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ABSTRACT

Safe and resilient operation is essential for a Human/Machine or system. The dynamic behavior control and its 

protection play a vital role in sectors like power systems automation and sensitive electronic equipment. The main 

exposure of this work is to implement the safe economical protective system and the dynamic dependency of soil 

parameters on frequency, the effect of transient earthing design on cost. The related study focuses on the techno-

economical solution to design a good transient earthing system, using optimal design parameters such as the number of 

electrodes, diameter, depth, length of the electrode etc., and safety parameters. Earthing system performance can assess 

during abnormal conditions and it's becoming a challenge. Under those conditions, the frequency-dependent soil 

parameters can decide the nature of a good earthing system. One of the electrode frequency-dependent dimensions 

(length of rod) is obtained under prescribed critical frequency range. To study the dependency of these soil parameters 

on cost, we proposed a mathematical model of cost function with eight decisive design parameters and six safety and 

security restrictions. The economical solution and the performance of the proposed model analyzed with the application 

of metaheuristic techniques.

Keywords: Critical Frequency, Critical Length, Cost Function, Metaheuristic Optimization, Safety Parameters, 
Safe Resilient Protection System (SRPS)



1.  INTRODUCTION
The Importance of Earthing systems increases because of 
the necessity to protect Individual level to Industrial level. 
The role of these particular systems is to carry the current 
under normal and faulty conditions. The resilience of the 
system depends upon the ability to recover as fast as 
possible. Now, technologies make moving things to come 
near to us. In this perspective, the role of protection for 
every equipment is essential and becoming critical. 
Proper design of the particular protective system can 
reduce the negative impacts on the sensitive equipment. 
The optimum design of these parameters under 
constraints, if done manually, becomes tedious and 
sometimes inaccurate due to some human errors. To get 
guaranteed optimum economical design adopting the 
implementation of Metaheuristics to make things simpler 
and accurate. [1]- [5]

Several optimization problems solved by using 
Metaheuristic Techniques with ease.[1] Designing the 
cost function model, which is the objective function 
derived based on geometrical parameters [2], One should 
focus on the safety Parameters such as step and touch 
potentials to get rid of the shocks; those parameters 
should be in permissible levels[3][7]. Ghoneim and the 
team proposed an optimal grid design with Earth's surface 
potential characteristics and with a numerical example 
[7]. In-depth of the research area navvarina team 
proposed the grounding design with respective Boundary 
element method and Average potential method 
considering IEEE standards. [6][8][9]

Alik and Tegur, presented cost function modelling and 
applied Swarm Intelligence and genetic algorithm, and 
good agreement established.[5] The authors proposed the 
cost function includes material installation, Excavation. 
They have obtained good results and suggesting that  
Swarm Intelligence is superior to GA. Hybrid 
optimization Techniques such as Hybrid GA, PS studied 
in many papers to implement those in hard practical 
problems [4][5].

From the studies, it is important to mention the effect of 
transients during lightning that causes significant changes 
in impedance, effective radius, and soil resistivity. To 
avoid such things, we will take care of certain things like 
lowering mesh size, improving soil resistivity, proper 
maintenance of Earthing system, adequate design 
considerations like choosing the length of the Rod, which 
is less than the critical length. To get an effective, 
economical solution for transient earthing, it will be 
beneficial to all types of earthing design models [10]. A 
dynamic model for low-frequency resistance for single 
driven rod and the effect of lightning on the grounding 
system elaborated and explained using experimental data 
[11]. Experimental Evolutions and results given in the 

paper demonstrate the impact of transient impedance on 
the Earthing System.

 In this study, we proposed a new mathematical model 
to find the cost-effective solution range of length of rod 
calculation and the minimization of the objective function 
can be elaborated from Teacher-Leaner Based Algorithm 
TLBO, ABCO. The corresponding Algorithms initiate 
under the same search space. From the depth of studies 
involved in the formulation of the cost function, we have 
taken the design parameters such as the number of 
conductors in x and y direction             the number of  
rods       depth, length of the rod         area of excavation 
and the safety/security aspects has taken from 
ANSI/IEEE Standard 80-2000, IEC 62305-2.[6]Apart 
from the mentioned restrictions, the length of the rod 
should be less than the critical length, is taken as another 
restriction in this work. The dependency of the restriction 
on Cost explained in Brief.

2. EXPRESSIONS IN COST FUNCTION
In this Section, We extend the cost function model 
implemented in the literature with the proposed method 
under critical safety constraints and dynamic soil 
parameters that depends on frequency. With proper 
Maintenance, the humidity level and soil resistivity can 
manage. But, the dynamic nature can adverse abnormal 
behavior under transients. In this study, we considered the 
electrode dimensions range by the critical length and 
critical frequency different notations used in this work, as 
tabulated in Table I.

Table I: Cost Function Expressions 
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2.1 Modeling Cost Function and its Parameters:
The Economic design of the Earthing system under 
consideration of safety issues obtained by the 
minimization of the proper objective function. Based on 
the survey performed on the methods and models 
regarding problem formulation, several mathematical 
cost functions have derived based on geometrical and 
safety parameters as at most criteria. [5]130

Most cited cost function expressions in the previous 
studies are as follows

Chou proposed cost function under IEEE std 8000 
security restrictions taking design parameters like the 
diameter of the conductor, number of bonding/Welding 
points and depth of the grounding[16]. Security 
restrictions as per ANSI/IEEE STD 8000 taken are:

Table II: Literature Work And Cost Function Expressions

2.2 Critical Length Significance:

Several works have done on the dependency of soil 

parameters on high frequency and the respective 
computational models well explained.[23]-[25]In most of 
the cases, the soil resistivity, and permittivity assumed as 
constant. Soil treatment analysis indirectly affects 
transient behavior. Soil permittivity depends on the 
humidity level. So, improvement in the lifetime of 
Earthing System is possible with proper maintenance. 
Several field tests performed to analyze the frequency-
dependent parameters. [25]

Current density can result in soil ionization; multiple tests 
performed to analyze the impulse resistance value in the 
case of single/Multiple Vertical rods. Results reveal that 
multiple rods are effective in the reduction of impulse 
resistance during the transient condition, and current rise 
time is independent of it. [26][27]   

Broug and team experimented with a vertical rod length 
of less than 4m and performed under high resistivity soil. 

The tests reveal that there is a significant reduction in 
impedance upto 10MHz after that the impedance rises. 
[28] So, that in our study the critical frequency range 
taken as [0.1 1]MHz

Lolvera and the team experimented on mesh type of 
electrode system and analyzed the dynamic behavior of 
the impedance at MHz range frequency. [29]

The dynamic behavior of the soil at abnormal conditions 
during high impulse currents depends on two things. One 
is the soil property, and the other is the propagation of 
electromagnetic waves around the ground electrode. 
Inductive and capacitive behavior depends on the 
frequency variations. Based on that, two zones have been 
derived: low-frequency zone (LF) and HF Zone (High 
Frequency), the impedance varies with frequency 
represented in two zones to understand the behavior of the 
system. Here the critical frequency i s  t h e  l i m i t i n g 
frequency, and that is in range of [0.1-1] MHz depending 
on the soil resistivity. It is crucial to get HF impedance 
should be larger than the LF impedance. Based on the 
criteria for every there exists  ( c r i t i c a l  l e n g t h ) . 
Using the length of electrodes less than critical length is 
advantageous with respective cost and safety.

Compare ratio with frequency, by lowering the size 
of electrodes the (Critical Frequency) increases. 
Though capacitive behavior is advantageous, it is typical 
to get this in a high soil resistivity environment, so most of 
the cases grounding electrodes have inductive behavior. 
Better Transient response obtained with characteristic 
dimensions of the electrode. Using short electrodes with 
capacitive nature or else the length of the rod should be 
less than critical length can give effective results [13]-
[15]. The expression for the critical length was taken from 
the technical data of paper [14] 
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From fig1, it is clear that for soil resistivity 
mentioned in Section V, the variation of critical 
length w.r.t the critical frequency shown. From the 
data the electrode length is small enough to get the 
good response under transients. For the particular 
analysis the range taken as [3 6] m.

Fig 1: Critical frequency vs. Critical length
 
2.3 Nature of  Impulse Impedance [31]:
Wave form of lightening for first and subsequent stroke 
taken from [49][50] as follows

Dynamic characteristics related to the fast transient 
period only after that due to capacitive nature it will 
exhibit the low-frequency resistance value so that the 
T1=8.38µs (first stroke) and T2= 0.835µs (subsequent 
stroke) decides the impulse coefficient and the critical 

length of the rod.

Table 2 Critical Length Of  Single Vertical Electrode

2.4 Mathematical Model of  Proposed Method:

The following Cost coefficient values used for the study 
itabulated in table 3 and the expressions for the parameters 
used in the cost expression explained in Table 1.

3. TRANSIENT EARTHING DESIGN    
U S I N G  T L B O  M E T A H E U R I S T I C 
OPTIMIZATION TECHNIQUE

Teaching and Learning Based algorithm (TLBO) first 
introduced by Rao in 2011. This algorithm behavior based 
on the traditional learning process. It has two phases one 
is the teacher phase, where the learner can extract the 
knowledge from the teacher and another one is the learner 
phase, in which each learner can share knowledge among 
themselves. The best learner selected as the best teacher 
with a particular objective function in each iteration. The 
performance of the teacher assessed based on the 
distribution of marks obtained by the student. It improves 
the other teachers' knowledge in the teacher phase with 
the average knowledge of all students in the learner phase. 
Based on the position of the student in the search space 
decides the knowledge level. The rapid Interaction 
between teacher phase and learner phase gives rise to the 
best solution. [20][21]

IJIMSR, Vol.1, No.1, (2023) 23.1.1.008

International Journal of Innovation in Multidisciplinary Scientific Research    4



3.1 Cost Function and Variable Selection:
Using a set of input variables / Decisive Parameters 
  generates an initial set of random 
solutions, where  represents the number of learners, and 
max NFEs as stopping criteria. The initial population 
considered as learners of class. The teacher and learner 
phase will be performed sequentially in each iteration and 
gives the best solution. Replacement strategy used to 
update the new learners by the old ones.

3.2  Teacher Phase:
In this phase, the global search intensity of the algorithm 
identified. Initial learners are generated based on the 
teacher phase. After that, the generation of new L based on 
the teacher phase, where the normal mean value 
distribution can evaluate the merit of the learner. The 
performance of the class improved by shifting the mean 
position of class among all learners which considered as a 
teacher.

3.3 Learner Phase:
Local best Searching is done in this phase by the effective 
interaction and knowledge sharing among the learners. 
Comparison  performed by using the following 
mathematical expressions

Evaluate the new learner and apply the replacement 
strategy. Update the values and monitor the best results.
4. TRANSIENT EARTHING DESIGN  
U S I N G  A B C O  M E T A H E U R I S T I C  
OPTIMIZATION TECHNIQUE
Artificial Bee Colony optimization, The Basic motivation 
behind the optimization technique is the behavior of a 
group of honey bees (HB). This swarm-based intelligence 
was first introduced by karaboga in 2005. ABC represents 
food sources as a candidate solution and the quality of the 
nectar is the objective function; the food sources 
repeatedly modified to get quality of nectar by the three 
categorized bees named as Employed Bees, Onlooker 
Bees, Scout Bees.

4.1 Cost Function and Variable Selection:
ABCO randomly generates an initial set of honey bees. 

The number of honey bees  represents the number of food 
sources around and the candidate solution Using a set of 
input variables Parameters
generates an initial set of random solutions. In this cyclic 
process, three phases would perform by all categories of 
Bees. After completion of the search Process, old food 
Sources replaced by the new ones using Replacement 
Strategy. In the following, we assumed a greedy strategy 
as a replacement strategy, i.e., Smallest Penalized cost 
preferred to the old one.  

4.2 Employed Bees Phase:
Each employee bee tried to change the food source and 
the particular information given to onlooker bees with 
random permutation-based step size as shown

4.3 Onlooker Bees phase:

From the information given by the employee bees, 
onlooker bees select the food source assuming each 
employed bee attracts an onlooker bee with a 
probability of   Roulette wheel selection scheme 
used as the selection of probability. 

4.4 Scout Bees Phase:
Employed Bees who are not capable of modifying their 
food sources after a Specified number of trails become 
Scouts.

5. NUMERICAL RESULTS AND

       VALIDATION
According to the specifications of the future PV plant, the 
following values had taken from internal studies. Some 
Assumptions are taken in this study as,  is considered as 
the old method of modeling with (1)-(4) restrictions, is 
considered as the Proposed method of modeling with (1)-
(6) restrictions

5.1 Parameter Values used for the Study:
The decisive parameters of the grounding system for the 
future plant took as follows:
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5.2  Transient Earthing Design Economical-Cost 
using TLBO and ABCO:
To express the effectiveness of optimization Techniques, 
three population sizes (30, 40, 50) considered and 
performed in three different iterations (200, 500, 1000). 
The results gave economic results for the proposed 
method fifth constraint, i.e., equation (6) explained above.

Table V Cost Of Cost Coefficient Parameters

Table VI Safety Parameters 

Table VII  Safety Parameters

From Table VI, VII, the safety parameters in TLBO and 
ABCO obtained for 30, 90,900 Population size 
respectively, and the objective function satisfies the 
permissible level limits. Clearly, Population size has no 
significant effect on these safety parameters. E touch and 
E step values started from initial value towards the 
corresponding minimum value.

 Fig 6-8 explains the variation concerning the number 
of iterations and the convergence towards the optimal 
values.

Table VIII Design Parameters

The cost variation is concerning population size in 
method 1, with four safety restrictions, and proposed 
method with six safety restrictions, tabulated in Table 
VII. The values obtained are economical and safe in the 
proposed method comparing with method 1 for both 
optimization Techniques. 

Fig 3:  Population Size versus Cost ($)

N 
pop  

Method  
  

    

30
 

TLBO
 

0.0525
 

0.0525
 

787
 

787
 

834 834

ABCO

 
0.0525

 
0.0525

 
787

 
787

 
834 834

90

 

TLBO

 

0.052

 

0.0525

 

787

 

787

 

823 834

ABCO

 

0.0525

 

0.0523

 

779

 

785

 

819 812

900

 

TLBO

 

0.0523

 

0.0521

 

783

 

786

 

743 830

ABCO

 

0.0527

 

0.054

 

829

 

817

 

664 662

 
N 
pop  

Method  
   

      

30

 

TLBO
 

1562
 

1562
 
2670

 
2670

 
1380

 
1380

 
ABCO

 

1562

 

1562

 

2670

 

2670

 

1380

 

1380

 

90

 

TLBO

 

1606

 

1562

 

2626

 

2670

 

1419

 

1380

 ABCO

 

1646

 

1625

 

2611

 

2585

 

1454

 

1436

 
900

 

TLBO

 

1658

 

1680

 

2707

 

2670

 

1465

 

1484

 
ABCO

 

1703

 

1689

 

1993

 

1990

 

2804

 

1909

 

 Parameter  
TLBO  ABCO  

    

30
 

 10  17  16  7  
 6  10  7  18  
 

0.0073
 

0.013
 

0.0092
 

0.003
 

 
1.09

 
2.43

 
2.4

 
1.46

 
 

29
 

23
 

21
 

14
 

 
5.9

 
3.54

 
5.12

 
3.9

 
 

0.0057

 
0.012

 
0.0092

 
0.006

 
 

0.466

 

0.12

 

0.471

 

0.431

 Cost ($)

 

2410000

 

2360000

 

2610000

 

2370000

 

90

 

 

7

 

10

 

8

 

5

 
 

12

 

9

 

7

 

15

 
 

0.007

 

0.012

 

0.005

 

0.011

 
 

0.52

 

0.65

 

2.49

 

1.49

 
 

17

 

28

 

27

 

14

 
 

4.43

 

4

 

4.7

 

3.7

 
 

0.0021

 

0.012

 

0.008

 

0.003

 
 

0.54

 

0.166

 

0.47

 

0.45

 

Cost ($)

 

2350000

 

2340000

 

2380000

 

2020000

 

900

 

 

8

 

16

 

7

 

14

 
 

15

 

15

 

17

 

7

 
 

0.006

 

0.011

 

0.0015

 

0.012

 
 

0.538

 

0.58

 

0.73

 

0.71

 
 

20

 

24

 

14

 

22

 

4.2 3.8 3.8 3.2
0.003 0.014 0.007 0.0056
0.328 0.25 0.104 0.12

Cost ($) 2570000 2500000 2030000 2010000

IJIMSR, Vol.1, No.1, (2023) 23.1.1.008

International Journal of Innovation in Multidisciplinary Scientific Research    6



From the above fig 3, it is clear that the proposed method 
gives the least cost value than c1 in both metaheuristic 
Techniques (TLBO, ABCO). The proposed method is 
economical and safe considering all the security/Safety 
Parameters mentioned above.

Fig 4: a) Number of Iterations versus Cost b) Number of 
Iterations versus P Cost in ABCO c)Number of Iterations 
versus P Cost in TLBO 

Getting safe and minimum cost can be obtained by 
considering penalty if any constraint is violated its limits. 
The variation of number of iterations with cost and 
penalized cost in both TLBO and ABCO for 2000 
iterations 50 population size is shown in the above fig 4. 
For analyzing the data regarding the effect of cost on the 
decisive parameters , it is clear that cost obtained in both 
optimizations are low and  the comparison with method 1 
and 2 also presents the effect of frequency dependent soil 
parameters on safety restrictions and overall cost 
including maintenance.

  Fig 5 shows the variation in the safety parameter 
values with Maximum number of iterations using ABCO 

and TLBO. Both the Metaheuristic Techniques give good 
results with safe economical design.

Fig 5: a) Number of iterations versus touch Voltage (50 
populations) b) Number of iterations versus step Voltage 
(50 populations c) Number of iterations versus EPR (50 
populations)

6. CONCLUSION
The primary exposure of this work is to design a cost 
effective, safe design model of earthing under transients 
and to study the dynamic dependency of soil parameters 
on frequency.Several authors recommended their 
computational and numerical simulations on effective 
grounding design. In this paper, we presented the 
effectiveness of the proposed model with six safety 
restrictions for transient Earthing, which is universal for 
all types of Earthing systems maintaining less resistance 
value below the prescribed. The following are the 
significant findings in this work:

1. Exposing the soil parameters dependency on 
frequency.  Transient behavior controlled by proper 
design of the frequency dependent parameters such as soil 
resistivity, permittivity, electrode dimensions.
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2. Proper maintenance can result in uniform and 
adequate static values in the first two aspects. Electrode 
dimensions, such as critical length obtained under the 
critical frequency range. 

3. Optimal Range of Rod/Electrode length decided 
based on the geographical data at the site. 

4. Mathematical Modelling of the cost function for 
proper transient Earthing System using Eight design 
parameters and five, four safety /Security restrictions 
proposed by IEEE STD 8000  and critical length as 
inequality Constraints.

5. Cost Minimization had done using Metaheuristic 
Optimization Techniques (TLBO, ABCO).

6. The dependency of frequency and the critical length 
on safety parameters and decisive parameters elaborated.

7. With proper maintenance, the overall performance 
of the system improves, so that cost of maintenance also 
considered in this study. 
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