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 Abstract-- This paper investigates transient characteristics of 

a vertical grounding electrode based on experiments and 

simulation results by a finite difference time domain (FDTD) 

method, which is one of the most widely used numerical 

electromagnetic analysis methods. The simulation results agree 

with the measured results satisfactorily. The traveling wave 

velocity from the sending end to the bottom of a vertical electrode 

is found to depend not only on the earth permittivity but also on 

the resistivity. In high resistivity earth, the velocity is given by 

c0/ã(Ůe) as well-known. 
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I.  INTRODUCTION 

 grounding network is essential in a power station and a 

substation to keep human safety and to guarantee reliable 

operation of power equipment [1, 2]. The electrode impedance 

formula is inherent if a circuit theory-based approach such as 

the EMTP is adopted to analyze the propagation characteristic 

and the transient response [3, 4]. There exist well-known 

formulas of the steady-state resistance of horizontal and 

vertical electrodes derived by Sunde [5, 6]. However, there 

exists no high frequency impedance formula of the vertical 

one. Also, the propagation phenomena in a grounding system 

have not been made clear. 

This paper investigates transient characteristics of a vertical 

grounding electrode based on experiments and simulation 

results by a finite difference time domain (FDTD) method [7-

10], which solves Maxwellôs equation directly and can give a 

solution merely from the geometrical configuration and the 

physical parameters of a given electrode. The effect of the 

current lead wire length, the position of a pulse generator and 

its high resistance representing a current source on the 

transient characteristic of a vertical electrode is also discussed 

based on the measurements and FDTD simulation results. 
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II.  EFFECT OF WIRE CONNECTING ELECTRODE AND CURRENT 

LEAD WIRE 

A.  Experimental Conditions 

Fig.1 illustrates the experimental setup for measuring 

transient voltages at the top of an electrode. The radius of the 

electrode is 10 mm and the length is 1 m. For a voltage source, 

a pulse generator (NoiseKen INS-4040) is used, and an output 

voltage from a pulse generator (P.G.) is applied to the 

electrode through a resistance of 5 kɋ, so that the source can 

be regarded as a current source. An injected current and 

voltages are measured by using the oscilloscope (Tektronix 

DPO 4104), the voltage probe (Tek P6139A) and the current 

probe (Tek CT-2 P6041). Fig.2 shows the injected current 

waveforms. A current lead wire and a voltage reference wire 

are kept perpendicular to each other and to the electrode so as 

to avoid mutual coupling between those as far as possible. 

Table I summarizes the experimental and simulation 

conditions together with measured, simulation and theoretical 

results. A connecting wire to the electrode in the table is a 

conductor which connects a current lead wire and a grounding 

electrode. The detail is explained in Section C (Fig.4). 

Measured and simulation voltages in Table I correspond to the 

impedance for the applied current of 1 A and the rise time Tf 

ԇ10 ns, i.e. nearly a step function. The theoretical value of 

Sundeôs formula for a steady-state resistance of a vertical 

grounding electrode [5, 6] is calculated by the following 

equation. 
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Fig. 1.  Experimental setup. 
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In the measurement, I is the injected current, V is the 

potential difference between the voltage at the top of the 

electrode and the voltage reference wire. 

The earth resistivity of the test yard is 16 ɋm. The Wenner 

method [4] was utilized to measure the resistivity. The steady-

state grounding resistance of the vertical electrode with length 

1 m was 13 ɋ. 

B.  Simulation Conditions 

Fig.3 shows an analytical space for an FDTD simulation. 

The dimensions of the analytical space are 5.0 m × 6.0 m × 4.1 

m and the cell size is 0.02 m. Liaoôs 2nd order absorbing 

boundary is set at the boundaries of the analytical space. The 

ground level is 2.5 m from the bottom of the analytical space, 

and the earth resistivity is set to be 16 ɋm with the relative 

permittivity being 10. The grounding electrodes are assumed 

to be a perfect conductor. A current lead wire, voltage 

reference wire and a connecting wire to connect the current 

lead wire and the electrode are represented by a thin wire 

model [10]. A covered conductor used as a connecting wire is 

represented by a conductor covered by an insulator of which 

the thickness is the same as one cell with the conductivity of 

10
-12

 S/m and the relative permittivity of 1. A current 

waveform in Fig.2 is applied to the top of the electrode as 

illustrated in Fig.3. The time step ȹt of an FDTD simulation is 

taken to be 0.027 ns, and the maximum observation time is 

200 ns. 

 
Fig. 2.  Injected current. 
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Fig. 3.  An analytical space. 

C.  Measured and Simulation Results 

Fig.4 shows measured voltage waveforms for (a) Case 1, 

(b) Case 2 and (c) Case 3, respectively, together with 

simulation results. Also, Table I summarizes the transient and 

steady-state voltages and resistance Rs of the electrode 

calculated by the Sundeôs formula given in eq. (1). 

It is observed in Table I that the steady-state voltage in 

Case 2 and 3 is about 10 V, lower than 12 V in Case 1, the 

current lead wire connected directly to the electrode. This 

corresponds to the fact that the deeper the buried depth of the 

electrode, the smaller the electrode resistance. Those voltages 

agree well with the Sundeôs theoretical values, but eq.(1) 

requires ample studies of the effect of the buried depth. 

It is clear in Fig.4 of experimental and FDTD simulation 

results that an initial peak voltage at the top of a grounding 

electrode is produced by the inductance of a grounding wire, 

which connects the electrode [11]. 
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(a)  Case 1 : current lead wire connected directly to electrode. 

 
 

 

Earth surface 

Coaxial cable 

Insulating 

coating wire 

1 m 

5 kɋ 

I 

Measuring points 

0.3 m 

Vertical grounding electrode 

  
(b)  Case 2 : connected by a covered conductor. 
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(c)  Case 3 : connected by a bare conductor. 

 

Fig. 4.  Measured and FDTD simulation results of the voltage at the top of 

the grounding electrode. 

0

0.2

0.4

0.6

0.8

1

1.2

0 50 100 150 200

C
u
rr

e
n

t 
[A

]

Time [ns]

Measurement and FDTD simulation

0

10

20

30

40

50

60

70

0 50 100 150 200

Experiment

FDTD Simulation

V
o
lt
a

g
e

 [
V

]

Time [ns]

0

10

20

30

40

50

60

70

0 50 100 150 200

Experiment

FDTD Simulation

V
o
lt
a

g
e

 [
V

]

Time [ns]

0

10

20

30

40

50

60

70

0 50 100 150 200

Experiment

FDTD Simulation

V
o
lt
a

g
e

 [
V

]

Time [ns]

TABLE I 

EXPERIMENTAL AND SIMULATION CONDITIONS AND RESULTS 

  

 

Sunde

peak / time [ns] t  = 200 ns peak / time [ns] t  = 200 ns Rs [ɋ]

Case 1 no wire 30.5 / 4.2 12.9 30.2 / 6.1 11.5 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 r  = 0.01 m, ɟe = 16 ɋm, applied current : rise time Tf = 10 ns, amplitude I 0 = 1 A

Case
connecting wire to

the electrode

measured voltage [V] simulation voltage [V]



It is obvious in Fig.4 that the FDTD simulation gives 

satisfactory accuracy in comparison with measured results. 

Therefore, the FDTD simulation can be used to investigate the 

transient characteristics of the vertical grounding electrode in 

the following sections. 

III.  EFFECT OF A SOURCE RESISTANCE 

A.  Experimental and Simulation Conditions 

In the previous section, the current lead wire and voltage 

reference wire are assumed as the infinite length wire by 

connecting conductors with the absorbing boundary. In this 

section, the experimental setup in Fig.1 is represented by 

expanding the simulation space in Fig.3 with non-uniform grid 

of size 0.05 m. The dimensions of the analytical space are 35.5 

m × 34.5 m × 6.6 m. The other conditions are the same as 

those in the previous section. Experiments and simulations are 

carried out by varying the current lead wire length L from 1 m 

to 30 m and the locations of the voltage source and source 

resistance R0 in Fig.5(1). 

B.  Measured and Simulation Results 

Fig.5 shows the measured and simulation results of the 

injected current for Cases 1 to 3. Also, Table II summarizes 

the experimental and simulation conditions, the parameter of 

the current lead wire length L, the results of the oscillating 
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(1) Arrangement for measurement                         (2)  t = 0 ~ 0.1 ɛs                              (3)  t = 0 ~ 1 ɛs 

(a)  Case 1 (Experiment). 
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(1) Arrangement for simulation                           (2)  t = 0 ~ 0.1 ɛs                              (3)  t = 0 ~ 1 ɛs 

 (b)  Case 1 (FDTD simulation) 
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(1) Arrangement for simulation                           (2)  t = 0 ~ 0.1 ɛs                              (3)  t = 0 ~ 1 ɛs 

 (c)  Case 2 (FDTD simulation) 
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(1) Arrangement for simulation                           (2)  t = 0 ~ 0.1 ɛs                              (3)  t = 0 ~ 1 ɛs 

 (d)  Case 3 (FDTD simulation) 

 

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

0

0.5

1

1.5

0 0.02 0.04 0.06 0.08 0.1

C
u

rr
e

n
t 

[A
]

Time [ms]

L = 1 m

38 ns

30 m

0

0.5

1

1.5

0 0.2 0.4 0.6 0.8 1

C
u

rr
e

n
t 

[A
]

Time [ms]

L = 1 m

497 ns

30 m

0

0.5

1

1.5

0 0.02 0.04 0.06 0.08 0.1

C
u

rr
e

n
t 

[A
]

Time [ms]

L = 1 m

29 ns

30 m

0

0.5

1

1.5

0 0.2 0.4 0.6 0.8 1

C
u

rr
e

n
t 

[A
]

Time [ms]

L = 1 m

428 ns

30 m

0

0.5

1

1.5

2

0 0.02 0.04 0.06 0.08 0.1

C
u

rr
e

n
t 

[A
]

Time [ms]

L = 1 m

28 ns

0

0.5

1

1.5

2

0 0.2 0.4 0.6 0.8 1

C
u

rr
e

n
t 

[A
]

Time [ms]

L = 1 m

425 ns

30 m

0

0.5

1

1.5

2

0 0.02 0.04 0.06 0.08 0.1

C
u

rr
e

n
t 

[A
]

Time [ms]

L = 1 m

33 ns

0

0.5

1

1.5

2

0 0.2 0.4 0.6 0.8 1

C
u

rr
e

n
t 

[A
]

Time [ms]

L = 1 m

424 ns

30 m



time period and the traveling time Ű, which is determined by 

the current lead wire length and the velocity of light in free 

space. 

It is observed in Table II that the oscillating time period T 

is about 4Ű. This corresponds to the fact that the oscillations 

are produced by traveling wave reflection between the source 

resistance R0 and the ground of a pulse generator. Thus, it is 

necessary to take enough length of the current lead wire for 

the transient response measurement. 

It is observed in Fig.5 that the amplitude of the oscillation 

in Cases 2 and 3 is larger than that in Case 1. This is caused by 

a reflecting wave from the ground of the pulse generator. 

IV.  TRANSIENT CHARACTERISTICS IN A VERTICAL 

GROUNDING ELECTRODE 

A.  Simulation Conditions 

Fig.6 shows an analytical space for an FDTD simulation. 

The dimensions of the analytical space are 5.0 m × 5.0 m × 

15.0 m with the cell size of 0.05 m. An injected current in 

Fig.7 is applied to the top of the electrode as illustrated in 

Fig.6(a) and the current is 1 A with the rise time Tf = 10 ns, 

i.e. nearly step function. The time step ȹt of an FDTD 

simulation is taken to be 0.067 ns and the maximum 

observation time is 3 ɛs. An electrode voltage is calculated by 

integrating the electric field from the absorbing boundary and 

the calculation points are V(d) at the inducting electrode as 

shown in Fig.6(b). Simulations are carried out by varying the 

earth resistivity from 10 to 1000 ɋm and relative permittivity 

from 1 to 30. 

B.  Effects of Earth Parameters 

Fig.8 shows simulation results of transient voltages at each 

depth in the inducing electrode for the varying earth resistivity 

ɟe and relative permittivity Ůe. 

It is observed in Fig.8 that the voltage waveforms become 

inductive for the depth less than 2 m, that is, the voltage peak 

is greater than the steady-state value and appears before the 

current peak for the depth up to 2 m. When the depth is 10 m, 

it shows the charging characteristic of a capacitive element. 

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

the earth permittivity in case of the low earth resistivity. 

However, such dependency becomes large in case of the high 

earth resistivity. This is due to the fact that as the earth 

resistivity becomes high, the grounding electrode is regarded 

as an isolated conductor. Therefore the traveling waves inside 

the grounding electrode reach the terminal end and the skin 

effect becomes apparent. It has been known that the frequency 

dependence of the earth resistivity and the relative permittivity 

affect significantly the transient characteristic of a grounding 

electrode [12-14]. However, it is not clear if the formula of the 

frequency-dependent parameters proposed in [12] and used in 

[13,14] is correct. For example, the relative permittivity 

converges to 1.3 for the frequency reaches zero, and becomes 

192 at f = 10 kHz. Thus, the effect of the frequency-dependent 

parameters is not discussed in this paper. This looks the next 

step of the present work. 

C.  Propagation Characteristics 

Fig.9 shows the propagation velocities in the vertical 

grounding electrode in case of the transient voltages in Fig.8. 

It is observed in Fig.9(a) that the propagation velocity 

becomes independent of the earth permittivity for the depth 

greater than 2 m. The above observation clearly indicates that 

the injected current flows into the earth surface in case of the 

low earth resistivity. Also it is observed in Fig.9 that the 

propagation velocity in a grounding electrode depends on the 

velocity of light in vacuum and the earth permittivity as 

c0/ã(Ůe) [5, 11] in case of the high earth resistivity. 

TABLE II  

MEASURED AND SIMULATION CONDITIONS AND RESULTS OF THE 

OSCILLATING TIME PERIOD 
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Fig. 7.  Injected current. 

 

Case 2 Case 3

1 7.3 38.2 28.6 27.9 33.0

2 10.7 48.0 41.5 40.4 45.9

5 20.7 97.0 81.5 80.7 86.0

10 37.3 187.8 149.4 149.5 152.8

20 70.7 297.8 286.7 283.0 288.4

30 104.0 497.4 427.9 424.9 423.5

T : oscillating time period

Ű : traveling time Ű = L'  / c0 , L'  = L  +0.6×2 [m] , c0 = 0.3 [m / ns]
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V.  CONCLUSIONS 

This paper has investigated transient characteristics of a 

vertical grounding electrode, based on experiments and FDTD 

simulations. From the investigations, the following remarks 

are obtained. 

(1) An initial peak voltage at the top of a grounding 

electrode is produced by the inductance of a wire connecting 

the electrode and a current lead wire. 

(2) An oscillation observed in a current waveform is 

produced by the source resistance and the ground of a pulse 

generator. Thus, the oscillating period corresponds to a travel 

time determined by the lead wire length. 

(3) The traveling wave velocity from the sending end to 

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

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

resistivity earth, the velocity is given by c0/ã(Ůe) as well-

known. 
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(1)  Ůe = 1                                   (2)  Ůe = 10                                (3)  Ůe = 30 

(a)  ɟe = 10 ɋm. 
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 (b)  ɟe = 100 ɋm. 
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 (c)  ɟe = 1000 ɋm. 

 

Fig. 8.  Simulation results of transient voltages for varying earth resistivity ɟe and relative permittivity Ůe. 

 

   
(a)  ɟe = 10 ɋm                           (b)  ɟe = 100 ɋm                              (c)  ɟe = 1000 ɋm 

Fig. 9.  The propagation velocities in the grounding electrode with Ůe = 1, 10 and 30. 
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