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Abstract 

The aims of earthing system are to provide safety of the 
personal during normal and fault conditions, to assure correct 

operation of electrical devices and to prevent damage of electrical 
apparatus. 

This paper discusses the factors that affect on design 
calculations of earthing system of AC substations, such as the fault 
current, fault current division, ground potential rise, the earth 
resistance. etc). The design of the earthing grid system for 
proposed AC substation using two different methods (equally & 
unequally spaced grid conductors) will be carried out by using 

computer program (CYMGRD). 
The obtained results will illustrate the method that ensures (the 

minimum cost and safe), and discusses the differences between 
them. 

 

Keywords- mesh voltage, ground potential rise, step voltage, 

touch voltage, split factor. 

I. INTRODUCTION  

A grounding system is one of the most important points 

inside transmission and distribution systems.     

Poor design methods and simplified calculations can lead to 

high construction costs or unsafe conditions. Hence 

optimization is applied in order to make not design 

economical only but also safe.   

The objectives of this paper are:   

1.  Studying the mathematical methods  for  the design of  

the substation earthing system. 

2. Implementation of earthing grid system design for 
proposed AC substation 220/30Kv using actual values that 

have been obtained from substation site and obtain the 

optimal distribution of earthing electrodes (buried conductors 

and rods which gives the best design. 

II. THE TOUCH AND STEP VOLTAGE CRITERIA 

The touch and step voltage criteria are derived from the 

permissible  human body current 

The  tolerable  step and touch voltages , in volts, for a 70kg  

person  are  respectively [1]. 

                (1)                                                                                

  

        (2) 

 

Where 1000 is human body resistance  

 

III. EVALUATION OF GROUND RESISTANCE 

 

Evaluation of the total resistance to remote ground is one of 

the first steps in determining the size and basic layout of 

grounding system. 
By using Sverak's approximation [3]. The ground system 

resistance at specified depth 0.25 m h 2.5 m. 
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Where (Rg) Ground system resistance in Ohms,(


) 
Average ground resistivity in Ω*m ,(A) Area of the ground 

grid in m2  , (L) Total Length of buried conductor in m, (h) 

Depth of the grid in m. 

IV.  THE  WORST FAULT TYPE AND LOCATION. 

 The worst fault type can be defined as the one 
resulting in the highest zero sequence of ground fault 

current flow into the earth  [4]. 

 A single line to ground fault will be the worst fault 

type if  at the point of the fault. 

 A line to line to ground will be the worst type if  

  

 In the usual case  where  is assumed equal to , 

the above comparisons reduce to  , and 

  , respectively. 
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 Where: Z1 , Z2 ,Z0  are defined as (equivalent 
positive, negative and zero sequence system  
impedances respectively) [5]. 

 

    V. COMPUTATION OF FAULT CURRENT DIVISION. 

When we assumed the current flowing through the 

transformers neutrals at the fault condition is equal 

zero (pessimistic assumption) then the fault current 

will division between different earth electrodes. The 

ground impedance of the substation will including 

(resistance of ground grid, driving point impedance, 

input impedance of cable sheaths, shielding of 

cables). 

Driving point impedance : The equivalent impedance 

as seen from one end of the infinite    chain overhead line 

[6]. 

 = Ω          (4)                                      

 =  + + j [ + ln ] Ω/km   (5)                       

 =  ×   Ω                                      (6)                                                           

δ  =                                                     (7)                                                                                

 

(ρ) average soil resistivity (substation resistivity) in Ω.m 

, tower foot resistance in Ω, (n)  number of ground 

wires, equivalent earth wire radius in m. 

distance between two tower (presumed value) in 

m,  ground wire resistance per unit length Ω /km, 

( absolute permeability = 4π × ,  relative 
permeability of ground wires, (δ )  equivalent earth 

penetration depth in m. 

(  ground wire  impedance in Ω/km, ( ground wire  

impedance Between two towers in Ω. Cable sheaths:- Total 

resistance of feeder's cable sheaths adding to an earthing 

resistance of remote substation see [6].  

Then the equivalent impedance is:  

= Ω                                         (8)                                                       

And  the current division factor approximately is:-

                                                                   (9)                                                                      

     

VI. COMPUTATION OF GROUND POTENTIAL RISE. 

GPR can be computed from the following equation: - 

  (v)                                                     (10)                                                                    

 
Where: - 

(IG) the maximum grid current, (RG) is the ground grid 

resistance.  

  
VII. COMPUTATION OF MAXIMUM MESH 

AND  STEP VOLTAGES. 

a)  Mesh Voltage. 

Mesh Voltage are obtained from the following equations: - 
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This equation for ground rods uniformly 

spaced within grounded area.    

Where:  mesh voltage in v, ) spacing factor for 

mesh voltage, ) Corrected factor for grid geometry,( ) 
Maximum grid current that flows between ground grid and 

surrounding earth (including dc offset) in Amperes. (Lm) 

effective buried length of grid conductors and ground rods 

in m. interested readers refer to [5]. 

b)  Step Voltage. 
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     (v)                                         (12)                                                                                     

Where: - 

 step voltage in v,   Spacing factor for step 

voltage, ) effective buried length of conductors and rods 
in m. 

For the usual burial depth of 0.25 m< h < 2.5m [5 ].     
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         (13)                                                                                 
For earthing grid with unequally spaced of buried 

conductors (variable D), the calculation of step and mesh 

voltages will be carried out by computer program that using 

more complicated numerical calculations Finite Element 

Methods (FEM). 

VIII. DESIGN IMPLEMENTATION OF EARTHING 

GRID OF TRANSFORMER SUBSTATION USING 

(CYMGRD) PROGRAM (CASE STUDY). 

In this section we will select proposed AC substation 220/30 

KV as a case study to calculate all details of grounding 

system design by using ''CYMGRD'' program [7], and will 

take into account (The General Electrical Company of 
Libya) standard of electrical structures. 

The substation will consist basically of: 

a) Three potential transformers 220/30 KV with 

complex power =100 MVA for each one Yו- Yו 

connected. 

b) Two transmission lines with two circuits connected to the 

substation. 

c)  30/11KV switchgear building with associated feeders. 
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d) Other structures as circuit breakers disconnection 

switches, surge arresters., current and voltage transformers 

(C.T &V. T), two auxiliary service transformers 11/0.4 KV, 

30/11 KV switchgear building with associated feeders, and 

the substation fence.  

All this contents should protect, and control the potential 

gradients for human safety reasons. The sequence of design 

procedures   will be as follow: - 
 

1) Field Data. 
The area specification is rectangular area specified by 28500 

m2 and the type of the soil is two layers' model, 

(investigation of soil structures was done by civil engineers 

who worked at the substation site). 

Soil Resistivity Measurements: 

Actual values are determined in the substation site by using 

four-point method (winner method) [8]. 

The measurements were measured diagonally on the 

substation site with variable distances of the probe 

electrodes, in the substation site ambient temperature 30C, 
dry weather. The readings as shown in table I:- 
 

Table I Soil resistivity measurements 

Resistivity 

(Ω.m) 

(Av.) 

Ground 

resistance 

(Ω) 

Probe 

distance 

(m). 

Resistivity 

Ω.m)) 

(Av.) 

Ground 

resistance  

(Ω). 

Probe 

distance 

(m). 

175 3.978 7 157 24.98 1 

170 3.382 8 159 12.652 2 

164 2.9 9 163 8.647 3 

166 2.641 10 172 6.843 4 

180 2.387 11 164 5.220 5 

175 3.978 12 172 4.562 6 



Figure I: Reduced gradient techniques to calculate an 

optimal soil model. 

The two layer model which represents this soil is (output 

results of the program):-   

Upper Layer Thickness   1.44meters

  

Upper Layer Resistivity   154.95 Ω*m.

  
Lower Layer Resistivity   172.56 Ω*m. 

Equivalent resistivity calculation of earthing (considered eq

uivalent depth = 60 m), see [5]. 
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2) Calculation of Tolerable Values. 

The assumptions will be as follow: - 

a) Surface layer material is crushed rock with ρ=2500 Ω.m, 

it's thickness = 0.102 m (IEEE- STD) [1]. 

b) Fault duration and shock duration are equal. = 0.5 sec 

(because backup time of   protection device is 0.25 sec) and 

assuming the fault will not be clearing by circuit breakers 

with an automatic reclosing scheme (pessimistic 

assumption). 

 c) Fault current determined by including system growth 

over the next 5 years. (load forecasting studies by (GECOL) 

d) Body weight used in previous equations is 70kg. 

For initial design we should calculate the input data of the 

program.  

3) Calculation of Fault Current. 

Ground fault current should be calculated at high and low 

tension side of the transformer because sometimes the 

transformers contribution to the fault circulates in the 

substation grid conductors.  

In the substation there are three transformers each one 

connected Yו- Yו and neutral point of low tension side 

earthing through resistors (10 Ω) [GECOL- standard]. 

From S.C analysis (load forecasting studies and short circuit 

analysis for (Libyan high voltage network) the magnitude of 

different ground fault currents at the s/s site are: - 

Table II: short circuit currents at each side of transformer [9]. 

Fault type 220 KV side 30 KV side 

3ph-G(KA) 23.4 25.06 

S-L-G(KA) 14.5 3.47 

positive sequence equivalent system impedance = 

0.8116+j5.367 Ω  [9]. 

, zero sequence equivalent system impedance = 

3.481+j16.522 Ω [9]. 

The type of the fault which should be considered in the 

design calculations is S-L-G fault, because in the case of 
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line-to-earth short circuits for solidly earthed high-voltage 

systems is the most frequently occurring unbalanced short 

circuits. "and leads to the highest short-circuit currents 

through earth if  >  [section IV ]. 

So we will use (S-L-G) fault current magnitude at H.V side 

in design's calculations =14.5 KA. 

4)  Estimation of Minimum Required Size of Buried 

Conductor in mm2. 

The required conductor size in mm2   as a function of 

conductor current, can be obtained from: 
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Table III: buried conductor characteristics. 

Short circuit current time (  in sec) shock duration 
0.5 

Maximum allowable temperature (  in c) 
1083 

Maximum ambient temperature (  in c ) 
35 

=1/  with thermal coefficient in c 
234 

Thermal coefficient resistivity at 0c (αr in °c-1) 0.00393 

Resistivity of ground conductor at (ρr 20 C  in Ω·cm ). 1.72 

Thermal capacity (TCAP in J/cm3/c) 3.42 

Short circuit current  in (KA) 14.5 

Minimum conductor cross section area (A in mm2) 36.167 

Nominal size of conductor (A in mm2) (copper hard 

drawn 100 ). 

50 

5)  Calculation of the Current Division Factor ( ).  

The total fault current flows between the grid and earth, and 

other fraction flows through the ground wires or neutrals. 

 we will use [IEC 909-3] method equations to estimate 

equivalent impedance for OHGW and cable sheaths, and by 

assuming current flowing through transformer neutrals = 0 

KA (pessimistic assumption).   

Driving point impedance: (mutual impedance between 

overhead ground wire and tower foot resistance ) .  for 

220KV OHL lines  by using equations (9), (10), (11), (12) is 

(ρ) average = 172.1 Ω.m    = 10.00 Ohms, shield wire 

radius = 0,0049 m. n = 1,  = 0,0087m.    = 400 m.    

 = 1.463 Ω/km,  = 7,5 S.I.   δ = 1221.4688  m,    = 

4π× .                                                                                                     

Ground wire  impedance: = 1.513 + j 0.910459 

Ohms/km. 

Between two towers :   = 0,605 + j 0.36418366 Ohms = 

0.7061Ohms. 

By using equation (9): 

 =3.03 Ω  per line, overall value (220kv) =1.516 Ω. 

Cable sheath: - we have 8 feeders 11 KV level. we take into 

account 3 of these feeders installed. we presume that remote 

substations have an earthing resistance of 1Ω. 

The mean length of the feeders is 1Km (presumed value). 

Cable data: screen temperature 85 C . Resistivity at 20 C   

2.840E-08 Ω.m. Resistance coefficient at 20 C   is 4.030E-
03 K-1, and screen cross section 250 mm2 (presumed value). 

Resistance of cable sheath 0.143 Ω/Km.    

The equivalent resistor of this system is (0.143/9+1) Ω.  

=1.016 Ω.  (3ph-core used). 

By implementing the above results in equation (8) 

 = 0.6083 Ω. 

Computing of   from equation (9), after calculating  

Actually changing in grid resistance (Rg) is change in the 

value of split factor when the modification in design is 

required. 

6) Initial Design (equally spaced conductors). 

The preliminary layout of the substation is rectangular shape 

with (150 m×190 m). 

The assumption is grid with equally spaced conductors and 
spacing (D=10 m). 

mL
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According to Sverak formula: Rg=0.48707 Ω. 

Then: =0.555. and the fraction of the total fault current 
flows through the ground wires is according to 

 Ig = Sf × IG:                                                                   (14) 

 
Results of the program for grid design analysis as in table 

IV. 

Table IV: program results using equally spaced  grid 

conductors (without a symmetrical  rods) 

 

 

Total length of primary conductors is 6040 m. 

Really there are a civilian structure in the site of the 

substation as (control building, trench of cables, concrete 

blocks, transformers and generator buildings) which prevent 

using of equally conductor spacing on the area), So we 

should be found the optimal design that give satisfying 

results and require minimum amount of materials. 

 

 

 

RG 
(Ω) 

GPR 

(v) 

tolerabl
e 
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Voltag
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tolerab
le 

touch 
Volta

ge 
(v) 

Mesh 
Volta

ge 
(v) 

Step 
Volta

ge 
(v) 

Pass/fail 

design 

0.486 3861.0 2596.1 815.5 763.3 397.6 Pass 
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7) DESIGN BY USING UNEQUALLY SPACED  

CONDUCTORS METHOD. 

Distribution of buried conductors will be based on 

prediction of locations that will be the most voltage 

gradients and location of high voltage equipment. 

After several iterations using (CYMGRD) program and  

different conductor length The program results as follows: 
 

Total length of primary conductors is reduced to 4677.3 m. 

 

Figure II and figure III show vertical   voltages    profiles 

on the s/s area and tolerable values for them. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.  II: vertical voltages profile for suitable design using equally spaced 

grid conductors. 
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Fig.  III: vertical voltages profile for suitable design using unequally 

spaced grid conductors. 

 

 

IX. RESULTS & DISCUSSION. 

1)  The obtained results give the design which ensure all 
computed voltages (step voltage = 369.36v, mesh voltage = 

697.27v, surface potential = 3745.31v) under their 

thresholds respectively (tolerable step voltage = 2596.16 v, 

tolerable touch voltage = 815.56 v, GPR = 3910.85 v), that 

agrees with [IEEE-STD-80-2000] gauges. 

2)  Split factor  = 0.55, the range of it according to 

[IEEE-STD-1986] [1], is from (0.4-0.6). 

3)  Ground resistance = 0.475 Ω , with typical value, for 

large transformer substations  should be  less than 1Ω [ 4 ]. 

4)  Decrement factor = 1.0313, with typical value ≥1 [5].   

X. CONCLUSION. 

For equally spaced earthing grids, the mesh voltage increase 

along meshes from the center to the corner of the grid. The 

rate of this increase depends on (Size of the grid, Number 

and location of ground rods, Spacing of parallel conductors, 

Diameter and depth of the conductors, For equally spaced 
ground grids, the actual worst case mesh voltage occurs 

slightly off-center at the corner mesh (toward the center of 

the grid), but is only slightly higher than the mesh voltage at 

the center of the mesh by 2% approximately. 

Also For unequally spaced grid conductors the actual worst-

case mesh voltage found anywhere within the grounded area 

based on distribution of ground electrodes, so the maximum 

touch voltage at the center of the grid may exceed the corner 

mesh voltage. 

By using unequally spaced conductors, we could reach to 

the suitable design that uses minimum material by 22% 

comparison with equally spaced method. 
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