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Abstract--- Substation grounding is a critical part of the 

overall electric power system.  It is designed to not only 

provide a path to dissipate electric currents into the earth 

without exceeding the operating limits of the equipment, but 

also provide a safe environment for any people that are in 

the vicinity. Design of a proper grounding system will be 

discussed as well as performing of calculations necessary to 

ensure a safe design.   Aspects of soil resistivity 

measurements, area of the ground grid, calculation of 

tolerable limits of current to the body, typical shock 

situations, tolerable touch and step voltages, maximum fault 

current grid resistance, grid current, ground potential rise, 

and benefits of surface materials will be discussed. 

Simulation software will also be discussed and its 

functionality in a step-by-step manner. An adequate 

grounding grid has been designed using concepts outlined in 

IEEE Std.80-2000 and applied into programming and 

simulating results in MATLAB. 

Keywords:- Ground fault current, Ground Potential Rise 

(GPR), Mesh Voltage, Soil Resistivity, Step Voltage, Touch 

Voltage 

I. INTRODUCTION 

The scope of this research will be concerned with safe 

grounding practices and designs for ac substations.  An 

effective grounding system has objectives as follows: It 

ensures that any human personnel walking within the 

boundaries of the grounded facilities are not exposed to the 

dangers of critical electric shock.  Both the touch and step 

voltages produced in an abnormal system conditions must 

be within the safe values.  Safe values are defined as values 

that do not produce enough current to cause ventricular 

fibrillation. Dissipation of electric currents into the earth 

must occur under both normal and faulted conditions 

without exceeding the operational and equipment limits or 

the continuity of service. Grounding must be provided for 

lightning impulses and switching related surges.  Low 

resistance for protective relays to see and clear ground 

faults. It is necessary that the entire grounding system is 

designed in a way that under reasonable conditions, 

personnel are not exposed to potentials that are hazardous to 

the human body. 

Design of a proper substation grounding system is 

very involved as many variables affect the design.  It is also 

difficult at times to obtain accurate values for some 

parameters. For obtaining values of ground resistivity, the 

effects of moisture conditions and temperature can cause 

extreme variations in the values.   These variables need to be 

taken into account using various methods of approximations 

and exercising engineering judgment.  A good grounding 

system is one that provides low resistance to earth which in 

turn minimizes the ground potential rise.  The design 

procedures presented in this project are primarily based on 

the IEEE Std. 80 in which a design procedure is outlined 

that meets the required safety criteria without using 

expensive computer software. 

II. TOLERABLE VOLTAGES 

There are five voltages that a person can be exposed to 

inside of a substation.  These situations are shown in the 

figure below which include: metal-to-metal voltage, Emm, 

step voltage, Es, touch voltage, Et, mesh voltage, Em, and 

transferred voltage, Etrrd [2,7].  

 

 
Fig. 1: Basic Shock Situations 

Substation metal-to-metal touch voltages may be 

present when a person is standing on or touching a grounded 

object or structure comes into contact with a metallic object 

or structure within the substation site that is not bonded to 

the ground grid.  This can be avoided by bonding potential 

danger points to the substation grid.  The step voltage is 

considered as the difference in surface potential that is 

experienced by a person bridging a distance of 1 meter 

without contacting any other grounded object [2].  The 

touch voltage is the difference of potential between the GPR 

and the surface potential at the point where a person is 

standing while having a hand in contact with a grounded 

structure [2]. Mesh voltage can be described as the 

maximum touch voltage within a mesh of a ground grid [2]. 

A special case of the touch voltage where a voltage is 

transferred into or out of the substation from a remote or 

external substation site is called the transferred voltage [2, 

7]. Fig 1 graphically shows scenarios of the different shock 

situations that can occur in the vicinity of the substation. 

III. EARTHING SYSTEM FOR SUBSTATION 

An effective substation earthing system typically consists of 

earth rods, connecting cables from the buried earthing grid 

to metallic parts of structures and equipment, connections to 

earthed system neutral and the earth surface insulating 

covering material. Current flowing into the Earthing grid 

from lightning arrester operation, impulse or switching 

surge flashover of insulators and line to ground fault current 
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from the bus or connected transmission lines all cause 

potential differences between earthed points in the 

substation. Without a properly designed Earthing system, 

large potential differences can exist between different points 

with the substation itself. Under normal circumstances, it is 

the current constitutes the main threat to personal an 

effective earthing system has the following objectives: 

 Ensure such a degree of human safety that a person 

working or walking in the vicinity of earthed facilities 

is not expressed to the danger of a critical electric 

shock. The touch and step voltage produced in a fault 

condition have to be at safe values. A safe value is one 

woll not produce enough current within a body to cause 

ventricular fibrillation 

 Provide means to carry and dissipate electric currents 

into earth under operation and equipment limits or 

adversely affecting continuity of services 

 Provide earthing for lightning impulses and the surges 

occurring from the switching of substation equipment, 

which reduces damage to equipment and cables 

 Provide a low resistance for the protective relays to see 

and clear ground faults, which improves protective 

equipment performance, particularly at minimum fault. 

IV. IMPORTANT FACTORS TO BE CONSIDERED   

A. Current Density: To efficiently design a safe grounding 

system it is necessary to have knowledge of how various 

parameters affect the performance of the grounding system. 

Some of these parameters include grid conductor spacing 

and arrangement, number of ground rods, location and 

length and soil resistivity parameters (that is homogeneous 

or multilayered with various surface layer thickness and 

values of k the reflection factor coefficient) For a grounding 

system consisting only of grid conductors, the current along 

any one of the conductors is discharged into the earth in a 

fairly uniform manner. However, a larger portion of the 

current is discharged into the soil from the outer grid 

conductors rather than from the conductors at or near the 

centre of the grid. An effective way of making the current 

density more uniform between the inside and periphery 

conductors is to employ a nonuniform conductor spacing, 

with the conductor spacing larger at the centre of the grid 

and smaller toward the perimeter.  

B. Step And Touch Voltages: Since most of the current in 

uniformly spaced grid is discharged into the earth from the 

outer conductors, the worst touch and step voltages occur in 

the outer meshes, especially in the corner meshes. 

Increasing the number of meshes (decreasing the conductor 

spacing) tends to reduce the touch and step voltages until a 

saturation limit is reached. Beyond this number of meshes, 

reduces the conductor spacing has minimal effect n reducing 

the voltages. This saturation limit is the vertical component 

of voltage caused by the depth of burial of the grid, and is 

changed only with a change in depth of the grid. The grid 

burial depth also influences the step and touch voltages 

significantly. For moderate increases in depth, the touch 

voltage decreases, due mainly to the reduced grid resistance 

and corresponding reduction in the grid potential rise. 

However for very large increases in depth, the touch voltage 

may actually increase. The reduction in grid potential rise 

reduces to limit of approximately half its value at the surface 

as the depth of the grid approaches infinity, while the earth 

surface potential approaches zero at infinite depths. 

Therefore, depending on the initial depth, an increase in grid 

burial depth may either increase or decrease the touch 

voltage, while the step voltage is always reduced for 

increased depths. 

V. COMPUTATIONAL METHODOLOGY 

Tolerable Step voltages is 

        (            )
     

√  
 

        (            )
     

√  
 

Tolerable touch voltage is 

         (               )
     

√  
    

         (             )
     

√  
 

ConductorSize 

     
 

√(
         

      
)   (

     

     
)

 

        
     

√(
    

      
)   (

     

     
)

 

Where 
I : rms current in kA 

Amm
2
:
  
Conductor cross section in mm

2
 

Akcmil : Conductor cross section in kcmil 

Tm : Maximum allowable temperature 

Tα : Ambient temperature 

  :Thermal coefficient of resistivity at reference 

temperature 

   : Resistivity of the ground conductor  

tc : Duration of current in seconds 

TCPA : Thermal capacity per unit volume 

Ground Resistance is 
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Where 

Lt = total length of grid conductor 

A = total area enclosed by earth grid  

h  = depth of the grid in meters. 

Grid current is Ig = Sf .3I0  

Where Ig = maximum grid current 

3 I0 = symmetrical fault current  

Sf = current diversity factor 

Ground Potential Rise (GPR) is           

Where 

Rg    : substation ground resistance in ohms 

IG     : maximum grid current in Amps

 
Mesh Voltage is 

    
          

  
 

 Where 

ρ     : resistivity of  earth in ohm meters 
LM  : effective burial length in meters 
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Km  : geometrical spacing factor 

Ki  : irregularity factor

 
Step Voltage is 

    
          

  
 

Equation for Km is given below: 
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Where 

D :  spacing between parallel conductors in meters 

h  :  depth of ground grid conductors in meters 

n  :  geometric factor composed of factors na, nb, nc, 

and nd 
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VI. GRID DESIGN PROCEDURE 

We are assuming some data of substation for this case study 

and a computer modeling was developed to carry out the 

substation grounding grid design.  This design is use for the 

substations to reduce cost & to get better resistance value. 

Soil resistivity tests were conducted at project site area and 

same data was used for doing design calculations. Soil 

resistivity is the key factor which determines the resistance 

or performance of an electrical grounding system. Below are 

the input data details:  Average Soil resistivity, Fault 

Current, Resistivity of crushed Rock layer, Switch Yard 

operator weight, Soil location Type, Projection Factor, 

Shock Duration, Fault duration, Fault  current split Factor, 

Crushed rock layer inside sub, Grid buried, Current Division 

Factor Sf, Length in X direction, Length in Y direction, 

Ambient Temperature, Grid Shape. 

 Step 1: Field data: Area and Soil resistivity data 

 STEP 2: Obtaining Conductor size Conductor type 

 STEP 3: calculate tolerable touch and step voltages 

 STEP 4: Initial design: Assuming any given area with 

equally space conductors 

 STEP 5: Determination of Grid Resistance Rg 

 STEP 6: Maximum Grid current (IG) 

 STEP 7: Calculating Ground Potential Rise (GPR), no 

further analysis is required if GPR is below the 

tolerable touch voltage 

 STEP 8: Calculation of mesh and step voltages 

 STEP 9: If the computed mesh voltage is below the 

tolerable touch voltage, the design may be complete. 

 STEP 10: If the computed step voltage is below the 

tolerable step voltage, the design may be complete. 

 STEP 11: Modification: If In any case, modification 

was not necessary but using a software application 

would have produced a better-optimized design, 

choosing different layouts. 

  STEP 12: Detailed design: Here all additional ground 

rods for surge arrestors should be added to complete the 

design. 

 

 
Fig. 2: Design Procedure Block Diagram 

VII. CASE STUDY 

 Initial Design of 132kV substation grounding grid case 

study 

     Parameters are given below in Table 1 as follows: 

Grid shape rectangular Fault current 

split factor 

(Sf) 

0.6 

Depth of 

burial of grid 

(h) 

0.52m Shock 

duration (ts) 

0.5 sec 

Length in X 

direction 

(Lx) 

105 m Fault 

duration (ts) 

0.5 sec 

Length in X 

direction 

(Ly) 

66 m Current 

projection 

factor 

1.20 

Spacing 

between 

conductors 

(D) 

5 m Surface 

layer 

resistivity 

(Cr) 

3000     

No. of 

ground rods 

(Rd) 

20 Surface 

layer 

thickness 

(hs) 

0.1 m 

Length of 

ground rod 

(Lrd) 

3 m Soil 

resistivity 

(Sr) 

40     

Ambient 

temperature 

(Ta) 

40 C Fault 

current (If) 

21869 A 

Switchyard 

operator 

weight 

50kg Proposed 

location 

soil type 

uniform 

Table.1: Substation Grounding Design Parameters 

The tolerable step and touch voltages are respectively 

CONDUCTOR SIZE

3Io, tc, d

GRID CURRENT

IG , tf

A, ρ

FIELD DATA

INITIAL DESIGN

D, n, LC, LT, h 

GRID RESISTANCE

Rg , LC, LR

IG Rg < Etouch

MESH & STEP VOLTAGES

Em, Es, Ks,

Kj, Kii, Kh

Em < Etouch

Es < Estep

DETAIL DESIGN

YES

YES

STEP 12

STEP 10

STEP 9

STEP 8

NO

YES

STEP 7

STEP 6

STEP 5

STEP 4

STEP 3

TOUCH & STEP CRITERIA

Etouch 50 or 70’ Estep 50 or 70’ 

STEP 2

STEP 1

MODIFY DESIGN

D, n, LC, LT

STEP 11

NO

NO
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GPR is 

                      

The mesh and step voltages are 

    
          

  
          

    
          

  
           

The mesh of 284.988 V below the safe touch voltage of  

676.2204 V which was found in step 3, thus we can proceed 

to next step. 

The step 348.5669 V is well below the tolerable 

step voltage 2212.7351 V, now we can proceed to next step. 

Not necessary for this example 

      A safe design has been obtained. At this point, all 

equipment pigtails, additional ground rods for surge 

arresters, etc., should be added to complete the grid design 

details 

 
Fig. 3: Grounding Grid Configuration 

VIII. CONCLUSION 

In a substation, design of grounding is very important, not 

only should the design be able to comply with IEEE safety 

standards, but also be cost effective at the same time.  This 

research follows the design and implementation as described 

in IEEE Std 80-2000 and all steps are explained with sample 

calculations presented. As seen in the project, the grounding 

grid could be optimized in several ways which include: the 

size of the grid, total number of grounding rods place, and 

the depth at which the grounding is placed.  There are few 

values that can be adjusted and they are explored in order to 

achieve the most cost-effective solution.  It is practical for 

utilities needing a cost effective solution while meeting the 

grounding needs. 
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