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Abstract – This paper investigates transient voltage and 
current characteristics on a grounding mesh based on field 
measurements.  The grounding mesh is composed of a 
number of hard copper wires (HDCC 60mm2) with the 
maximum length of 34.1m and the maximum width of 24.8m 
and is buried at the depth of 1m from the ground surface.  A 
current from a pulse generator (PG) and from an impulse 
voltage generator (IG) is applied at various positions of the 
mesh to observe transient voltage and current distributi ons 
on the mesh.  A weather-proof mobile IG with the maximum 
output voltage of 3MV and the current of 40kA is used to 
investigate a nonlinear characteristic on the mesh.  It is 
observed in the measured results that the propagation 
velocity and the attenuation along a buried naked conductor 
is significantly different from those of a current.  A transient 
grounding impedance of a single counterpoise shows 
current-dependence which becomes less noticeable as the 
counterpoise length becomes longer.  Voltage and current 
distributions on a mesh are dependent on the current applied 
node, and a transient grounding impedance of a mesh shows a 
polarity effect, and decreases as the applied current increases. 

Keywords － grounding mesh, grounding impedance, wave 
propagation, nonlinearity, transient 

I. INTRODUCTION 

Electromagnetic disturbance of a low voltage control 
circuit in a power station and a substation is becoming an 
important problem as a number of digital circuits 
composed of sensitive semiconductors have been adopted 
in the control circuit.  In fact, a few disturbances have 
been experienced in Japan [1-3].  During 10 years since 
1989, 307 cases of the disturbances in the control circuit 
are informed, and about 70% (220 cases) is estimated due 
to lightning.  Among the 220 cases, 104 cases are of the 
voltage class 66-77kV, 45 cases/110-154kV, 14 cases 
above 154kV, and 57 cases the voltage class unknown.  
The incoming path of a lightning surge causing the 
disturbances has been investigated in the hydraulic 
generator stations and substations, and the result indicates 
two dominant paths : (1) via PDs and CTs from a main 
circuit, (2) via grounding systems due to arrester operation 
and etc. from an overhead line and a main circuit.  It is 
statistically found that more than 20% of the lightning 
surges are coming through the grounding systems, and 
another 20% through PDs and CTs. 

Considering the above, the authors have carried out a 
series of field measurements of lightning surge propagation 
on grounding systems [3-6].  This paper presents a 
measured result of surge propagation on a grounding mesh. 

 

II. EXPERIMENTAL SETUP 

Fig. 1(a) illustrates an experimental setup of a grounding 
mesh composed of a hard cupper conductor (HDCC 
60mm2 ).  The mesh is buried at the depth of 1m with the 
length of 0x  to the x-direction and of 0y  to the 
y-direction.  Three types of the mesh in Fig. 1(b) to (d) 
are tested.  The field measurements were carried out in 
three different test sites and different time periods to obtain 
a reliable information.  The earth resistivity was measured 
by Wenner’s method (Yokogawa Type 3244) and the 
following results (averaged) were obtained. 
Site 1 : eρ =200 [Ωm],  Site 2 : 100-300 ,  Site 3 : 300  
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A current with the maximum amplitude of about 2A is 
applied from a pulse generator (PG) to various nodes 
(center, corner and etc.) of a mesh.  Currents and voltages 
are measured at various nodes of the mesh.  In the case of 
heavy current application, a mobile impulse voltage 
generator (IG) with the maximum voltage 3MV and 
current 40kA is used [7].  A voltage is measured via a 
resistive divider (20kΩ , rise time 80ns), and a current is 
measured via a Peason CT (Model-110A, rise time 100ns) 
by using an oscilloscope (Tektronix TDS540, sampling 
frequency 500MHz). 

A PG application is to observe a linear characteristic of 
wave propagation on a grounding mesh, and an IG 
application is to observe a nonlinearity of the wave 
propagation. 

III. BASIC PROPAGATION CHARACTERISTICS ON A 
BURIED NAKED CONDUCTOR (COUNTERPOISE) 

A. Single Straight Conductor (Fig. 1(b)) 

i) Linear characteristic (PG application) 

Fig. 2 summarizes the propagation velocity and 
attenuation of voltage and current traveling waves 
evaluated from the measured waveforms at Sites 1 and 3 
[8]. The velocity is determined by the arrival time at a 
node from a reference node (voltage/current applied node). 
The attenuation is defined as the ratio of the peak values at 
the sending end (node A, x=0) and node k (k=B to E, i.e. 
x=5 to 30m). It should be noted that the earth resistivity is 
not the same in the measurements at the Test Sites 1 to 3. It 
is clear in the figure that the propagation velocity and the 
current peak decreases as the distance increases. The 
voltage peak decreases up to a certain distance and then 
stays constant. The observation indicates that the 
counterpoise is not uniform nor homogeneous. 

ii) Nonlinear characteristic (IG application) 

  Fig. 3 shows a measured result of voltage and current 
attenuation on a conductor with the total length 0x =30m, 
when a current of 10.64kA from the IG is applied.  It is 
observed from voltage and current waveforms  that the time 
to peak of the current is nearly independent from the 
distance from the sending end, while that of the voltage 
increases noticeably as the distance increases.  On the 
contrary, the current peak decreases significantly as the 
distance increases, while the voltage peak decreases by 
about 20% upto node D (x=15m) and then stays constant as 
observed in Fig. 3.  A comparison of Fig. 3 with Fig. 2 
indicates that the voltage attenuation is far smaller in the 
heavy current (IG, 10.64 kA) case than that in the small 
current (PG, 0.2-1A) case, while the current attenuation is 
nearly the same in the both cases although the earth 
resistivity is not the same in the measurements. 

Fig. 4 shows the current and voltage peak values 
normalized by those at the sending end as a function of the 
applied current. The currents along the conductor tend to 
increase, while the voltages tend to decrease as the applied 
current increases. In other words, the attenuation of the 
currents and the voltages on a counterpoise are 

current-dependent nonlinear. Also, the grounding 
impedance (Vmax/Imax) is nonlinear for Fig. 4(b) is 
equivalent to the impedance.  

B. Cross-Shaped Conductor (Fig. 1(c)) 
 

Measurements were carried out in Site 2 ( eρ =100 to 300 
Ωm) with the total length 0x =30m (node A to G) and 

0y =20m (node 1 to 5, node 3=node D). The grounding  
resistance (Vac/Iac) of the cross-shaped counterpoise is 
measured to be 12.2Ω , while that of a single one (node A 
to G) is about 20Ω  as shown in Fig. 5. 

i) PG Application 

Fig. 6 shows a comparison of current and voltage 
waveforms on the single (-) and the cross-shaped (+) 
counterpoises, when  a current of about 1A is applied to 
node A.  It is observed that there is no difference of the 
voltage waveform between the two cases until reflection  

 
 
 
 
 
 
 
 

 

f(x) : voltage or current as a function of conductor length 

Fig. 2  Propagation velocity and attenuation of voltage and 
current traveling waves 

 

 
 
 
 
 
 

Fig. 3  Attenuation f(x)/f(x=0) for xo=30m, I0=10.64kA 

 

 

 

 

 

 

Fig. 4  Normalized peak values of currents and voltages vs 
applied current 

 

 

 

 

 

Fig. 5  Grounding resistance vs. counterpoise length in Site 2 
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from the remote end comes back..   After the reflection, 
the voltages deviate from each other, and the voltage on 
the cross-shaped one is smaller by about 25 % than that on 
the single counterpoise.  The difference roughly 
corresponds to the difference of the grounding resistance 
between the two cases (+12.2Ω , -20Ω). 

ii) IG Application 

Fig. 7 shows a grounding impedance (=Vmax/Imax) versus 
applied current characteristic on the cross-shaped 
counterpoise (+) and on the single counter poise (-) 
corresponding to Fig. 4(b).  It is clear that the resistance 
of the cross-shaped one, of which the total counterpoise 
length ( 00 yx + ) is greater, is smaller than that of the single 
one.  The impedance at node A in Fig. 7(a) is relatively 
greater than those at the other nodes.  These phenomena 
correspond to the fact that the current reduction is far 
greater nearby the current injected node as observed in Fig. 
3.  In other words, the grounding impedance is 
significantly affected by the part of a counterpoise nearby 
the current injected node.  It is observed that the 
current-dependence on the single counterpoise is more 
not iceable than that on the cross-shaped one in Fig. 7(b).  
The reason for this is that the distance from the current 
injected node (node D) to the remote ends (nodes A and G) 
is small compared with that in Fig. 7(a) and the injected 
current is distributed to the both sides, i.e. the current to 
each part (nodes D to A and D to G) is small. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6  Current and voltage waveforms on a single (-) and a 
cross-shaped counterpoise 

 
 
 
 
 
 
 
 

Fig. 7  Grounding impedance vs. applied current 

IV. TRANSIENT VOLTAGE AND CURRENT ON A 
GROUNDING MESH WITH PG APPLICATION 

A. Mesh－I and II 

Fig. 8(a) shows measured waveforms of transient 
voltages and currents at various nodes and branches of the 
mesh-I (square shape : 1000 == yx m) when a current 
from a PG is applied to the mesh corner, i.e. node A1 in 
Site 3, and (b) shows those of the mesh-II (rectangular 
shape : 0x =10m, 200 =y m).  It is observed that  the 
initial part of the waveforms in Fig. 8(a) is the same as that 
in Fig. 8(b), because the geometrical configuration is the 
same upto nodes C and 3.  The last part of voltage in (b) 
is smaller than that in (a).  On the contrary, the current 
waveforms in Fig. 8(a) and (b) are nearly the same.  As a 
result, the transient grounding impedance of the mesh-II 
becomes smaller than that of the mesh-I.  The result is 
reasonable, for the grounding impedance is expected to be 
inversely proportional to the area of the mesh.  The 
transient impedance (time dependence) seen from the 
current injected node clearly show an inductive nature. 

The  current distribution on the mesh-I is nearly 
symmetrical for the geometrical symmetry of the mesh, 
w h i l e  t h a t  o n  t h e  m e s h - I I  i s  a s y m m e t r i c a l . 

B. Mesh－III 

Fig. 9 shows transient current waveforms on various 
branches of the mesh-III ( 0x =34.1m, 0y =24.8m), when a 
current from the PG is applied to (a) Node A (mesh center), 
(b) Node B and (c) Node C (the nearest corner to the PC).  
The current distribution is observed to be not symmetrical 
due to the distance to the current applied node and the 
asymmetry of the branches to the PG.  For example, 

)2A()1A()3A()4A( −>−>−>− IIII  corresponding to 
the distance 2A1A3A4A −<−<−<−  to the PG.  
The propagation velocity of the current in Fig. 9(a) is  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8  Transient voltage and current waveforms 
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Fig. 10 shows transient voltages at various nodes.  A 
comparison with Fig. 8 clearly shows more sharp rise and 
less amplitude at the wavefront of the voltage at the current 
applied node in Fig. 10 due to a smaller impedance of the 
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mesh-III.  Fig. 10(c) summarizes the amplitude at the 
wavefront for PG application to various nodes.  It is clear 
that the Node A application gives the highest voltage at the 
applied node, i.e. the highest impedance of the grounding 
mesh seen from the applied node for the applied current is 
the same in each cas e, and the Node B application gives 
the lowest voltage and the lowest impedance.  In general,  
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the mesh impedance becomes lower as the number of 
connected branches to the current applied node 
increases.However, Fig. 10 dose not follow the theory.  
The reason for this is estimated to be the induction effect 
from a current lead wire and a voltage reference wire. 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

V. GROUNDING IMPEDANCE OF MESH 

A. Steady-State Resistance (PG Application) 

Table 1 shows a steady-state resistances of the 
grounding mesh-I and mesh-III measured on three different 
days to obtain reliable data. 

It is observed in the table that the resistance is inversely 
proportional to the area S of a grounding mesh, i.e. 

IR (=14~19Ω)/ IIIR (=5.6~7.4Ω) ≈ 2.5= IIIS (=20 × 20)/ IS (=
10 × 10), corresponding to a well-known formula of the 
resistance, i.e. 

SR /ρ=  
where ρ  : resistivity [Ω･m], S : cross-section area [m2] 
 
 
 
 
 
 
 

B. Current-Dependent Impedance (IG Application) 

Fig. 11 shows a current -dependent impedance of the 
grounding mesh-III (34.1 × 24.8m) when a current from the 
IG is applied to (a) Node A and (b) Node B.  The 
impedance decreases as the current increases.  It should 
be noted that the Node B application shows a higher 
impedance as expected, contrary to the observation in Fig. 
10.  The polarity affect is not observed in Fig. 11(b). 

Fig. 12 shows another measured result of a 
current-dependent impedance for various meshes and 
current application nodes.  From the figure, the following 
observations are made. 
(1) The impedance in the case of center (Node A) 

application is smaller than that in the corner (Node 
B) application. 

(2) The ratio of the impedances in the cases of the center 
and the corner application is about 0.9 in the mesh-I 
and is 0.5 to 0.6 in the mesh-III. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Node names 

C
U

R
R

EN
T 

(A
) 

(b)  Applied current 

Fig. 10  Transient voltages 

(c)  Maximum voltage 

measured node PG 
applied 

node 

(e)  Node B application 

B 

A 

C 

V
ol

ta
ge

 (V
) 

(d)  Node A application 
 

V
ol

ta
ge

 (V
) 

(f)  Node C application 

V
ol

ta
ge

 (V
) 

C 

B 
A 

Table 1  Steady-state resistance of grounding meshes 

V
m

ax
/I

m
ax

  
(Ω

) 

applied current  (kA) 

positive polarity  

negative 

(a)  Node A application (b)  Node B application 

Fig. 11  Current-dependent impedance of mesh-III 
 

applied current  [A] 

mesh-I 
mesh-II 
mesh-III 

node B application 
node C application 

Fig. 12  Current-dependent impedance of various meshes 

V
m

ax
/I

m
ax

  
(Ω

) 

applied current  (kA) 

positive polarity  

negative 



International Conference on Power Systems Transients – IPST 2003 in New Orleans, USA 
 

 6 

 
 
 
 
 
 
 
 
 
 
 
 
The impedance of the mesh-I decreases inversely 

proportional to the applied current above 1kA, while that 
of the mesh-III is nearly constant independently from the 
applied current.  This fact indicates that the 
current-dependence (nonlinearity) of the mesh grounding 
impedance is significantly dependent on the mesh area, i.e. 
the smaller the area, the greater the nonlinearity. 

The nonlinear current-dependent characteristic of the 
grounding impedance is estimated to be caused by soil 
ionization due to a heavy current [5]. As the current 
increases, the soil ionization increases and the apparent 
radius of the mesh conductor becomes greater. Thus, the 
grounding impedance decreases. 

C. Transient Response of Grounding Impedance (IG 
Application) 

Fig. 13 shows a transient response of the grounding 
impedance of the mesh-I (10 × 10m) and the mesh-III 
(20 × 20m), when an impulse voltage of about 150 to 
160kV from the IG is applied to the corner and the center 
of the meshes.  The transient response is defined by  

)(tZ [Ω]=voltage )(tv  at the applied node [V] / 
applied current )(ti  [A] 

Similarly to a rod electrode, the impedance of a 
grounding mesh shows a transient characteristic.  The 
impedance in Fig. 13 shows an inductive nature and the 
peak value is about 3 to 4 times of the steady-state value.  
The impedance in the case of the corner application shows 
a sharper rise at the beginning and a greater value in 
comparison with the case of the center application. 

VI. CONCLUSIONS 

  Based on the measured results of transient voltages and 
currents on grounding systems, the following conclusions 
have been obtained. 
(1)  The propagation velocity and the attenuation of a 
voltage traveling wave along a buried naked conductor 
(counterpoise) are significantly different from those of a 
current traveling wave. 
(2)  A transient grounding impedance of a single 
counterpoise shows current -dependence which becomes 
less noticeable as the counterpoise length becomes longer.  
The current-dependence of a cross-shaped counterpoise  
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
composed of two counterpoises is less noticeable than that 
of the singles counterpoise. 
(3)  Voltage and current distributions on a grounding 
mesh and the grounding impedance are dependent on the 
current applied node, the geometrical configuration and the 
area of the grounding mesh.  The rise time and the 
amplitude of the transient voltage waveform becomes 
smaller as the mesh area becomes greater.  
Correspondingly, the grounding impedance decreases. 
(4)  The transient grounding impedance shows an 
inductive nature, and the peak value is about 3 to 4 times 
of the steady-state value. 
(5)  The grounding impedance is current-dependent.  
When the mesh area is small, the impedance decreases 
inversely propotional to the applied current.  If the mesh 
area is large, the current-dependence is less noticeable. 
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(c)  Mesh-III, center application 

Fig. 13  Transient response of grounding impedance 

(a)  Mesh-I, corner application 
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(b)  Mesh-III, corner application 
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