 H FE ik
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A 2m > 2m OMIREMBICBNTA vy 2 M
=4, 9, 16, 64, 81 ZXHRE LT 5D. (16)& (18)
X, 725 ONZ FDTD {EIC & D RHERE R % Table 4 12
L, AviaBiMEDORRE Fig. 13 1R7. R
XV, FDTD JEIC X DEHRAER & i LT, (16)=
W2 K DRERITR KR 30 %D 2R, 9 TIEHRK 11 %
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Fig. 12. Analytical space for an FDTD simulation.

Table 3. Measured result Rg and calculated results by

equations (16) and (18).

Case p [Qm] a [m] M R [Q] Eq. (16) | Eq.(18)
A-1 200 0.9 4 59.9 68.2 58.5
A-2 1.1 4 52.1 57.8 50.8
D-1 4 230 202 213
D-2 700 0.85 9 193 183 192
D-3 16 188 173 181

M : the number of the cells in the grid
R : measured result with the fall of the potential method

Table 4. FDTD simulation result V; and calculated
results by equations (16) and (18).

Type M v, Eq. (16) Eq. (18)
1 42.3 47.6 58.5
4 36.2 33.1 36.2
9 29.7 30.0 322
16 28.8 28.3 30.0
Mesh 25 28.2 27.3 28.6
36 27.7 26.5 27.7
49 27.4 26.0 27.0
64 27.1 25.7 26.4
81 26.9 25.4 26.0
Plate - 25.3 - -

Size of the grid : 2 m x 2 m, Earth resittivity : 200 Qm
M : the number of the cells in the grid, Vs : the voltage value at =300 ns
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Fig. 13. FDTD simulation results and theoretical results

as a function of M.
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