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Abstract — A compilation of various methods of measuring 

ground resistance, resistivity and potential gradients was 

made, with field measurements being conducted for a 

substation. Earth resistance measurement was also 

performed for an overhead transmission line tower.  

 In the case of the substation, the step and contact voltage 

were calculated, with a set of touch and step voltage 

improvement measures being provided. 

 

Keywords: Earth system; Resistivity; Earth Resistance; 

Electrodes; Electric Field; Security. 

I. INTRODUCTION 

 Historically, earth resistance measurements have been 

difficult, expensive and, in some cases, imprecise. New testing 

methods and measurement equipment, as well as improvement 

in results analysis methods, have been developed with the 

technological evolution, leading to an important and necessary 

review of the legislation and existent methods, in order to try to 

standardize them. 

 In Portugal, RSSPTS (Safety Regulation of Substations and 

Transformation and Sectioning Stations, approved by Decree-

Law 42895/1960) [1] is the document that regulates the safety 

of substations, transformer stations and sectioning stations. This 

document contains the limit value of the earth resistance for the 

types of electrical installations referred to, which is 1 Ω, the 

type of measurement to be performed to perform the fall of 

potential method, among others. For overhead power 

transmission lines, the Safety Regulation of High Voltage 

Power Lines (RSLEAT - Regulatory Decree nº 1/92, of 

18/02/92) [6] is the document that regulates the various safety 

aspects for power transmission overhead lines. Nevertheless, 

the standards of international institutions such as IEEE [3][5], 

IEC [8] and CENELEC [4], although less relevant than the 

regulation, are also of relevant importance, essentially in 

aspects not mentioned in the regulations or when they do not 

exist at all.   

 Based on regulation and IEEE, IEC and CENELEC 

standards, as well as some equipment manufacturer brochures 

[7], the most suitable methods for measurements to be 

performed on a substation and support of an overhead power 

transmission line, were selected. In the case of substations, 

RSSPTS [1] requires that the method used for the earth 

resistance measurement be the fall of potential method.  

 The measurement of potential gradients is conducted in order 

to calculate the touch and step voltages, which is performed  

 
 

using the current injection method. After the measurement is 

carried out, using the calculation guides found in the IEEE Std. 

80-2000 [3] and EN 50522 [4], the touch and step voltages are 

calculated and then compared between the calculation methods 

and the results obtained by both. 

 Regarding soil resistivity measurement, this study does not 

focus on soil characteristics nor its influence on the soil 

resistance value, always being considered a uniform soil layer. 

However, a resistivity measurement was performed using the 

Wenner method [2] in the substation, in order to know the 

average resistivity value of the soil. 

 For the support of an overhead power transmission line, the 

fall of potential method was used and its derivation to measure 

earth resistance of the electrode, which is the selective fall of 

potential method. 

 Furthermore, it was checked whether the installations have 

complied with the regulations, to which they are subjected, and 

measures to be taken, in order to improve protection against 

touch and step voltages. 

II. FALL OF POTENTIAL METHOD  

A. Description of The Fall of Potential Method Applied in a 

Substation 

 Considering that the ground electrode has a dimension of 

approximately 100x100 m, it was necessary to extend the range 

of the conductor that connects the potential auxiliary electrode 

to the measuring equipment, that consisted of a minimum 

distance of six times greater than 100 m. The conductor 

connecting the current auxiliary electrode to the measuring 

equipment has, therefore, been extended by a minimum 

distance of ten times greater than 100 m, minimum values as 

advised by IEEE Std. 81-2012 [5]. Minimum distances are 

implemented to mitigate the hypothesis of interference between 

the electric field of the ground electrode and the auxiliary 

current electrode. 

 Due to the high resistivity of the soil, mostly made of clay, it 

was necessary the use of several piles to form an auxiliary 

electrode. The current auxiliary electrode consists of 10 piles 

and was installed 1000 m from the study ground electrode, with 

a ground resistance of 270 Ω, while the potential auxiliary 

electrode consists of 8 piles, being installed 1100 m from the 

study ground electrode with a ground resistance of 320 Ω. With 

a single pile, the earth resistance value of the electrode under 

study was very high, being well above 1 Ω, so it was necessary 

to bury more piles to decrease the earth resistance value.   

 Electromagnetic coupling between the conductors 

connecting the auxiliary electrodes was minimized by 

separating the auxiliary electrodes at an angle greater than 90º, 
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a value advised by [5]. Subsequently, the value of the angle 

formed between the auxiliary electrodes was 100º.  

 The positioning of the current and potential auxiliary 

electrodes is shown in figure II.1, where the help of google earth 

was used for the representation made. 

 

 
Fig. II.1 – Measurement of the earth resistance through the 

fall of potential method - positioning of auxiliary electrodes on 

a substation.  

 

B. Results of The Fall of Potential Method Applied in a 

Substation 

 Throughout the substation, there are several exposed ground 

terminations used to connect the various equipment belonging 

to the substation to the ground electrode. The point used for the 

connection of the measuring equipment to the earth electrode is 

located inside the substation's control room, as the equipment 

and technicians were sheltered from excessive sun. Figure II.2 

shows the connection between the measuring equipment and an 

exposed ground termination. 

 

 
Fig. II.2 – Measurement of the earth resistance through the 

fall of potential method - connection of measuring equipment 

to ground electrode. 

 

 After all the assembly was done, the earth resistance value 

was measured, which was 𝑅𝑇 = 0.59 Ω. This value is below the 

normative value of 1.00 Ω, established in the RSSPTS (Safety 

Regulation of Substations and Transformation and Sectioning 

Stations, approved by Decree-Law 42895/1960) [1]. 

C. Description of The Fall of Potential Method Applied in an 

Overhead Transmission line Tower 

 As for the substation, the potential (P) and current (C) 

auxiliary electrodes were buried at an angle greater than 90 ° 

and in directions perpendicular to the 400 kV line direction, in 

order to mitigate the possibility of currents induced by the line's 

electric field. Particular attention has been paid to the 

conductors that connect the auxiliary electrodes to the 

measuring equipment to prevent them from becoming coiled 

and with as few bends as possible, trying to minimize 

electromagnetic interference [2]. The distance at which each of 

the auxiliary electrodes was buried from the support, was 

approximately 100 m, more than the minimum distance needed 

[5]. Compared to the distance used in the substation, the 

distance for this case is much smaller, because the distance 

between outcrops is also much shorter than the length of the 

substation. 

 In figure II.3, we can see the arrangement of the auxiliary 

electrodes in relation to the support, with the red arrows 

representing the path followed by the line. 

 

 
Fig. II.3 – Measurement of the earth resistance through the 

fall of potential method - positioning of auxiliary electrodes on 

an overhead transmission line tower. 

 

 After assembly, everything was connected to the measuring 

equipment, which model was a Chauvin Arnoux C.A. 6472. 

The auxiliary electrode with the highest ground resistance value 

is chosen as P, since the measuring capacity of the device is 

higher, therefore the higher its resistance [7]. 

 

D. Results of The Fall of Potential Method Applied in an 

Overhead Transmission Line Tower 

 After all the experimental setup was completed, the earth 

resistance measurement was performed, taking into 

consideration the guard cable. The values of alternating voltage 

injected by the source was 32 V and the frequency used was 

128 Hz.  
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 The value obtained was 𝑅𝑇_𝐶𝐺 = 0.6Ω. This apparently low 

value is within the limits of the High Voltage Power Line Safety 

Regulation (RSLEAT) (Regulatory Decree No. 1/92 of 

18/02/92) [6], which is 20Ω. 𝑅𝑇_𝐶𝐺  is also below the value 

advised by IEC 62305-3: 2011 - Lightining Protection Standard 

(10Ω) [8]. However, it is important to note that a very low 

ground resistance value was obtained due to the guard cable 

being connected to all other supports belonging to the line, 

greatly reducing the actual ground resistance value of the 

support. 

III. SELECTIVE FALL OF POTENTIAL METHOD  

A. Description of The Selective Fall of Potential Method 

Applied in an Overhead Transmission Line Tower 

 In order to measure the ground resistance of the overhead 

transmission line tower without the guard line, a variation of the 

fall of potential method was used: the selective fall of potential 

method. This method, as its name implies, is a selective method 

that allows us to measure the ground resistance of each foot of 

the support individually and the earth resistance of the four feet 

at same time, among other possibilities [5]. 

 For carrying out this method, the position of the auxiliary 

electrodes is maintained. In the transition zone, between the 

metal structure exposed to the air and the part embedded in the 

concrete of the foundations, current sensors are placed on each 

foot, involving the metal part. These are placed to give a total 

of four turns surrounding the metal part, as shown in Figure 

III.1. The greater the number of turns, the greater the sensitivity, 

due to the larger area for circular magnetic flux simulating the 

behavior of a torus, however, it was not possible to make more 

turns because of the limitation of the device in question. 

 

 
Fig. III.1 – Measurement of the earth resistance through the 

selective fall of potential method - placement of current sensor 

on each foot. 

 

 The connection to the current sensors is made by a second  

device, Chauvin Arnoux CA 6474 - Pylon Box [7]. This is 

connected to the CA 6472, and its function is to regulate the 

sensitivity of the measurements, which is greater the more the 

number of turns of the current sensor. The sensor surrounds the 

metal frame (1 to 4 turns) and lets you choose where you want 

to measure ground resistance. This method, through the current 

sensors, allows us to ignore the current escaping to the guard 

cable, measuring only the ground resistance at each foot of the 

overhead transmission line tower. 

B. Results of The Selective Fall of Potential Method Applied 

in an Overhead Transmission Line Tower 

 During the measurements, the ground resistance of the tower 

and each of tower foot was measured individually. 

Measurements were made at a frequency of 128 Hz and with a 

32 V voltage injection. Results are shown in table III.1. 

 

Table III.1 – Overhead transmission line tower ground 

resistance values. 

 
𝑹𝑻 of the 

four feet 

[Ω] 

𝑹𝑻 of 

Foot 1 

[Ω] 

𝑹𝑻 of 

Foot 2 

[Ω] 

𝑹𝑻 of 

Foot 3 

[Ω] 

𝑹𝑻 of 

Foot 4 

[Ω] 

𝑹𝒑𝒂𝒔𝒔. 

[Ω] 

1,5 9,58 6,34 0,61 190 0,82 

 

 Observing the values obtained, even without the guard cable, 

the ground resistance of the support remains below the imposed 

regulatory limit of 20 Ω, by Safety Regulation of High Voltage 

Power Lines (SRHVPL – Regulatory Decree nº1/92, of 

18/02/92) [6]. Analyzing the values obtained for each foot of 

the overhead transmission line tower, it is concluded that these 

are not uniform, with a large discrepancy between some of 

them. Note the ground resistance value of foot 4 (190Ω).  

 However, while the use of current sensors mitigates the 

injected current drifting to the guard cable, the leakage current 

is accounted for in the measurements. Insulators, due to the 

pollution they acquire over time, transfer a quantity of current 

(leakage current) to the tower, which is higher or lower, 

depending on the amount of pollution present in them. The 

leakage current gives rise to the emergence of a passive 

resistance, 𝑅𝑃𝑎𝑠𝑠., which is implicit in the measurements made. 

Thus, the lower the value of 𝑅𝑃𝑎𝑠𝑠., the lower the ground 

resistance value of the tower and each of its foot. 

IV. WENNER METHOD 

A. Description of Wenner Method Applied in a Substation 

The Wenner method was used to measure the soil resistivity 

as a function of depth [2]. However, since the grounded 

electrode (meshed) was already installed on the substation 

construction site, it was not possible to measure the ground 

resistivity at this location as the grounded electrode would 

influence the measurement values, providing invalid data. The 

solution found was to measure two resistivity profiles in an 

annex zone sufficiently far from the ground electrode if the 

ground is identical. 

 After carefully choosing the attached area, the piles were 

installed. Five piles were buried, as shown in figure IV.1. 
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Fig. IV.1 – Wenner method application. 

 

 The middle pile (fifth pile) was intended only as a frame for 

stretching two ropes in a straight line with opposite directions, 

whose markers are of various colors. These markers serve as a 

reference for technicians to move electrodes from measurement 

to measurement without having to calculate distances. It is 

important to note that there is a specific form for recording the 

measurements, which includes the different color markings of 

the strings used. The remaining piles are potential (𝑃1 and 𝑃2) 

and current (𝐶1 and 𝐶2).  

 Using an alternating current source, a current was injected 

into the circuit consisting of 𝐶1 and 𝐶2. Using 𝑃1 and 𝑃2 and a 

voltmeter, the potential rise at different distances was 

calculated. Subsequently, the resistance measured at each point 

was also determined. 

 Then, by entering the resistance values obtained in equation 

(IV.1), provided by the Wenner method [2], the soil resistivity 

was calculated: 

 

𝜌 = 2𝜋𝐷𝑊𝑒𝑛𝑛𝑒𝑟𝑅𝑇                        (IV.1) 

  

B. Results of The Wenner Method Applied in a Substation 

 From the measures performed in annex 1 and annex 2, a 

dataset was constructed, with which figures IV.2 and IV.3 were 

obtained. The average soil resistivity was calculated by 

averaging the data from the two figures and is presented in 

figure IV.4. 

 

 
Fig. IV.2 – Graphical representation of soil resistivity in 

annex 1. 

  

 
Fig. IV.3 – Graphical representation of soil resistivity in 

annex 1. 

 

 
Fig. IV.4 – Graphical representation of average soil 

resistivity. 

 

 Through figure IV.4, it is possible to verify that the resistivity 

value in the superficial soil layer assumes a value of 

approximately 325 Ω.m. This parameter displays for higher 

depth values, values within the range [140, 180] Ω.m.. 

V. INJECTION CURRENT METHOD 

A. Description of The Injection Current Method Applied in a 

Substation 

 Transverse and longitudinal profiles were traced to the 

substation, through where there may be movement of people 

and animals, in which the metallic organs that could be touched 

were marked. Using google earth, figure V.1 shows the profiles 

traced in the substation, along which the measurements of touch 

and step voltages occurred. 

 

 
Fig. V.1 – Measurement of potential gradients through the 

injection current method - representation of the different 

profiles. 
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 Then, using an alternating current source, a current of 1 A 

was injected into the ground electrode, causing its electric field 

to rise. To perform the measurements, two multimeters were 

used, one of which was permanently measuring the earth 

electrode potential (𝑈𝑀𝑒𝑠ℎ) and the second one was connected 

to a crocodile. Depending on whether it was necessary to 

measure the touch voltage or the step voltage, the crocodile was 

connected directly to the touch point (𝑈𝐸𝑞𝑢𝑖𝑝. Or 𝑈𝑆𝑒𝑎𝑙), or to an 

auxiliary pile, respectively. To measure the step voltage, the 

tape measure used to draw the plane and serve as an indicator 

to measure the step voltage of 1 in 1 m. 

B. Results of The Injection Current Method Applied in a 

Substation 

 To simplify the analysis of the collected values, graphs of the 

ground electrode potential [%] were made as a function of the 

distance [m]. The soil potential in [%] was obtained using the 

following equation: 

 

𝑈𝑆𝑜𝑖𝑙(%) =
𝑈𝑆𝑜𝑖𝑙

𝑈𝑀𝑒𝑠ℎ
× 100%            (V.1) 

 
Fig. V.2 – Graphical representation of soil potential, 

equipment and fence in profile 1.  

 
Fig. V.3 – Graphical representation of soil potential, 

equipment and fence in profile 2. 

 

 
Fig. V.4 – Graphical representation of soil potential, 

equipment and fence in profile 3. 

 

 
Fig. V.5 – Graphical representation of soil potential, 

equipment and fence in profile 4. 

 

 
Fig. V.6 – Graphical representation of soil potential, 

equipment and fence in profile 5. 

 

 
Fig. V.7 – Graphical representation of soil potential, 

equipment and fence in profile 6. 

 

 In Figure V.2, it was observed that the soil potential varies 

between a certain range of values, which is between [83%; 

100%] of the mesh potential. Areas where there is a greater 

difference between mesh potential and soil potential are: 

outside the substation (near the fence) and near the TSA 

protection network.  

 In Figure  V.5, we can determine that the soil potential varies 

between a range of values, in this case [85%; 100%] of the mesh 

potential. The area where there is a greater difference between 

mesh potential and ground potential is near the fence, that may 

be due to a slight difference in the thickness of the gravel layer 

compared to the remaining soil. 

 

C. Calculation of Step and Touch Voltages 

 In order to calculate the maximum touch stress values for the 

different soil types in the substation, the entire 𝑈𝑀𝑒𝑠ℎ , which is 

considered 100%, was subtracted from the values previously 

obtained for each profile, as shown in equation V.2. 

 

𝑈𝑇𝑇𝑜𝑙. 
= 𝑈𝑀𝑒𝑠ℎ − 𝑈𝑆𝑜𝑖𝑙                       (V.2) 

 

 To calculate the maximum step voltages values for the 

different soil types in the substation, iteratively subtracted 

𝑈𝑆𝑜𝑖𝑙+1𝑚
to 𝑈𝑃𝑟𝑒𝑣.𝑆𝑜𝑖𝑙 , since the step voltage is measured from 



 6 

1m in 1m, obtaining the step voltage value as a percentage for 

each of the profiles as exemplified in equation (V.3). 

 

𝑈𝑃𝑇𝑜𝑙. = 𝑈𝑆𝑜𝑖𝑙+1𝑚
− 𝑈𝑃𝑟𝑒𝑣.𝑆𝑜𝑖𝑙             (V.3) 

 

 The maximum touch voltage (in equipment and fence) and 

step voltage values, as a percentage of ground electrode 

potential, calculated along the marked profiles, are given in 

Tables V.1 and V.2. 

 

Table V.1 – Touch and step voltages as a percentage of mesh 

potential in soil with granite gravel layer in a substation. 

 

 Profile 
Step Voltage 

[%] 

Touch Voltage 

[%] 

Soil with Granite 

Gravel Layer 

1 11,72 16,08 

2 2,18 2,60 

3 8,67 10 

4 12,14 14,08 

5 1,47 1,52 

6 0,98 1,53 

 

Table V.2 – Touch and step voltages as a percentage of mesh 

potential in natural soil in a substation. 

 

 

 

  

 

 

 

 

 

 In order to pass the maximum percent touch and step voltage 

values in percentage to volts, the maximum voltage value 

acquired by the ground electrode was calculated during the 

occurrence of a fault. Since the single-phase short-circuit 

current value could not be obtained for the area of the country 

concerned, the maximum single-phase short-circuit current 

value of 1 kA was considered. The maximum value of the 

voltage acquired by the substation ground electrode, in a 

maximizing situation, in the case of a phase-to-ground short 

circuit, is given by the following equation: 

 

𝑈𝑚𝑎𝑥.
𝐶𝐶 = 𝐼𝑐𝑐 × 𝑅𝑇 ↔ 𝑈𝑚𝑎𝑥.

𝐶𝐶 = 1000 × 0,59 = 590 𝑉    (V.4)                            

 Multiplying 𝑈𝑚𝑎𝑥.
𝐶𝐶  by the maximum values of touch and step 

voltage, highlighted in tables V.1 and V.2, yielded the 

maximum predictable voltage values in absolute value. These 

are represented in table V.3. 

 

Table V.3 – Absolute value of touch and step voltages for a 

phase-to-ground defect of 1 kA in a substation. 

 

 Step Voltage [V] Touch Voltage [V] 

Natural 
Soil 

118,96  
(Profile 6 - Outside) 

81,16  
(Profile 1 – Outside/Fence) 

Soil with 

Granite 

Gravel 
Layer 

71,63  
(Profile 4 – Protection 

fence of TSA) 

94,90  

(Profile 1 - Fence) 

 

C.1. Maximum Tolerable Values - IEEE Std. 80-2000 

 This calculation was made according to the IEEE Std. 80-

2000 guide [3], considering a maximum phase-to-ground defect 

elimination time of 1 second, a 50 kg human body, a intensity 

of 1 kA and taking into account the reduction factor resistivity 

(if it has a surface layer of gravel), given by the following 

expression: 

 

𝐶𝑠 ≅ 1 − 0,106 ×
(1−

𝜌

𝜌𝑠
)

2×ℎ𝑠+0,106
                      (V.5) 

 

 Taking all these factors into account, the values compiled in 

table V.4 were calculated according to the following 

expressions:                                    

 

𝑈𝑇𝑡𝑜𝑙 = 116 + 0,174 × 𝐶𝑠 × 𝜌𝑠               (V.6)                            

𝑈𝑃𝑡𝑜𝑙 = 116 + 0,696 × 𝐶𝑠 × 𝜌𝑠               (V.7)  

 

 In natural soil (without surface granite gravel), the reduction 

coefficient 𝐶𝑠 is equal to 1.                                 

 The maximum tolerable touch and step voltage values are 

given in table V.4 for granite gravel locations and for natural 

soil locations (usually outside the installation). 

 

Table V.4 – Maximum tolerable touch and step voltages for a 

phase-to-ground defect of 1 kA and an elimination time of 1 s 

in a substation. 

 

 
Tolerable Step Voltage 

[V] 

Tolerable Touch Voltage 

[V] 

Natural Soil 342 172 

Soil with Granite 
Gravel Layer 

1386 433 

 

 Looking at table V.4, we can conclude that the soil with a 

protective layer of granite gravel ensures greater protection by 

raising tolerable touch and pitch stress levels. 

 Table V.5 shows the short circuit current limit values for 

which the touch and step voltages become not tolerable, 

depending on the type of ground. The last column of table V.5 

shows the single-phase short-circuit current values for which 

potential gradients are not bearable by the human body, which 

were calculated by applying a simple 3 rule between the 

predicted values of touch and step voltages for a 1 kA short 

circuit current and the maximum tolerable values calculated 

with the aid of IEEE Std. 80-2000 [3]. 

 

 

 

 

 

 Profile 
Step Voltage 

[%] 
Touch Voltage 

[%] 

Natural 
Soil 

1 8,07 13,76 

2 2,51 1,35 

3 10,65 13,03 

4 0,66 2,04 

5 5,86 2,39 

6 20,16 12,71 
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Table V.5 – Short circuit current limit values for which touch 

and step voltages become not tolerable depending on soil type 

in a substation. 

 

 
Measurement 

Performed 

Predictable 
Value 

 [V] 

Maximum 

Tolerable 

Value 
 [V] 

𝑰𝒄𝒄  

Tolerable 

Limit 

Value  
[kA] 

Natural 
Soil 

Step Voltage 118,96 342 2,87 

Touch 

Voltage 
81,16 172 2,12 

Soil 

with 

Granite 
Gravel 

Layer 

Step Voltage 71,63 1386 19,35 

Touch 
Voltage 

94,90 433 4,56 

 

 By comparing the maximum foreseeable and tolerable 

voltage values of the step and touch voltages for the ground 

concerned, it can be concluded that the values found along the 

measured profiles are bearable for the human body for single-

phase short circuit currents allowed (see Table V.5). 

 The next figures, figure V.8 to V.19, show comparison 

graphs between calculated step and touch voltage values 

(predictable for defined phase-to-ground faults - 1kA) and the 

limits supported by the human body, according to IEEE Std. 80-

2000. 

 

 
Fig. V.8 – Predictable touch voltages vs IEEE Std. 80-2000 

tolerable limit in profile 1. 

 

 
Fig. V.9 – Predictable step voltages vs IEEE Std. 80-2000 

tolerable limit in profile 1. 

 

 
Fig. V.10 – Predictable touch voltages vs IEEE Std. 80-2000 

tolerable limit in profile 2. 

 

 
Fig. V.11 – Predictable step voltages vs IEEE Std. 80-2000 

tolerable limit in profile 2. 

 

 
Fig. V.12 – Predictable touch voltages vs IEEE Std. 80-2000 

tolerable limit in profile 3. 

 

 
Fig. V.13 – Predictable step voltages vs IEEE Std. 80-2000 

tolerable limit in profile 3. 

 

 
Fig. V.14 – Predictable touch voltages vs IEEE Std. 80-2000 

tolerable limit in profile 4. 

 

 
Fig. V.15 – Predictable step voltages vs IEEE Std. 80-2000 

tolerable limit in profile 4. 
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Fig. V.16 – Predictable touch voltages vs IEEE Std. 80-2000 

tolerable limit in profile 5. 

 

 
Fig. V.17 – Predictable step voltages vs IEEE Std. 80-2000 

tolerable limit in profile 5. 

 

 
Fig. V.18 – Predictable touch voltages vs IEEE Std. 80-2000 

tolerable limit in profile 6. 

 

 
Fig. V.19 – Predictable step voltages vs IEEE Std. 80-2000 

tolerable limit in profile 6. 

 

 In figures V.8 and V.9 we can observe some variations in the 

limits of the touch and step voltages, with a similar step shape. 

These variations are due to the proximity to the fence installed 

within the substation boundaries and, consequently, to the 

ground electrode boundaries. Since, as mentioned above, the 

current density is higher at the ends of the ground electrode, the 

fence zone is a zone susceptible to the appearance of greater 

potential variations, causing fluctuations in the touch and step 

voltage values. Poor conditioning of the high resistive 

protective layer (granite gravel) near the fence will accentuate 

potential differences in its vicinity. 

 In figures V.14 and V.15 we can see less marked variations 

of touch and step voltages at the boundary of the auxiliary 

service transformer (TSA) protective fence. Since the 

protective fence has no electromagnetic insulation and is made 

of conductive material, there is a potential variation in the seal 

and ground in the vicinity of the TSA cell relative to the ground 

potential. 

 In figures V.18 and V.19 we can see that there is a tolerable 

potential variation in the order of 700 V for both the touch and 

step voltage from the outside of the substation to its interior. 

The potential variation is due to the proximity to the fence and 

the end of the ground electrode, as, as noted above, the elevation 

of the electric field is greater at the electrode ends leading to 

higher current density as well. 

C.2. Maximum Tolerable Values – EN 50522 

 EN 50522 [4] also provides a calculation method for touch 

voltage. In order to compare the values obtained by the different 

calculation methods, the maximum tolerable values of touch 

voltage were calculated by extrapolating the original curve 

present in the standard, in order to adjust the curve to the 

conditions under which were the measurements. The defect 

considered for the calculations is the same that was considered 

for IEEE Std. 80-2000 [3]. The step voltage in the referred 

standard is not calculated as its limit value is always higher than 

the touch voltage value under equal conditions. Therefore, if the 

touch voltage meets the limits imposed by the standard, the 

installation will also be safe against the step voltage.  

 The equation the standard gives us for extrapolate and 

calculate the maximum allowable touch voltage is as follows: 

 

𝑉𝑇𝑝 = 𝐼𝐵(𝑡𝑓) ×
1

𝐻𝐹
× 𝑍𝑇(𝑉𝑇) × 𝐵𝐹              (V.8)                             

  

 Since the substation is a high voltage electrical installation, 

the standard advises us to follow the following guidelines:  

• The current path in the human body is from one hand to the 

foot;  

• 5% probability of ventricular fibrillation occurring. 

 

 Different tables in EN 50522 [4] need to be consulted to 

calculate the value of the different variables that make up the 

equation (V.8). 

 Considering the maximum phase-to-ground fault elimination 

time, 1 second, the values found for 𝐼𝐵(𝑡𝑓) were 80 mA and for 

𝑉𝑇𝑃, 117 V, using the table V.6 and V.7, respectively. 

 

Table V.6 – Allowable current through the human body 

depending on the duration of the defect.  

 

Defect Duration [s] 
Current Through the Human Body 

[mA] 

0,05 900 

0,10 750 

0,20 600 

0,50 200 

1,00 80 

2,00 60 

5,00 51 

10,00 50 
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Table V.7 – Total impedance of the human body related to 

touch voltage. 

 

Defect Duration [s] Allowable Touch Voltage [V] 

0,05 716 

0,10 654 

0,20 537 

0,50 220 

1,00 117 

2,00 96 

5,00 86 

10,00 85 

 

 Afterwards, the value of 𝑍𝑇 (𝑉𝑇) was removed as a function 

of the value of 𝑉𝑇𝑃, which is presented in table V.8. 100 V was 

chosen to extract the value of body impedance and the value of 

𝑍𝑇 (𝑉𝑇) is 1725 Ω. 

Table V.8 – Calculated values of allowable touch voltage as a 

function of defect duration. 

 

Touch Voltage [V] 
Total Impedance of the Human 

Body [Ω] 

25 3250 

50 2500 

75 2000 

100 1725 

125 1550 

150 1400 

175 1325 

200 1275 

225 1225 

400 950 

500 850 

700 775 

1000 775 

 

 Regarding HF, the left-hand body circuit up to both feet was 

chosen, since this is the worst possible case, where HF = 1. 

Consequently, BF will assume a value of 0.5. 

 Considering the different resistivities of the two soil types 

found in the substation, an increase of about 350 Ω in 𝑍𝑇 (𝑉𝑇) 

was considered for natural soil and an increase of 2500 Ω for 

granite gravel. Table V.9 shows the short circuit current limit 

value at which the touch voltage becomes not tolerable, 

depending on the soil type. These values have been calculated 

with a three-simple rule between the predictable and maximum 

tolerable values for a defect with a intensity of 1 kA and an 

elimination time of 1 s. 

Table V.9 – Short circuit current limit value at which the 

touch voltage becomes not tolerable depending on the soil 

type in a substation. 

 
Measurement 

Performed 

Predictable 

Value  
[V] 

Maximum 
Tolerable 

Value 

 [V] 

𝑰𝒄𝒄  

Tolerable 
Limit 

Value  

[kA] 

Natural 

Soil 

Touch 

Voltage 
81,16 124,5 1,53 

Soil 

with 
Granite 

Gravel 

Layer 

Touch 

Voltage 
94,90 253,5 2,67 

 

 Through the calculation method of EN 50522 [4], we can 

conclude that the touch voltage is within the tolerable limits for 

the human body. However, comparing the values obtained in 

table V.5 with the values obtained in table V.9, we can see that 

the tolerable values for the touch voltage are much lower in 

table V.9. This means that maximum short circuit current value 

is closer than desired to the short circuit current value used, and, 

consequently, measures to decrease the electric field elevation 

in these zones should be taken. 

 

C.3. Comparison Between Standards 

 Comparing the results obtained by the calculation methods 

of each standard, it was observed that the maximum tolerable 

values of human body voltage obtained by the method of EN 

50522 is lower than the maximum values obtained by the IEEE 

Std. 80-2000 method. This difference is considered significant, 

and, consequently, the maximum allowable short circuit current 

values will also be lower. This method can, therefore, be 

considerate more conservative than the method previously 

used. 

 Comparing the calculation procedure of both methods, both 

have advantages and disadvantages. The IEEE Std. 80-2000 

method is a simple analytical method and considers the 

protective surface material layer on the soil surface. However, 

it does not allow for factors such as additional resistances 

(footwear, gloves, among others). Regarding the calculation 

method presented by EN 50522, it can be considered a very 

conservative method, since if necessary, it allows us to 

extrapolate the original curve, adding several additional 

resistances and other factors. However, this method is not so 

simple as it is necessary to resort to several tabulated values and 

there is a higher probability of an error occurring. It also has the 

disadvantage that it does not contain the correction factor of the 

protective material to the soil surface. 

VI. CONCLUSIONS 

 The work carried out allowed us to assess whether the 

substation and ground system of an overhead transmission line 

tower was within the regulatory limits imposed by the 

regulations applicable to each of the installations.  

 In the case of the substation, observing the results obtained 

in table V.3, most of the maximum values present there, except 

for the step voltage in granite gravel soil, close to the TSA, are 

in areas very close to or even close to the fence substation. Poor 

conditioning of the granite gravel near the fence, the absence of 

a protective layer of ground material outside the substation and 

the fact that the substation fence is not insulated leads to an 

increase in the potential difference in the zones attached to the 

fence. In order to decrease the maximum value of touch and 

step voltages in these areas, it is advisable to place granite 

gravel outside the substation (up to 1 m near the fence) and to 

insulate the substation fence. The value of the ground step 

voltage of granite gravel next to the TSA can be reduced by 

isolating its protective fence as it is not isolated. 

 For an overhead transmission line tower, if there was a need 

to improve the ground resistance value, then the ground 
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resistance of foot 4 should be improved as it has a very high 

value compared to the other feet. 
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