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Multi-Objective Optimization for Safety in the
Grounding of AC Substations

Diego Arias-Cazco

Abstract—This work proposes a multi-objective optimization
problem for the optimal design of grounding systems, considering
personnel safety limits and design guidelines defined in the IEEE
Standard Std. 80 - IEEE Guide for Safety in AC Substation
Grounding. The initial objective functions proposed include the
amount of conductor and the number of ground rods in the
grounding grid, ensuring that the mesh voltage (F,,) and step
voltage (Fs) do not exceed the tolerable limits for the human
body (Eiouch and Esicp). The multi-objective problem generates
the Pareto front and Parallel Coordinates Plot, providing
valuable insights for result analysis, sensitivity analysis, and
informed decision-making for grounding system designers. The
model is validated using the exercises in Annex B of IEEE Std.
80, demonstrating its ability to deliver a comprehensive analysis
of results while considering the full range of feasible solutions
for an optimal and safe design of AC substation grounding
systems.

Link to graphical and video abstracts, and to code:
https://latamt.ieeer9.org/index.php/transactions/article/view/9549

Index Terms—Grounding, Multi-objective Optimization, Sen-
sitivity Analysis, Pareto Front, IEEE80, Substation grounding
system.

I. INTRODUCTION

HE electrical infrastructure grows year by year to meet
T an ever-increasing electricity demand, which involves the
construction of distribution and transmission substations, as
well as generation plants, with designs that ensure safety
for people under both normal and fault conditions. In this
regard, optimal designs are necessary to regulate touch and
step voltages, ensuring a safe environment for individuals in
the substation area. The design engineer has limited options
to modify the design in order to keep touch and step volt-
ages, including Ground Potential Rise (GPR), within safe and
acceptable limits in the substation.

Researchers have implemented optimization algorithms over
the years to achieve the optimal design of grounding systems,
taking into account the constraints posed by hazardous poten-
tials that affect human safety. [1], [2].

A comprehensive bibliographic review was conducted to
examine significant works on the design of grounding systems
using optimization algorithms, spanning from their initial
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developments to the most recent advancements. The key
contributions from this review are summarized in Table I.

In [1], Sverak (1976) proposes a uniformly spaced ground-
ing grid, highlighting issues of overdesign at the center and
underdesign at the perimeter. To improve accuracy, he refines
the 1961 IEEE Std. 80 method [19], enabling recursive point-
by-point integration of surface gradients, and uses a computer
program to assess the influence of grid spacing.

Later, in [3], Sverak (1984) builds upon the 1976 edition of
IEEE Std. 80 [20], analyzing simplified equations for touch
and step voltages, especially at grid corners. He introduces
an improved expression for the mesh spacing factor K,,,
evaluates the effect of ground rods on K;, and considers
surface materials such as crushed stone. His studies include
comparisons with models by other authors, contributing to
updates in the IEEE guide.

In Part II [4], he formulates a dual optimization prob-
lem considering safety constraints. Subsequently, in [2], a
computer-based tool is developed to optimize grid configura-
tions using combinations of horizontal and vertical electrodes.

The third edition, IEEE Std. 80-1986, introduced significant
revisions since the original 1961 version, including redefined
simplified equations for touch and step voltage calculations
and updated safety criteria [21]. In [22], the importance of
considering internal impedance in large grounding systems
was highlighted, showing that transferred network potentials
can generate hazardous contact voltages elsewhere. The fourth
edition, IEEE Std. 80-2000, further expanded the equations
to accommodate "L"- and "T"-shaped grids, revised derating
factor curves for surface materials, and updated conductor
selection criteria. It also incorporated discussions on multi-
layer soil models and included new equations for resistance
calculation [23].

In [5], the authors apply electromagnetic field theory and
circuit analysis, using genetic algorithms to optimize the
grounding grid design under the touch voltage limit established
in IEEE Std. 80-2000. The fifth and most recent edition of
IEEE Std. 80, released in 2013, incorporates TCAP calcula-
tions for bimetallic electrodes and introduces benchmarks that
compare IEEE equations with commercial software, highlight-
ing both their strengths and limitations [24].

Subsequent works, such as [6], [25], employ genetic al-
gorithms to optimize grounding systems considering both
safety and cost, as applied to the Ain El-Melh substation.
Their models include variables like the number and length
of conductors and rods, and total mesh area, with results
compared to CYMGrd software.

Similarly, in [7], three metaheuristic techniques—PSO,
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GAO, and HPSGAO—are used to design an optimal and
safe grounding system for the Labreg power plant, minimiz-
ing costs related to materials, excavation, and coating while
satisfying IEEE Std. 80-2000 safety criteria. The HPSGAO
approach outperforms the others, and results are benchmarked
against CYMGrd [26].

In [8], the authors propose a three-step optimization method
for designing grounding grids with regular geometries (square,
rectangular, L-shaped) under a two-layer soil model. If the
initial solution is not globally optimal, genetic algorithms
and pattern search are applied. The objective is to minimize
conductor and rod usage while meeting safety constraints.

In [9], a MATLAB-based graphical tool is developed to
optimize grounding systems, focusing on cost minimization
and compliance with IEEE Std. 80.

In [11], the Charge Simulation Method (CSM) is used
to calculate surface potential, and an optimization problem
is formulated to minimize grounding resistance and cost,
ensuring limits for touch, step, and GPR voltages.

Filipe et al. [12] present a method that reduces conduc-
tor material while satisfying safety requirements, combining
Sverak’s variable spacing technique with optimized rod place-
ment.

Zhang et al. [13] develop a MATLAB software package
using a hybrid optimization method (genetic algorithm +
pattern search) for grounding design. Results are benchmarked
against WinlGS [27].

In [10], the authors use ETAP software to optimize the
grounding system design, considering human safety.

Certain commercial software such as [28] allows for the

optimization of conductors and/or rods in substation grounding
system designs, but it does not provide the efficient Pareto
front for the grounding system design.

In [14], the authors optimize the design of a grounding
system using Multi-Objective Particle Swarm Optimization
(MOPSO) and the IEEE Std. 80 standard. Feasible solutions
are obtained based on the optimization problem, which in-
cludes four objective functions.

The authors in [15] optimize the grounding system by ap-
plying the IEEE Std. 80 methodology, a fuzzy algorithm on the
genetic algorithm, the Bees algorithm, Schwarz’s equation, and
multi-objective optimization. The Pareto frontier is generated
with two objective functions: grid depth and the number of
rods, considering that the performance of the grounding system
improves as these variables increase.

The authors in [17], [18] apply multi-objective techniques
using NSGA-II and Elite algorithms. A comparison is per-
formed between the results obtained using the NSGA-II algo-
rithm and those obtained through semi-optimization. However,
the authors do not present the Pareto frontier in their results.

In [16], the authors apply co-simulation, the Finite Element
Method (FEM), and both single-objective and multi-objective
optimization. They generate the Pareto frontier for the objec-
tive functions: Rg, LC and E.

There are few studies utilizing multi-objective techniques,
and only one work that employs the Pareto frontier ( [16]),
which uses the Finite Element Method (FEM) and does not
apply the IEEE Std. 80 methodology. Therefore, this work
proposes a multi-objective problem to obtain the Pareto front
with feasible optimal points in the design, based on the
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formulation of the fifth edition of the IEEE Std. 80-2013,
IEEE Guide for Safety in AC Substation Grounding, and it is
applied to the examples provided in Annex B of the mentioned
standard. Additionally, considering that the design of a ground
grid with rods and conductors may be oversized, leading to
cost overruns due to excess material in the grounding system, it
is necessary to apply robust algorithms that take design safety
limits into account. To address these issues,

The structure of the article is as follows: Section II outlines
the design principles of the IEEE Std. 80 grounding system,
which are considered in the formulation of the multi-objective
optimization problem. In Section III, the multi-objective
problem for designing grounding systems is formulated. In
Section IV, the case study and results analysis are presented,
showing the performance of the multi-objective optimization
problem based on simulations conducted on the example from
Annex B of IEEE Std. 80-2013. In Section V, the limitations
of the proposed methodology are detailed, and relevant topics
are discussed. Finally, the conclusions are presented in Section
Section VI

The nomenclature used in the formulation of this article is
detailed in Table II.

TABLE II
NOMENCLATURE
Symbol  Description
A Total surface area of the ground grid, m?
Lo Overall length of the grid conductor, m
L Effective length of Lo + L for mesh voltage, m
Lr Total length of the ground rods, m
L, Length of each individual ground rod, m
Ly Maximum length of the grid conductor along the x axis, m
Ly Maximum length of the grid conductors along the y axis, m
Lp Perimeter length of the grid, m
D, Distance between parallel conductors in the x direction, m
D, Distance between parallel conductors in the y direction, m
I Maximum current between the ground grid and surrounding
¢ soil (including DC offset), A
Ry Grounding system resistance, 2
GPR Ground Potential Rise (GPR = IgRy)
Em Mesh voltage, V
Fy Step voltage, V'
K; Grid geometry correction factor, simplified method
K. Weighting factor for the impact of inner conductors on the
v corner mesh, simplified method
K Weighting factor that accounts for the effects of grid depth,
h . .
simplified method
Km Mesh voltage spacing factor, simplified method
K Step voltage spacing factor, simplified method
17 Duration of the fault, in seconds s
ts Duration of the shock current, in seconds s
TCAP  Thermal capacity per unit volume, in J/(cm?® °C)
P Soil resistivity, Q2 - m
Ps Surface layer resistivity, 2 - m
h Depth of the ground grid conductors, m
hs Thickness of the surface layer, m
d Diameter of the grid conductor, m
Cs Derating factor for the surface layer
Estep Maximum tolerable step voltage for humans, V'
Fiouch  Maximum tolerable touch voltage for humans, V/
ngr Number of rods placed in the area

II. GROUND GRID DESIGN

There are several methodologies for the design of grounding
systems. Among the most widely used approaches are the
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following [29]:

a) Calculation of grounding parameters using analytical
equations (IEEE Std. 80),

b) Finite Element Method (FEM) for complex soil struc-
tures.

This article adopts the methodology based on the analytical
equations of IEEE Std. 80. Accordingly, this section outlines
the procedure and mathematical formulation used in the multi-
objective optimization problem for the optimal design of
grounding systems within the IEEE Std. 80 framework.

A. Methodology for Optimal Design of Grounding System

The IEEE Std. 80 standard outlines a 12-step process for
the comprehensive design of a grounding grid in alternating
current (AC) substations [24]. However, this study focuses
specifically on the optimal grid design, addressing factors such
as conductor length, the number of rods, grounding resistance,
grid configuration, and design safety limits. Therefore, the
steps considered in this research are summarized in Table III.

TABLE III
METHODOLOGY

Step
Step 1

Description

Field Data

tf:p7P37hsyh7Lz:Ly7 Ly

A<+ L.Ly

Touch and Step Criteria

Cs < (p, ps, hs)

Estépv Etouch <~ (Cs yPss ts)

Limits of Problem Variables

b<x<ub

Initial conditions of the variables (x0)

Set optimization problem constraints

. Conductor length

. Overall length in rods

. Resistance Rg

. Ground Potencial Rise (GPR)

. Mesh Voltage (Em,)

. Step Voltage (Es)

Multi-Objective optimization problem

- Define number of variables of the Objective function
- Define limits: lower and upper of the Pareto frontier
- Problem Tuning

Analyze results: feasible solutions on the Pareto frontier.

Step 2

Step 3

Step 4
Step 5

AN W =

Step 6

Step 7

B. Formulation of Grounding System Design

The input data is defined in Step 1. Using L, and L, the
land area is calculated as shown in Eq. (1) [24]. The touch and
step voltage criteria, corresponding to Step 2, are computed
using Egs. (2), (3), and (4). In these equations, p denotes the
soil resistivity, ps is the surface layer resistivity, h, represents
the thickness of the surface layer, Cs is the derating factor for
the surface layer, and ¢, is the duration of the shock current.
These calculations consider k£ = 0.116 for a 50 kg person and
k = 0.157 for a 70 kg person.

A=1L,-L, (1)
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k
Estep = (1000 +6- Os . ps) \/T (3)
k

Eiouch = (1000 +1.5-C -ps) F 4)

The Ground Potential Rise (GPR) is determined using
Eq. (5), which depends on I (the maximum current flowing

from the ground grid to the surrounding soil) and the resistance
R, [24].

GPR=1Ig-R, )

Eq. (7) determines the effective buried length, taking into
account that the mesh incorporates rods distributed across the
area, perimeter, and corners, along with the total rod length
and the conductor length Lo [24]. The total length of the
ground rods is calculated using Eq. (6), based on the number
of rods ng and the length of each rod L,..

Lr=0L, -ngr (6)

L,
Ly =Lc+ |1.55+1.22 | ——
L2+ L2

For grids without ground rods, or with only a few rods
randomly distributed and none located at the corners or along
the perimeter, the effective buried length Lj; is given by
Eq. (8) [24].

Lr 7

Ly =Le+ Lg ®)

The determination of the maximum step and mesh voltages
is presented in Eq. (9) and Eq. (10) [24].
p Il Ky K,
B Ly
B p-lg- Ks-K;
075 -Lc+0.85-Lp
The calculation of the constants K,,, Kg, K;, and further

details on ground grid design can be found in IEEE Std.
80 [24].

Ep, €))

(10)

III. PROPOSED OPTIMIZATION PROBLEM

The proposed problem identifies the Pareto frontier us-
ing the Multi-objective Genetic Algorithm solver available in
MATLAB Software, which implements the Elitist Genetic
Algorithm, a variation of the NSGA-II. This algorithm is
designed to find a set of non-dominated solutions (solutions
that are not outperformed by any other point) that adhere
to the specified constraints, following the principle of Pareto
optimality, for F.O.1, F.O.2, or additional objectives [30], [31].
In the proposed methodology, the Pareto frontier and the par-
allel coordinate plots, applying multi-objective optimization,
to obtain all feasible solutions of the grounding system design
subject to technical and safety constraints.

The multi-objective optimization problem is composed of
the following functions: objective function 1, which consists
of the conductor length. Objective function 2 is composed of
the number of rods (Eq. (11)).

Multi-Objective Function:

F.O.1: min L¢,
{ F.O.2: min ng an
Subject to:
Conductor length and Rods restrictions:
L= (E+1>-Ly+(52+1>'1ﬁ (12)
LE™ < Le < L™ (13)
LE™ =2 (Ly + Ly) (14)
D,—-D,=0 (15)
0< Dy <L, (16)
0<D, <L, (17)
0 <np<nRg* (18)
Restrictions for resistance calculation:
1 1 1
Ry=p LT+\/2(TA<1+1+h\/M> (19)
0 < R, < R (20)
Inequality Constraints for GPR:
GPR < Eiouch 2D
0 <GPR (22)

Inequality constraints for maximum step and mesh
voltages:

Em < Etouch (23)

Es S Estep (24)

The Eq. (12) calculates the conductor length based on
Eq. (13), (14), (15), (16), and (17). The minimum conductor
length LZ*™ is determined by the perimeter of the grounding
grid, in Eq. (14). The spacing between conductors on the ”z”
and ”y” axes of the grid is defined by Equations (16) and (17),
considering maximum spacings as the lengths L, and L, of
the grid. In Eq. (15), it is assumed that the conductor spacings
D, and D, are equal, when such symmetry is required by the
design. Otherwise, this constraint can be removed.

The resistance of the grounding system is determined using
Eq. (19), considering the constraint defined in Eq. (20), where
Lp is the total effective length of the grounding system
conductors, including both the grid and the ground rods; A
is the area of the grid; and h is the burial depth of the grid
conductors.
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In Eq. (21), the first condition to verify is whether the GPR
is lower than Fiyh. If this condition is satisfied, the design
is considered safe. Otherwise, it is necessary to evaluate the
constraints given by Eqs. (23) and (24), where E; is the step
voltage, I, is the mesh voltage, and Fioch and Egep represent
the maximum tolerable touch and step voltages for humans,
respectively. These equations define the safety constraints for
human exposure to touch and step potentials.

IV. GROUNDING SYSTEM SIMULATION
A. Case Study

The proposed multi-objective optimization model is evalu-
ated using a case study based on Example B.2 of IEEE Std.
80, with the input data presented in Table IV [24]:

TABLE 1V
DATA FROM EXAMPLE B2. IEEE STD. 80
Description Unids Value
Ly (m) 70
Ly (m) 70
L, (m) 7.5
P Q-m) 400
Ps Q-m) 2500
h (m) 0.5
hs (m) 0.102
ho (m) 1
ty (s) 0.5
d (mm) 0.0105
I (A) 1908
Ny, Ne, N - 1
K - 1

Kt =1 Applies to grids that include ground rods positioned along the
perimeter or located at the corners of the grid.

B. Results and Analysis

1) Multi-objective: Conductor length - Number of rods:
Fig. 1 shows the Pareto frontier with the optimal quantities of
conductors and rods in the design, subject to the constraints
of the optimization problem.

LC 1540

10;,,,,__#77777777__7773m2.915

100 [ ;
90 i\*
g "y
o 70} *%,,* LC 699.3
bS] % | nR 60.6
= L o,
g 60 ———————— e
I
E ol .
z | *
& g0f | *g,
2 \ o
3 30 | %
o) ! .
O 20f | T
I
I
I

ol \ ! ! | !
200 400 600 800 1000 1200 1400
Objective 1: Total length of the conductor

Fig. 1. Pareto Front: Conductor Length vs. Number Rods.

The points shown correspond to all the optimal solutions
for conductor quantity (X-axis) and rods (Y-axis) of the
mesh, considering the design safety constraints set in the
optimization problem according to the IEEE Std. 80 standard.
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TABLE V
OPTIMIZATION WITH ETAP SOFTWARE

Results of the ETAP

Scenario  Material cost conditions for Lo and ng

nrp (#) Lo (m)
1 Cheap rods and expensive conductor 59 700
2 Expensive rods and cheap conductor 4 1540

The results obtained in example B.2 of the IEEE Std. 80
(1540 m of conductor and 20 rods) do not represent an optimal
design, as these quantities from example B.2 do not belong to
the Pareto frontier.

A simulation was performed using the ETAP software
optimizer [28], and the results are shown in Table V. The rod
and conductor quantities obtained from the ETAP optimizer
lie on the Pareto frontier depicted in Fig. 1, indicating that the
solutions are optimal. However, the ETAP software provides
only two feasible solutions based on the costs of the conductor
and rods. In contrast, the proposed method generates a com-
plete Pareto frontier that encompasses all feasible solutions,
regardless of material costs, while adhering to the safety
constraints for substation personnel. This approach enables
designers to select the most suitable optimal solution for their
specific requirements.

2) Multi-objective: Number of rods and conductors vs. re-
sistance: In this analysis, objective function 1 is the grounding
resistance (I?;), while objective function 2 is the number of
rods. In addition, the quantity of conductor in the mesh is
also simulated. The Pareto frontier shown in Fig. 2a and
Fig. 2b illustrates the sensitivity of 2, with respect to the
number of rods and the amount of installed conductor. The
sensitivity of the grounding system resistance to the inclusion
of rods and/or conductors is minimal. That is, even with the
addition of multiple rods and conductors, the resistance of the
grounding mesh does not exhibit a significant improvement.
The resistance range varies between 2.6 2 and 2.78 (). In
this case study, these results indicate to grounding system
designers that increasing the number of rods and the amount of
conductor is not a viable approach to reducing the grounding
resistance (). Instead, they should explore alternative design
strategies to achieve a lower R, while maintaining compliance
with personnel safety constraints.

C. Multi-objective Ground Grid Optimization with Multiple
Objective Functions

In this case study, three and four objective functions are
proposed to analyze the sensitivity between these variables.

1) Simulation 1.- Objective functions: Lc, nr and Ry:
To the objective function in Eq. 11, an additional objective
function is added with the variable R, linked to the constraint
Eq. 19, to determine the entire range of solutions of R,
depending on the amount of conductor and rods. The three
objective functions are shown in Eq. (29).

F.O.1: min L¢,
F.O.2: min ng,
F.O.3: min R,

Multi — Objective Function : (25)
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Fig. 2. Pareto Front (a) Number of Rods Vs. Resistance Rg (b) conductor length Vs. Resistance Rg.

In Fig. 3, the parallel coordinate plot is shown, which
allows us to visualize in a different way the sensitivity of
resistance I, versus materials Lo and ng. Each line color
represents a feasible solution. This parallel coordinates plot
complements the analysis of results obtained in Fig. 2a and 2b.
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Fig. 3. Parallel Coordinates Plot: Lo, Rods nr Vs. Resistance R,.

2) Simulation 2.- Objective functions: Lo, ng, Em and
E's: In addition to the objective function presented in Eq. 11,
two additional objective functions are introduced that incor-
porate the variables E,, and E;, as defined in Eqs. 9 and
10, respectively. These functions are subject to the constraints
specified in Eqs. 23 and 24 to ensure that the tolerable limits
for personnel in the substation are not exceeded. This extended
formulation enables the determination of the entire range of
solutions, while facilitating a sensitivity analysis based on
the amount of conductor and the number of rods. The four
variables considered in the objective functions are L¢o, ng,
FE,, and E;.

Using the parallel coordinates plot in Fig. 4, the sensitivity
between conductor length, number of rods, and their effects
on the mesh voltage (F,,) and the step voltage (F5) can be
analyzed. The variable Lo ranges from 280 m to 1540 m,

while the number of rods (ng) varies between 17 and 100,
resulting in values F,, ranging from 477 V to 840 V and
FE; values between 280 V and 518 V. For example, with
1540 m of conductor and 100 rods, the mesh voltage E,
is 478 V, and the step voltage E; is 392 V. All lines in the
parallel coordinates plot represent feasible solutions within the
Pareto optimal set, considering the safety constraints for the
substation personnel. It can be observed that there are no
feasible solutions when small quantities of conductors and
rods are combined. In other words, feasible solutions require
a complementary balance between the quantities of conductor
and rods. Both quantities cannot be low simultaneously, as
insufficient material fails to control the potentials generated
below the ground. Furthermore, it can be observed that large
quantities of rods can effectively control and reduce the values
of B,,.

A —
1400 14— L 500

450

800 1

- 350
600 1/

400 - - 300

LC Es

Fig. 4. Conductor length Lc, Rods nr, Mesh voltage E,, and Step
voltage Es.

3) Simulation 3.- Objective functions: p, Ry, E,, and Es:
The objective functions are defined using p, Ry, E,,, and E to
analyze the sensitivity of all feasible solutions of Ry, E,,, and
FE, with respect to p within a range of 40 -m to 800 2-m
for the ground, while adhering to the safety constraints for
substation personnel as specified in Eqgs. (23) and (24).
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In Fig. 5, the parallel coordinate plot displays the entire
range of solutions. The resistance to grounding R, is directly
proportional to the resistivity of the soil p, as described by
Eq. (19). Similarly, the calculations of the mesh voltage L,
and the step voltage FE; are also directly proportional to p,
according to Eqgs. (9) and (10). This direct relationship with
p results in parallel lines in the plot, highlighting the critical
importance of maintaining low soil resistivity in a grounding
grid. Alternatively, a soil conditioner could be applied to
reduce p, thereby enhancing the performance of the grid.

45+ — \&Gu\
N .,
N e—
4 AN
E——35- A NGRSO L
500 A 600 s[5
an—
400 s S
= —
— — 400 ;\
300 1 2 4 *_‘jf_ 300
s //'/ L300
5 7 = ~ L
200 4 A taw
[ a0 -
— 7)771—/ -
00— 100
rho Rg Em Es

Fig. 5. Soil resistivity p, Grounding system resistance Ry, Mesh
voltage E,, and Step voltage E.

V. DISCUSSION AND LIMITATIONS
A. Discussion

1) Simulation variables and sensitivity analysis: The vari-
ables Ry, E,, and E, were selected for sensitivity analysis
because they represent the outcomes of the substation ground-
ing system design. The input parameters for the calculations
are the soil resistivity p, the conductor length Lo, and the
number of rods ng. In the design process, Lo and np are
initially assigned random values. Therefore, it is essential to
have a computational tool that can determine the full range of
solutions, subject to the constraints of the problem. Without
a computational tool, one might propose rod quantities and
conductor lengths that satisfy the design’s safety requirements,
but they may not necessarily utilize the optimal amounts of
materials.

2) ETAP software results: The proposed methodology, us-
ing the Pareto frontier and parallel coordinates plots, delivers
all optimal solutions while satisfying both technical constraints
and personnel safety requirements. In contrast, the ETAP
software provides two discrete solutions that are technically
and economically optimal and lie on the Pareto frontier;
however, it does not allow for a comprehensive graphical
analysis of the sensitivity to the input variables of the problem,
as is possible with the proposed approach.

B. Limitations

The proposed methodology is applicable exclusively to uni-
form grounding grids designed using the analytical equations
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provided in IEEE Std. 80, such as those developed by Sverak.
These equations assume homogeneous soil conditions and are
not suitable for implementations based on the Finite Element
Method (FEM) or other numerical approaches.

While commercial software such as ETAP and CYMGRD
allows for two-layer soil modeling using FEM or extended
analytical models, the methodology presented in this paper is
limited to homogeneous soils, in line with the assumptions of
IEEE Std. 80.

Additionally, the model supports different grounding grid
geometries (e.g., square, rectangular, T-shaped, L-shaped) un-
der symmetric layout assumptions. As future work, this multi-
objective optimization approach could be extended to support
stratified soil conditions, through FEM-based simulation or
adapted analytical formulations.

VI. CONCLUSIONS

This work presents a multi-objective problem for the design
of substation grounding systems. The problem considers de-
sign limits based on IEEE Std. 80, which were turned into
constraints such as maximum conductor length, number of
rods, and touch and step voltage limits tolerable by the human
body. The results are validated against example B2 of the IEEE
Std. 80 standard and indicate that the proposed methodology
meets the objective, allowing for an optimal grounding system
design. In this way, designers have a tool that enables them
to obtain optimal designs without inflating project costs with
oversized designs.
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