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Abstract- This paper investigates transient characteristics of
a vertical grounding electrode based on experiments and ||. EFFECT OFWIRE CONNECTING ELECTRODE ANDCURRENT

simulation results by a finite difference time domain (FDTD) LEAD WIRE
method, which is one of the most widely usd numerical . -
electromagnetic analysis methodsThe simulation results agree A. Expeimental Conditions

with the measured results satisfactorily. The traveling wave

velocity from the sending end to the bottom of a vertical electrode ., \jant yoltages at the top of an electrode. Hous of the
is found to depend not only orthe earth permittivity but also on

the resistivity. In high resistivity earth, the velocity is givenby SISCHOMEISILO mrEnd .the lengthis 1 rTlF.or a voltage source,
o/ &)Y aswell-known. a pulse generator (NoiseKen IN®40) is use_dandan_output
voltage from a pulse generator (P.G.) is applied to the
Keywords grounding, transient, vertical electrode, propag- €1 ect rode t hr ou g,lso that theessuicssdara n c e

Fig.1 illustratesthe experimental setup for measuring

tion characteristic, FDTD simulation. be regarded as current sourceAn injected current and
voltages aremeasured by using the oscilloscope (Tektronix
|. INTRODUCTION DPO 4104)the voltage probe (Tek P6139And the current

groundingnetwork is essential in a power station and obe (Tek C¥2 P6041).Fig.2 showsthe injected current
Asubstation to keep human safety amduarantee reliable Waveforms. A current lead wire and a voltage reference wire
operaton of power equipmerftL, 2. The electrode impedance@r® ke_pt perpend|cula_r to each other and to the elec_trode S0 as
formula is inherent if a circuit theofyased approach such ad® avoid mutual coupling bewen those as far as possible.
the EMTP is adopted tanalyze the propagation characteristic 1aPle | summaizes the experimentabnd simulation
and the transient respongd, 4. There exist welknown conditions together wnh_measured, S|mulat|o_n and theorepcal
formulas of the steadstate resistance of horizontal andeSults. A connecting wire to the electrode in the table is a
vertical electrodes derived by Sunffe 6. However, there conductor which connects a current lead wire agdoanding
exists no high frequency impedzn formuh of the vertical ©lectrode. The _deta|l_ is explame_d in Section C (Fig.4).
one.Also, the propagation phenomeimaa grounding system Measured and simulation voltages in Tab&®irespondo the
have not been made clear. impedance for the applied current of 1 A att# rise timeT;

This paper investigates transient characteristics of a vertidallO ns, i.e nearly a step functionThe theoretical value of
grounding electrode based on experiments and simulatwtd e 6 s f forrarsteddystate resistancef a vertical
results by a finite differencentie domain (FDTD) methof7- grounding electrodg5, €] is calculated by the following
10], whichsol e s Max wel | 6 s amdqanajive acCAUat®n r ect | y

solution merely from the geometrical configuration and the R = (r/20X)[In{(: [ax? + 2 +2x)/r}
physical parameters of a given electrodehe effect of the

1)

current lead wire length, the position of a pulemeratorand - (VAP +r? - r)/2x]
its high resistance representing a current sownoe the

transient characteristic of a vertical electrode is also discussed .- . /Coaxial cable o6

based on the measurements and FDTD simulation results.
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TABLE |
EXPERIMENTAL AND SIMULATION CONDITIONS AND RESULTS

Case connecting wire to measured voltage [V] simulation voltage [V] Sunde
the electrode peak / time [ns]|t =200 n§ peak/time [ns]jt =200n§ Rs [
Case ] no wire 30.5/4.2 12.9 30.2/6.1 115 12.7
Case 2| covered conductor 63.2/5.2 10.1 67.5/3.4 10.7 12.7
Case 3 bare conductor 51.3/5.2 9.6 46.8/6.1 9.7 10.3
Electrode radius =0.01my, = 16 qm, appl iTe=dl0esuamplited,t=1A r i

In the measurement, is the injected currenty is the C. Measured ad Simulation Results
potential difference beteen the voltageat the top of the '
electrode and the voltage reference wire Fig.4 shows measured voltage wavrefis for(a) Case 1,
The earthresistivity of the test yard i46 q m The Wenner (b) Case 2and (c) Case 3, respectivelyogether with
method[4] was utilized to measure the resistivity. The diea simulation resultsAlso, Table | summarizes the trarent and
state grounding resistance of the vertical electrode with len§igadystate voltagesand resistanceR; of the electrode

1 mwas 13]. calculated by the Sund@eformula given in eq(1).
) ) N It is observed inTable| that the steadystate voltage in
B. Simulation Conditions Case 2 and 8 about10 V, lower than12 V in Case 1, the

Fig.3 shows an analytical space for an FDTD simulatiourrent lead wire connected directly to the electrotieis
The dimensions of the analytical space are 5.0 m x 6.0 m x dotrespnds to the fact that thdeeperthe buried depttof the
m and the cell size is 0.02 rhiaoG 2nd order absorbing electrode the smaller the electrodesistanceThose voltages
boundary is set at the boundaries of the analytical space. @8gece well witht he Sundeds t hweeoqg(lgt i
ground level is 2.5 nfrom the bottom of the analytical spacerequires ample studies ahe effect of the buried depth.
and the arth resistivity is set tdbe 16 qm with the relative It is clear in Fig.4of experimental and FDTD simulation
permittivity being 10. The grounding eleabdes are assumedresults that an initial p&avoltage at the top of a grounding
to be a perfect conductorA current lead wirg voltage electrode is produced by the inductance gfr@undingwire,
reference wireand a connecting wi to connect the currentwhich connects the electroflEl].
lead wire and the electrodare represented by a thin wire
model[10]. A covered conductor used as a connecting wire is
represented by conductor covered by an insulator of which

the thicknessis the same as one cell with the coativity of 70
10%? S/m and the relative permittivity of .1A current Coaxial cable s 28: :
waveform in Fig2 is applied to the top of the electrode aSieasuingpor_5iq v 40 ;Eg‘;e,;'rs“ﬁ‘;lamn
illustrated in Fig3. The time stegptof an FDTD simulation is 2 £ 30
taken to be 0.027 ns, and the maximum observation time§&o2fece > fg;’ [
200 ns. im 0 ‘ ‘ ‘
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(b) Case 2 connected by a covered conductor
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6.0m Fig.4. Measured and FDTD simulation results of the voltage at the top of

Fig.3. An analytical space. the grounding electrode.



It is obvious in Fig.4 that the FDTD simulation givegxpanding the simulation space iig.B with noruniform grid
satisfactory accuracyn comparison with measured resultsof size0.05 m. Thalimensions of the analytical space 3B
Therefore, the FDTD simulation can be used to investigate thex 34.5m x 6.6 m. The other conditions are the same as
transient characteristics tifie vertical grounding electrode inthose h the previous sectionExperimeng and simulatios are
the following setions. caried out by varying theurrent lead wirdengthL from 1 m

to 30 mand thelocations of thevoltage source and source
Ill. EFFECT OF ASOURCERESISTANCE resistancéy; in Fig.5(1).

A. Experimental and Simulation Conditions B. Measured and Simulation Results

In the previoussection, thecurrent lead wireand voltage Fig.5 shows themeasuredand simulation results of the
reference wire are assumed the infinite length wire by injected current for Casel to3. Also, Table Il summarizes
connecting conductors with the absorbing boundémythis the experimental andimuation conditions, the parameter of
section, the experimental setup in Fig.1 is represented thg current lead wirdength L, the results of the adlating
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=5 | - ‘ £
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. O 1 1 1 0 1 1 1 1
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(1) Arrangement for simulation (2=0~0.1¢e s 3B) t=0~1e s
(c) Case 2 (FDTD simulation)
L [m] 2 T T 2 T T
424 ns
Current lead wire <155 33ns 1T 1
| R=5 (%™ § 1 .-
l Earth surface Voltage sourc@, 5 5 U H\/
O5¢ 4 O
0.4m L=1m jLt=1m 30m
— 0 - 1 1 1 1 O !
) 0 0.02 0.04 0.06 0.08 0.1 0 0.2 0 4 O 6 0.8 1
Vertical electrode of 1 n Time [ns] Time [ns]
(1) Arrangement for simulation (2=0~0.2¢ s (3B) t=0~1e s

(d) Case 3 (FDTsimulation)

Fig.5. Experimental and simulation cases and the results of the injected current for Cases 1 to 3.



time period and théravelingtime U which is determined by TABLE Il

the currentlead wirelength and thevelocity of light in free MEASUREDAND SIMULATION CONDITIONS AND RESULTSOF THE
OSCILLATING TIME PERIOD

space
It is observedn Table Il that theoscillating time period T
is about4U This corresponds to the fattiat the osclations L G Case_l . _Case_z _Case_3
areproduced bytraveling wave reflection betweehe source [l [ns] | measured| simulation | simulation | simuiation
resistanceR, and the ground of a pulse generafbinus it is T [ns] T ins] T ins) T ins)
necesary to take eough length of the current lead wiréor L /3 38.2 28.6 27.9 33.0
the transientesponse measurement 2 107 48.0 4L5 404 45.9
It is observed in Fig that the amplitude of the oscillatior S 20.7 97.0 81.5 80.7 86.0
. X . o 10 37.3 187.8 149.4 149.5 152.8
in Cass 2 and 3s larger tharthatin Case 1This is caused by 0 0.7 297 8 2867 2830 >88.4
areflectingwavefrom the ground of the pulse generator. 30 1040 2974 4279 224.9 4235

U: traveling timeU=L' /cq, L' =L +0.6x2 [m] ,co = 0.3 [m/ ns]

IV. TRANSIENT CHARACTERISTICSIN A VERTICAL T - oscilating time period

GROUNDING ELECTRODE

A. Simulation Conditions

Fig.6 shows an analytical space for an FDTD simulation. @ Earth surface
The dimensions of the analytical space are 5.0 m x 5.0 m x zig)z)_f*—
15.0 m with the cell size of 0.05 nAn injected current in , 4 ------ Soil vs) |e
Fig.7 is applied to the top of the edltrode as illustrated in L Vo |e
Fig.6(a) and the currdris 1 A with the rise timd; = 10 ns, VAL 13m V@O o
i.e. nearly step function. The time steptof an FDTD . VGO e
simulation is taken to be 0.067 nand the maximum \ :
obser vat i o.rAn ¢lectrode valtage i8 caleutated by Electrode
integrating the electric field from the absorbing boundary and with10m 5m v200) L&) Blectiode with 10 m
the calculation points arg(d) at the indudhg electrode as 5m d[mF (r=1cm)
shown in Fige(b). Simulations are carried out by varying the (a) Overall view (b) Side view and calculation
earth resistivity from10td 000 gm and rel ative permitti vi tpynts
from 1 to 30. Fig.6. An analytical space.

B. Effects of Earth Parameters 1.2

Fig.8 shows simulation results of transient voltages at each _ 17
depth in the inducing electrode fibre varying earth resistivity §0-8’ ]
} « andrelative permittivity . $0.6f 1

It is observedn Fig.8 that the voltage waveforms become 5’0-4 ]
inductivefor the deptHess than 2 mthat is, the voltage peak 0.2 ]
is greater than the steadiate value and appears pefore the 00 50 100 150 200
current peak for the depth up to 2 ilhen the depth is 10 m, Time [ns]
it shows the charging characteristic of a capacitive element Fig.7. Injected current

Also, it is clear that the waveforms are not much dependent on

the earth permittivity in case of the low earth resistivityparameters is not discussed in thaper This looks the nex

However,suchdepenercy becomedargein case of the high step of the present work.

earth resistivity.This is due to the fact that as the earth . -
S . . - C. Propagation Characteriste

resistivity becomes high, the ground electrode is regarded

asanisolated conductoiTherefore the traveling waves inside 9.9 shows the propagation velocities in the vertical

the grounding electrode reach the terminal end the skin grouqding electrodg in case of the transient voltr?xges iB.Fig.

effect becomeapparentlt has been known that the frequenC)é It is observed in Fig(a) that the propagation velocity

dependence dheearth resistivity anthe relative permittivity P&comes independent of the earth permittivity for the depth

affect significantly the transient characteristic of a groundiﬁ?’ea}te_r tha 2 m. The above observation clearly indisthat

electrode [1214]. However, it is not clear if the formula of thethe injected current flows into the earth surface in case of the

frequencydependent parasters proposed in [12] and used ijow earth resistivity. Alsotiis observed in Fi§. that the

[13,14] is correct. For example, the relative permittivitPropagtion velaity in a grounding electrodéepend on the

converges to 1.3 fahe frequencyeaches zercand becomes Velocity of light in vacuumand the earth permittivity as

192 atf = 10kHz. Thus, the effect of the frequendgpendent Co/&(\) [5, 11 in ca of the high earth resistivity.
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V. CONCLUSIONS

the bottom of a vertical electrode is found to depend not only

on the earth permittivity but also the resistivity. In a high

known.

simulations. From the investigatignthe following remarks

are obtained

1)

electrode is produced by the inductance of a wirenecing

the electrodend a current lead wire

(@)

3)

An oscillation observed in a current waveform is
produced by the source resistareed the ground of a pulse
generator. Thus, the oscillating period corresponds to a trzﬁ\éﬁal
time determined by the lead wire length.

The traveling wave velocity from the séng end to

home

VI.

el ectric
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