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Abstract:

This paper evaluates the grounding system design for the
wind farm that can be installed in Taif region, Saudi Arabia.
Taif Region is considered as it has good enough wind speed
rating appropriate for installing electric power conversion
systems driven by the wind. However, the Taif region is a
mountain area that has high soil resistivity. In order to
perform such a study, the apparent resistivity of the Taif
region soil is measured at several places considering the
Wenner method and then one of the measurements is selected
to evaluate the soil construction. In order to estimate the
optimum number of layers and corresponding resistivity and
depth, the optimization problem is designed based on the
Sunde mathematical model of the multi-layer earth soil and
solved using the Genetic Algorithm. The optimized multi-
layer soil parameters are simulated using the COMSOL
Multiphysics that is a finite element program in order to
electrically evaluate the wind turbine grounding system and
therefore to present the best grounding system design. The
parameters of the grounding system are exploited to interpret
the design by accomplishing a comparative study concerning
the contour, isosurface, and slice of the electric potentials of
the grounding systems. The results attain a suitable designed
grounding system can be installed for wind farms in Taif
region, Saudi Arabia.

INTRODUCTION

As the wind turbine is subjected to lightning strokes, an
efficient grounding system is essential for absorbing the
dangerous energy and limiting the corresponding overvoltages
on the neighbor wind turbines. However, the wind farms are
usually installed in mountainous area that is characterized as a
high soil resistivity as in Kingdom of Saudi Arabia (KSA).
Establishment of wind farms at Taif, Western Province,
Kingdom of Saudi Arabia (KSA) has been recommended due
to the achievement of the required wind speed [1]. However,
the lightning strokes are frequently occurred in Taif region
due to closing clouds to the earth.

The grounding system is the main path to withdraw the
lightning-based over-energy induced in the wind farms due to
specially and extremely height of the wind turbine blades.
Furthermore, the wind turbine blades have dynamic
movement pushed by the air for converting the horizontal air
movement into rotational drive to the electrical generation
unit. This movement affected on the attraction mechanism of
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the lightning strokes to the blades. Accordingly, the grounding
system design is finally to attain the low grounding resistance
that help to dissipate the lightning energy stroke the wind
turbine blade. The other point behind studying the grounding
design is to attain low touch voltage and low step voltage.
However, the high soil resistivity in the mountain area such as
in Taif region makes the design process difficult and hard in
which several efforts are to be taken in order to achieve low
grounding system resistance.

Based on IEC 61400-24, the type B has been agreed [3].
However, further studies such as in [4]-[8] have modified the
grounding system design. One of the important finding was
the effect of using the vertical grounding electrodes in the
design system on the net grounding resistance. Other study
reported in [8] was to evaluate different earthing system
configurations such as the effect of involving diagonals in the
rectangular grounding system, involving across in the middle
of the rectangular grounding system, and involving radial
conductors. However, estimating the appropriate grounding
design system for certain earth soil region needs further
studies to ascertain an optimum design dimension for this
specified application.

In order to practically design and install the grounding system
in a specific earth region, the multi-layer soil structure must
be accurately known in detail such as the number of layers,
layers thickness, and layers resistivity. Fetching the layer
structure by digging is a hard and cost task as the depths are
expectedly very long. However, the optimization techniques
have been recently applied to find the optimum soil structure
producing apparent resistivity matched with the measured
resistivity. This optimization problem is designed to produce
minimum error objective function between the calculated
apparent resistivity of the modeled soil equations and
measured soil resistivity. Such studies were as reported in [9]-
[26]. Such a concept of soil parameter estimation suitable for
grounding system design is considered in this paper to define
the soil structure.

In this paper, field measurements of the apparent resistivity
have been attained in the Taif region soil. The measuring
procedure has been based on the Wenner method. These
measurements of the apparent resistivity have been substituted
in the optimization problem of the grounding system apparent
resistivity designed based on the Sunde equations where the
problem implementation and solving was done in the Matlab
field. The optimization problem is implemented in Matlab
script file and then solved with the aid of the optimization
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toolbox and optimization problem solver where the genetic
algorithm was selected as an optimization solver technique.
The extracted multi-layer soil structure by the Matlab-based
optimization solver was considered in the simulation of the
grounding system involved in this soil using the COMSOL
Multiphysics software to evaluate the electric potential of
different parameters of the grounding system. The electric
potential was considered as the vital factor for modifying the
grounding system design until attaining the suitable grounding
system for the wind turbine installed in Taif region, Saudi
Avrabia.

MEASUREMENTS
RESISTIVITY

The principles of the soil apparent resistivity were considered
based on the Wenner method. As shown in Figure 1 for multi-
layer soil, the arrangement of Wenner method was based on
four electrodes fixed at constant interspace a. The apparent
resistance is calculating using the injected current between the
external two electrodes and the corresponding induced
potential between the internal two electrodes. Then the
apparent resistivity is computed as proportional to this
resistance and the adjusted distance a between the electrodes.

OF SOIL APPARENT

The apparent soil resistivity was measured at different places
in Taif region. Figure 2(a) shows a place example of
measuring in Taif region, Saudi Arabia. The KYORITSU
KEW4106 earth resistance/earth resistivity tester was used as
a megger tester to measure the soil apparent resistivity. Figure
2(b) shows the measured soil resistivity as a function of the
adjusted interspace a between the electrodes. As depicted in
this figure, there are three oscillations that ensure the soil is
multi-layer type.

Using the measured field resistivities shown in Figure 2(b),
the genetic algorithm is applied to determine the unknown soil
parameters with the aid of Matlab optimization toolbox [27],
representing the apparent resistivity of each layer in the soil
using Sunde mathematical model, and using the data collected
from the field measurements. The Sunde model and
optimization problem are discussed in the following sections.
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Figure 1. Arrangement of Wenner method [9].
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a) Taken photograph of the earth field measurement.
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Figure 2. Field measurements considering Wenner
method.

SOIL PARAMETERS ESTIMATION

In this section the optimization problem is designed using the
Sunde equations and then the soil parameters are estimated
using the optimization solver — genetic algorithm. The Sunde
model equations are presented in this section for two-layer
soil structure, where they can be modified for three, four, ...
etc. layers until obtaining the optimum number of layers. For
the two-layer soil example, there are three unknown
parameters that are resistivities of the two layers (o. and p,,)
and a depth of the upper layer (#1) where the lower layer has
infinity depth. Toward estimating these three unknown
parameters, the Sunde equations of the multi-layer soil
representation is used for problem design of the apparent soil
resistivity where the rules of Sunde equations were
analytically reported in [28]. The corresponding minimizing
optimization objective function is applied on the error
between the measured and computed apparent resistivity as in
the following form;

minimize F,..,, = minimize Zﬁzl(@) 1)

where N is the total measured number of the apparent
resistivity samples while p, and p. are respectively the
measured and calculated apparent resistivity. With the
principles of the apparent soil resistivity reported by the
Sunde in [28], the mutual resistance numerically integrated in
a systematic way as follows. For the two layers soil case, the
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mutual (apparent) resistivity p.(a) for the distance a between
the electrodes is attained at points on the surfaces by [28];

pe(@) = py J, ka2Jo(Aa)dA @)

where Jp is the Bessel function, A is the integration variable,
and k> is the kernel of the two layers soil. For the case of the
two layers kernel implementation, the Sunde-based processing
is;

P1—P2 —2hy

_ 1-pq3e
1z p1+p2’

T l4pggem2

©)

For three-layer, four-layer, or other number of layers,
equations (2) is modified and the kernel implementation (3) is
extended to further equations based on the layer number as
carefully discussed and modeled in [28]. Using the Sunde
model in implementing the soil resistivity po., the objective
function (1) is represented for the optimization problem and
then the problem is solved by the genetic algorithm.

12

As it is known in the literature, the genetic algorithm is one of
the efficient and intelligent optimization processes. The
genetic algorithm implementations are initiated by the
generation evolutionary concept and parallel researches. The
fitness of each individuals was first measured and then the
best individuals were selected. There are four stages for the
algorithm implementation. The first one is to randomly
initialize the chromosome population initialization, the second
one is to exclusively evaluate the chromosomes fitness in the
population, the third one is to select the best chromosomes
toward reproductions, and the final one is to use the genetic
rules in order to manipulate the chromosome. Further
condition of repeating the generation process until achieving
the stop criteria of the genetic algorithm loop is used. Further
discussions and declarations are in [29].

e0e
File Help

As aforementioned, the genetic algorithm was used as an
optimization solver in the Matlab field where the
mathematical description of the optimization problem was
implemented using the Matlab script file and the genetic
algorithm was processed using the optimization toolbox. It
was obvious that such implementation and solving of the
optimization problem was facilitated with the aid of the
Matlab capabilities as follows. In the Matlab command
window, writing the function “optimtool” and then entering
opened the “Optimization Tool” window such as the shown
window in Figure 3. In this window, there were several solver
techniques where the “ga — Genetic Algorithm” solver could
be selected to solve the designed optimization problem
represented by the objective function in (1) for this study.
Also, in this window shown in Figure 3, there were
constraints and boundaries to be defined based on the problem
description. Also, at the right-hand side, there were important
options with the quick reference declaration.

Reference to Figure 3, it was an optimization example of four
layers soil description problem. The optimization solver
technique adjusted “ga — Genetic Algorithm” and processed
on the fitness function defined using the matlab script err_fun.
As the shown example was to find optimum soil parameters of
the four-layer soil, the number of variables was defined 7. The
boundaries of soil layer resistivities and layer thicknesses
were defined in between 1 to 20000 Q.m and 1 to 100 m,
respectively. At the right-hand side in Figure 3, the options
were defined as follows. The default settings were the
selection done for the population size, population
initialization, hybrid function, reproduction, and stopping
criteria. The fitness scaling was “Rank”, the selection function
was “Stochastic Uniform”, the mutation was “Gaussian” with
default parameters, the crossover was “Scattered”, and the
migration was adjusted “Forward”.

Optimization Tool

Problem Setup and Results

Options Quick Reference <<

Solver:  ga - Genetic Algorithm
Problem

Fitness function: @err_fun

Number of variables: 7

Constraints:

Linear inequalities: A b:

Linear equalities: Aeg beq:

Bounds: Lower: [11111111] Upper: [20000 20000 20000 20000 100 1

Nonlinear censtraint function
Integer variable indices
Run solver and view results
se random states from previous run
Start Stop

Current iteration: Clear Results

Final point:

O

Genetic Algorithm
Solver

This tool corresponds 1o the
ga function.

E Fitness scaling

Scaling function: | Rank

Click to expand the section
below corresponding to your
task.

B Selection Problem Setup and Results

Selection function:  Stachastic uniform Problem

Constraints

Run solver and view results

Options
[ Reproduction Specify options for the
Genetic Algorithm solver.

Elite count © Use default: 0.05*PopulationSize

Population
Specify: Fitness scaling

Crossover fraction: ) Use default: 0.8 Selection

Specify: Reproduction
Mutation
E Mutation
Crossover
Mutation function: | Gaussian
Migration
Seals: © use default: 1.0 Constraint parameters
Specify: |1.0 Hybrid function
Shrink © Use default: 1.0 Stopping criteria
Plot Functions
Specify: 1.0

Output function

B Crossover Display to command

window
Crossover function: | Scattered

User function evaluation

More Information

Figure 3. “Optimization Tool” problem solver [27].
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This solver setup shown in Figure 3 provided the possibility of
finding the optimum values of the soil resistivities and
corresponding depths for individual considerations of the
different numbers of the layers. For example, the optimization
problem was solved concerning two layers, three layers, four
layers, five layers, six layers, and other number of layers. The
selected optimum number of layers as a solution was that had
the most minimized error of the objective function (1). For the
soil example having apparent resistivity shown in Figure 2(b),
the soil structure of four layers was found the optimum
solution that had the most minimized error between the
modeled apparent resistivity and the measured one. Table 1
declared the corresponding solved construction of the soil
using the optimization problem, soil resistivity with
corresponding thickness. In this soil, the upper layer had 60.36
Q.m resistivity with 13.08 m thickness, the second layer had
2903.38 Q.m resistivity with 1.21 m thickness, the third layer
had 1.246 Q.m resistivity with 88.98 m thickness, and the last
layer had 187.75 Q.m resistivity for infinity height. From these
results, the third layer has extremely low resistivity started at
depth equal to 14.29 m (13.08 + 1.21) where this depth can be
reachable using the suitable dig method. Accordingly, if the
vertical rods arrived at this layer, the grounding resistance
dramatically reduced.

Table 1. The soil resistivity extracted from solving the
optimization problem.

Layer Layer Layer
Number Thickness (m) Resistivity (©.m)
1 13.08 60.36
2 121 2903.38
3 88.98 1.246
4 Inf. 187.75

GROUNDING SYSTEM EVALUATION USING FEM

The partial differential equations are the best mathematical
modeling in time and space domains that is suitable for the
grounding design evaluation. The numerical solutions of the
systems described by partial differential equations are
generally done using the finite element methods (FEM).
Accordingly, a lot of programs are presented to implement the
solution method based on the FEM. One of these programs is
the COMSOL Multiphysics [30], which is a high reputed FEM
program. Accordingly, it is used for evaluating the
performance of the grounding system design by investigating
the electric potentials for different modified grounding
parameters of the designed systems as discussed as follows.

Considered Grounding System Design

In the rocky area such as most places in Saudi Arabia, IEC std.
[3] recommended to use two concentric ring electrodes. All the
manufacturers have average wind turbine grounding system
diameter of 11 m [5]. However, this grounding design is not
sufficient to achieve the standard requirements of the

grounding system especially in the rocky area. Accordingly, a
modification should be done to improve the grounding design
for the estimated soil resistivity in the previous section. This
modification is done on varying the vertical electrode lengths.

Among different designs of wind turbine grounding system, a
proposed model of grounding system was introduced in [4]
where the grounding system geometry is shown in Figure 4. In
this grounding system, there are six vertical electrodes that
their length can be adjusted to attain the grounding system
design. Calculating the electric potential distribution due to
high dc current applied on the wind turbine grounding system
using FEM is the most suitable evaluation in order to attain the
objective grounding system. Therefore, the grounding system
evaluation is numerically done using COMSOL multiphysics
[30]. The geometry used in COMSOL multiphysics for the
abovementioned cases is shown in Figure 4. However, the first
step in the simulation using the COMSOL-based FEM
program is to represent a semi-sphere earth containing soil of
the four layers with considering the soil resistivity and
thickness of these layers as summarized in Table 1. Then, the
grounding system shown in Figure 4 and considering
modifications in the vertical rods lengths is involved in the
simulated earth. Changing the vertical rod lengths can easily
enhance the grounding system performance as ensured by the
simulation results.

6.5m .
5.0
/@ ®
6.5m
1!. .

Figure 4. Geometry of the used grounding system [4].

Electric Potential Evaluation

In order to give explanations of the results of the simulation
using the COMSOL Multiphysics, the postprocessing and
visualization tools are used considering the orientation,
coloring, and arrangement of the object under study. For
example, the contour plots are used to visualize scalar
quantities on a series of lines with different colors that are
suitable for 2D and 3D simulations. The isosurface plots are
used for 3D analyses in order to display result quantity of
color surfaces for quantities having the same values. These
values can be for example the electric potential as in the
current study. The third type is the slice plots where these
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plots are the cross-sectional surface plotting to monitor the
changing of variables over sliced distances. These several
postprocessing and visualization tools are utilized in this
current study in order to declare the effect of the grounding
system design modification on the electric potential field. The
contour, isosurface, and slice plots of the electric potential are
investigated over the semi-sphere geometry representing the
earth and containing the grounding system design.

By injecting 1000 A dc current into the grounding system
shown in Figure 4, the corresponding contour, isosurface, and
slice plots are shown in Figure 5 when the vertical rods are 1.5
m. In Figure 5(a), the contour plots are shown where the
highest potential is at the center that is the place of grounding
system and then gradually reduced as depicted by the color
distribution. In Figure 5(b), the isosurface plots are shown
where the same information is attained. However, the contour
and isosurface plots only show the surface gradients of the
electric potential. Accordingly, the slice plots are used to show
the electric distribution due to the grounding system inside the

-200 ;2 00

soil through slices at different distances in the x direction.

The same evaluation is repeated for other vertical electrode
lengths such as 12.68 and 21 m as depicted in Figures 6 and 7,
respectively. Off course, there is an effect for increasing the
vertical rod lengths, however, it cannot be exactly decided
using the visualization plots in Figures 5, 6, and 7.
Accordingly, Figure 8 is presented in order to show the values
of the maximum potential on the grounding system modified
using different vertical electrode lengths. Accordingly, this
Figure precisely summarizes the impact of electrode length on
electric potential values. From this figure, it shows that the
maximum voltage collapse from 4500 V to approximately 340
V when the electrode penetrates into the third layer which has
minimum resistivity of 1.246 Q.m. This potential is close to
the standard safe value of 300 V of the zone of influence.
Accordingly, the grounding system is successfully designed
however with considering vertical electrode of approximately
14 m length.
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Figure 5. Electric Potential Evaluation for 1.5 m depth of the electrode
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Figure 6. Electric Potential Evaluation for the electrode length 12.68 m.
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Figure 7. Electric Potential Evaluation for the electrode length 21 m.
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Figure 8. Maximum Potential Evaluation against the electrode length.

CONCLUSIONS

This paper presented the study of grounding system design for
wind farms in Taif region, Saudi Arabia. By measuring the
apparent resistivity, an optimization problem of minimizing
the objective error function was designed using Sunde
mathematical model of the apparent resistivity and then solved
by the genetic algorithm with the aid of Matlab optimization
toolbox. Based on the selected place of the field
measurements, the optimized multi-layer soil parameters were
estimated, and it was found that there was a very low soil layer
resistivity, however at depth 14 m. Accordingly, the vertical
rods of the grounding system that had length around 14 m
were found the best modified design for attaining the best
grounding system.
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