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Abstract:

Safety is the one major concern in the operation and design of an electrical power system. This concern also pertains to the design 

of substations. To ensure that substations are safe, the substation must have a properly designed grounding system. The grounding 

grid provides a common ground for the electrical equipment as well all the metallic structures in the substation. Effective 

grounding system design is important as it deals with personal safety and protection of electrical equipment. Earth fault gives rise 

to potential gradient within and around the substation. This voltage gradient should not exceed the tolerable human body limit 

Substation grounding system design, therefore, requires calculating of parameters related to earth and grounding with a great 

concern for the safety of the persons who may come under the influence of the potential gradient due to severe earth fault. In this 

paper design of the grounding grid for square and rectangular configuration, to obtain the minimum cost and safety, the 

methodology is an analysis of grounding system software data in the case study get from 150 kV Krapyak substation. The 

calculated step and touch potential and ground potential rise.The results obtained through the design have been designed five 

different types and the forth design was chosen because it is safe and less expensive than other designs. 
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I.  INTRODUCTION 

In designing and construction of an electric 

substation, one of the most important issues that must be 

considered is designing for the protective system to the earth. 

The flow of the earth system, cause voltage gradients ground 

level which cases different parts of the earth and the reference 

(ground round)[1].The ground potential rise (GPR) can be 

minimized by providing low resistance path to ground. Earth 

fault gives rise to voltage gradient which should be properly 

calculated to not to exceed the tolerable human limit. In the 

situation of lightning and earth fault give rise to the high 

current in substation resulting in potential difference which 

causes severe electric current to flow through the human body. 

Effective design in substation grounding should have low 

ground resistance with tolerable step and touch voltage limit 

[2-3].A method for designing the earth system is based on the 

use of the land network in the same intervals. The results 

using this method largely increases system costs and the need 

for land will be provided in addition to better meet the safety 

conditions, will prevent the additional costs. 

In the past, papers presented for optimizing the land in these 

articles, but only for optimizing the parameters are considered, 

the length conductors earth system.[4].Study on compression 

ratio and its relationship with the conductors and the voltage 

step was to contact an appropriate compression ratio achieved 

with minimal contact voltage compared with the values of 

tolerance not to evaluate safety is. In reference [5] the help of 

genetic algorithm optimization of the network but the number 

conductors and earth have already been fixed and the purpose 

of minimizing voltage contact, but not compared with the 

values of tolerance. In reference [6] for optimizing the 

relationship between the earth's systems during consecutive 

meshes is considered. But the only optimization variable, the 

total length of network Conductors earth. 

In references [7-9] genetic algorithm optimization 

performed by the reference [8]. The vertical rods considered 

but the authorities only as total length conductor’s earth 

system optimization point are variable. Considering the above 

observation is that all articles provided for optimizing the 

system, earth, only during the earth system as a whole 

Conductors variable optimization are considered if the studies 

are done, other parameters of the immune system of the earth 

effective. 
 

II. FUNDAMENTAL THEORY 

Grounding is an important aspect of every substation. 

The function of a grounding system is to ensure the safety of 

personnel and the public, to minimize hazard from transferred 

potential, to protect equipment, to provide a discharge path for 

lightning strikes, and to provide a low-resistance path to 

ground. A good grounding system has a low resistance to 

remote earth to minimize the ground potential rise (GPR). 

In order for a grounding design to be safe, it needs to 

provide a way to carry the electric currents into the ground 

under both normal and faulted conditions. Also, it must 

provide assurance that a person in the vicinity would not be 

endangered. Because there is no simple relation between the 

resistance of the grounding system and the maximum shock 

current a person can experience, a complete analysis must be 

done to consider many different aspects such as the location of 

the ground electrodes, soil characteristics, etc. 
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III. METHODOLOGY  

A. ETAP SOFTWARE 

ETAP 12.6.0 is a full spectrum analytical engineering 

software company specializing in the analysis, simulation, 

monitoring, control, optimization, and automation of electrical 

power systems. ETAP software offers the most comprehensive 

and integrated suite of power system enterprise solution that 

spans from modeling to operation. ETAP is the most 

comprehensive analysis platform for the design, operation, 

andautomation of generation, distribution, and industrial 

power systems. ETAP is developed under an established 

quality assurance program and is used worldwide as high 

impact software as you can see in Figure.1 
 

 
Fig.1. ETAP SOFTWARE 

 

B. SUBSTATION KRAPYAK FOR 150 KV 

The safe ear thing system for 150/20 kV substation, Krapyak, 

Indonesia has been designed by ETAP software. The main 

parameters like ear thing conductor etc. are taken from IEEE 

80-2000 standard. The Square grid configuration for the 

substation has been considered in the designed and 

corresponding step voltage, touch potential and absolute 

potential graph are obtained for grounding grid with and 

without ground rods. The Ground potential rise (GPR) is 

obtained and analyzed from the grid design report. 
 

C.DATA OF SUBSTATION 

Data will be collected from the sub-station krapyak 

150 kV and the most important data as shown in table 1 
 

TABLE 1 

No Components Values 

1 Fault current (amp) 1905 

2 Parallel impedance(ohm) 10000 

3 Fault current division factor 1.00 

4 Body weight(Kg) 70 

5 Fault duration(sec) 0.5 

6 Resistivity of Top Layer 

(ohm-m) 

400 

7 Resistivity of Lower Layer 

(ohm-m)  

400 

8 Thickness of crushed rock (m) 0.1 

9 Surface material description Crushed rock 

10 Resistivity of surface 

material(𝜌𝑠) (ohm-m) 

2500 

11 Conductor material Copperdiminution 

12 length of grid in x direction 60 

13 length of grid in y direction 60 

14 Cost of material(USD/m) 10 

15 current deviation factor (Sf) 0.9 

D. SINGLE LINE DIAGRAM OF 150 kV KRAPYAK 

SUBSTATION 

The function of protection is to localize the 

disturbance so only the area disturbed course that is freed from 

the power circuit and also must consider the level of security 

of the equipment, the stability of electric power and also the 

security of the human The protection system must meet the 

requirements of Fast, Safe As you can see in Figure.3 

 

Fig.3.Substation150kVKrapyak 

E. TOLERABLE STEP AND TOUCH VOLTAGE 

When designing a substation grounding system, the maximum 

tolerable voltages must be calculated in order to create a 

proper ground grid. These voltages depend on the soil 

resistivity, soil layer and the duration of the shock current. The 

maximum driving voltage of any accidental circuit shouldn’t 

exceed the step voltage and touch voltage limits [10]. 

For step voltage the limit is: 

For a body weighing 50 kg 

Estep 50kg = (1000 + 6CS ∗ PS  )
0.116

√tS

 

For a body weighing 70 kg 

Estep 70kg = (1000 + 6CS ∗ PS  )
0.157

√tS

 

For touch voltage, the limit is: 

Estep 50kg = (1000 + 1.5CS ∗ PS  )
0.116

√tS

 

For a body weighing 70 kg 

Estep 70kg = (1000 + 1.5CS ∗ PS  )
0.157

√tS

 

Total Cost: 

Total Cost = Total Lengh(m)*Cost(s/m) 

F.STEP OF DESIGN 

Step1:Start 

Step2:Data of Substation 

Data will be collected from the sub-stationkrapyak 

150 kV and the most important data 
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Step3:Calculation of Conductor Size 

Cross section used for wireless networksbased on 

land-related equations, it is calculated and determined flow 

error (3Io) the maximum amount must be injected into the 

network during the probable future developments and 

continuing up to time Short circuit current (tf), which includes 

the protection of backup is to be determined. 

Step4:Calculation ofTolerable Vtouch and Vstep 

About tolerable step voltage and contact relationships 

based on equations determined. Select a time period short 

circuit designer and engineer responsible for the assessment he 

will be required. 

Step 5:Calculation of Ground Potential Rise 

GPR is calculated in order to compare to the tolerable 

touch voltage. 

Step6:Design of Grounding System at 150 

kVkrapyakSubstation ByGrounding System Software 

After collecting all the important data, we will 

introduce it into the ETAP program to perform the simulation 

and obtain the appropriate grounding system for thekrapyak 

substation 

Step 7:Design 1, Design 2,Design 3, Design4 and Design5. 

Five types of designs are designed by the ETAP 

program. The best design of the grounding system is chosen so 

that it is less expensive and safe. 

Step 8:Calculation ofTolerable Vtouch and VstepByEtap 

Software 

The ETAP program calculates the effort of the touch 

and step effort after inserting the data 

Step 9:Comparative of Cost 

After the completion of the five designs by the ITAB 

program we compare them in terms of cost and security and 

after the fourth design is chosen because the least expensive 

and safe. 

Step 10:Choose Minimum Cost 

The fourth design is chosen because it isthe minimum 

cost and safe. 

Step 11:Final Design 

A safe design is obtained. At this point 

Step 12:Stop 

 

IV. RESULTS AND ANALYSIS 

A. Calculation of Conductor Size 

Temperature of 1084℃ and 0.5 s, 𝐾𝑓= 7.06 

𝐴𝐾𝑐𝑚𝑖𝑙 = 𝐼𝐾𝑓 𝑡𝑆 

𝐴𝐾𝑐𝑚𝑖𝑙 = 8975 ∗ 7.06√0.5 = 44.80 Kcmil 

Converting Kcmil  to𝑚𝑚2:- 

𝐴 𝑚𝑚 2 =
𝐴𝑘𝑐𝑚𝑖𝑙 ∗1000

1973.52

44.80∗1000

1973.52
 = 22.70 𝑚𝑚2 

𝐴 𝑚𝑚 2 =
𝜋 ∗  𝑑2

4
 

The conductor diameter is: 

d= 
 4∗𝐴 𝑚𝑚 2

√𝜋
 =
√4∗22.70

√𝜋
 = 5.37 mm or 0.00537 m 

but in the simulation  is 50  𝑚𝑚2 

Calculation ofReduction factor: 

For 0.1 m layer of surface material a wet resistivity of 2500 

Ω.m and for an earth with resistivity of 4300 Ω.m 

𝐶𝑆 = 1 −
0.09  1−

𝜌

𝜌𝑆
 

2𝑆 + 0.09
=

0.09  1−
4300

2500
 

2 0.102 + 0.09 
= 1.23 

Calculation of Estep: 

𝐸𝑆𝑡𝑒𝑝 (70)= (1000+6𝐶𝑆 𝜌𝑆)
0.157

 𝑡𝑆
=  (1000 +

6 (1.232500))0.1570.5  = 4318.5 V 

Calculation of Etouch: 

𝐸𝑡𝑜𝑢𝑐 (70)= (1000 +1.5𝐶𝑆 𝜌𝑆) 
0.157

 𝑡𝑆
=  (1000 +

1.5 (1.232500))0.1570.5 =1246.1 V 

Calculation ofgrid resistance: 

Assume a preliminary layout of 60*60 m grid with 

equally spaced conductors, withspacing D = 6 m grid burial 

depth h = 0.5 m and no ground rods, the total length of buried 

conductor: 

For L =1320 m, and grid area A = 3600 𝑚2 

𝑅𝑔 = 𝜌(
1

𝐿𝑇
+

1

√20𝐴
 1 +

1

1 + 
√20

√𝐴

  

Rg = 400(
1

1320
+

1

√20 ∗ 3600
 1 +

1

1 + 0.5
√20

√3600

 

= 3.267 ohms. 

Calculation ofground potential rise: 

GPR = 𝐼𝑔 .𝑅𝑔  

GPR = (1809.7)*(3.267) = 5912.2 volts 

Calculation ofMaximum grid current (𝐼𝑔) 

Given from step 2𝐷𝑓 = 1.0 , 𝑎𝑛𝑑 𝑆𝑓 = 0.9 

𝑆𝑓 =
𝐼𝑔

3𝐼0
 

𝐼𝐺 = 𝐷𝑓 . 𝐼𝑔  

𝐼𝐺 = 𝐷𝑓 . 𝑆𝑓 . 3𝐼0 

𝐼𝐺 =  1 .  0.96 .  1905 = 1809.7 A 
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B. FIRST DESIGN (Square Grounding Grid without 

Rods) 

A Square grid configuration with dimension 60 m × 

60 m with 4 m spacing between the parade conductors shone 

figure 4 and no ground rod is designed. Here, two-layer soil 

models are considered with upper and lower layer soil 

resistivity of 400 ohm-m each is used. The thickness of upper 

soil layer is 100 allowable touch voltage is 1243.5 volts and 

step voltage is 4307.9 volts, The Ground potential rise comes 

to be 5734.3 volts which are lower than the tolerable limits. 

Hence, the grid is considered to be within safe limits, it results 

shown in figure 5, figure 6 and figures 7 respectively. 

 

 

 
4 m 

Fig.4.Square Grounding Grid without Rods    

 
Fig.5.Step Potential Profile on Substation 

 

Fig.6. Touch Potential Profile on Substation 

 

Fig.7. Ground Potential Rise on Substation 

C. SECOND DESIGN (Square Grounding Grid without 

Rods) 

A Square grid configuration with dimension 60 m × 

60 m with 5 m spacing between the parade conductors shone 

figure 8 and no ground rod is designed. Here, two-layer soil 

models are considered with upper and lower layer soil 

resistivity of 400 ohm-m each is used. The thickness of upper 

soil layer is 100 allowable touch voltageis 1243.5 volts and 

step voltage is 4307.9 volts, The ground potential rise comes 

to be 5774.2 volts which are lower than the tolerable limits. 

Hence, the grid is considered to be within safe limits, it results 

shown in figure 9, figure 10 and figures 11 respectively. 

   

 

   5 m 

Fig.8.Square Grounding Grid without Rods 

 

Fig.9. Step Potential Profile on Substation 

60m 

           60 m 

60 m 

60 m 
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Fig.10. Touch Potential Profile on Substation                   

 

Fig.11. Ground Potential Rise on Substation 

 

D. THIRD DESIGN (Square Grounding Grid without 

Rods) 

A Square grid configuration with dimension 60 m × 

60 m with 6 m spacing without Rods shone figure 13 and no 

ground rod is designed. Here, two-layer soil models are 

considered with upper and lower layer soil resistivity of 400 

ohm-m each is used. The thickness of upper soil layer is 100 

allowable touch voltage is 1243.5 volts and step voltage is 

4307.9 volts, The Ground potential rise comes to be 5900 

which is very much high than the tolerable limits. Hence, it 

results in the failure of the designed grounding grid. The alarm 

and warning show that the maximum touch voltage exceeds 

the tolerable limits in figure 12 The Touch Potential 

equipotential lines and ground potential rise is shown in figure 

14, figure 15 and figure 16 respectively. 

 

 

 

 

 

 

 

 

Fig.12. for 70kg Body Weight in ETAP Simulation 

 

 

 
6 m 

Fig.13.Square Grounding Grid without Rods 

 

Fig.14.Step Potential Profile on Substation   

 

Fig.15. Touch Potential Profile on Substation 

 

Fig.16. Ground Potential Rise on Substation 

 

 

60 m 

60 m 
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E. FOURTH DESIGN (Square Grounding Grid) 

A Square grid configuration with dimension 60m × 

60 m with 6 m spacing and rods at the corner Shown in figure 

17 used. In this case, homogeneous soil model is considered 

with soil resistivity 400 ohm-m and limiting values of touch 

voltage is 1243.5 volts and step voltage is 4307.9 volts, as 

these values do not depend upon the considered grounding 

grid configuration. The Ground potential rise comes to be 

5849.4 volts which are lower than the tolerable limits. Hence, 

the grid is considered to be within safe limits.  Shown in figure 

18, figure 19 and figure20. 

 

 

 
  6 m 

Fig.17.Square grounding grid with rods 

 

Fig.18. Touch potential profile on Substation                

 

Fig.19. Step Potential Profile on Substation 

 

Fig.20. Ground Potential Rise on Substation 

F. FIFTH DESIGN (Square Grounding Grid) 

A Square grid configuration with dimension 60m × 

60 m with 6 m spacing and conductors at the corner Shown in 

figure 21 used. In this case, homogeneous soil model is 

considered with soil resistivity 400 ohm-m and limiting values 

of touch voltage is 1243.5 volts and step voltage is 4307.9 

volts, as these values do not depend upon the considered 

grounding system configuration. The Ground potential rise 

comes to be 5807.8 volts which are lower than the tolerable 

limits. Hence, the grid is considered to be within safe limits.  

Shown in figure 22, figure 23 and figure24. 

 

 

 
6 m 

Fig.21. Square grounding grid 

 
 Fig.22. Touch Potential Profile on Substation     

60 m 

60 m 

60 m 

60 m 
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Fig.23. Step Potential Profile on Substation 

 
Fig.24.ground potential rise on substation 

 

G.COMPARISON OF RESULTS OBTAINED BYETAP 

SOFTWARE 

After the completion of the five designs by the ETAP 

program, we compare them in terms of cost and security and 

choose the fourth design is chosen because the least expensive 

and safe. shown in table 2.the maximum grid resistance<1 

ohm according to specifications IEEE 80-2000 standard.  

 

TABLE 2 

The results obtained through the design have been 

designed five different types and the fourth design was chosen 

because it is safe and the minimum cost than other designs. 

 

V. CONCLUSIONS 

The safe grounding system for 150/20 kV Krapyak 

substation, Indonesia has been designed by ETAP software.to 

obtain the minimum cost. The main parameters like 

groundingsystem conductor etc. are taken from IEEE 80-2000 

standard. The Square grid configuration for the substation has 

been considered in the designed and corresponding step 

voltage, touch potential and absolute potential graph are 

obtained for grounding grid with and without ground rods. and 

analyzed from the grid design report. The measured value for 

the square grid with ground rods be found satisfactory and no 

danger potential is identified within the substation. The 

calculated step and touch potential for the square grid with 

ground rods from IEEE equation are found to be lower than 

the obtained potential of the substation; hence square grid with 

ground rods is accepted for this particular substation design. 

Finally, after collecting data from Krapyak substation of 150 

kV, a suitable and efficient grounding system is designed. Five 

types of design. The best design was chosen according to the 

results obtained and the third design was chosen because is the 

minimum cost. 
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