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A B S T R A C T

Monitoring the grounding resistance of wind turbine generators (WTG) over the lifespan of a wind farm is
important to ensure the safety of the personnel and equipment on the facilities. Conventional methods used
to measure grounding resistance are not feasible in periodic maintenance activities of onshore wind farms due
to test setup complexity and associated high costs. The clamp-on meter is an alternative method proposed to
measure ground resistance in multi-grounded electrical systems. However, a significant error occurs in clamp-
on meters on large grounding systems, such as those found in wind farms. Hence, we propose a solution to
minimize methodological errors resulting from applying the clamp-on method in wind farms based on a neural
network. Besides presenting lower errors than compared methods for a real Brazilian wind farm complex, it
offers even greater practicality and safety to the workers involved in the measurement, as well as less test
execution time.
1. Introduction

A grounding system is designed and constructed to ensure the safety
of personnel and equipment in an electrical installation [1]. When a
fault occurs on the grounding network, it is necessary to maintain touch
and step voltages and ground potential rises of the installation at a
level that does not affect safety until the outbreak of the protective
equipment, and the interruption of the fault current flow [2].

The performance of the grounding system can degrade over time
due to electromechanical stresses, poor welding, soil erosion, corrosion
of conductors, direct lightning, and power system fault currents [3,4].
All these conditions affect the value of the earthing resistance and,
therefore, safety parameters. Traditionally, the low-frequency ground-
ing resistance has been the parameter adopted as a concise representa-
tion of the grounding systems performance [5].

Conventionally, measurement of electrical installations grounding
systems is done at commissioning, using the fall-of-potential methods
with high current injection at low-frequency [6]. However, the fall-of-
potential method and its regulatory procedures require specific condi-
tions that are often difficult to obtain for electrical installations [7]. As
a rule, long-distance is necessary to locate the current and potential
electrode properly [8]. In many cases, this measurement procedure
is often infeasible due to operational or practical reasons, given the

∗ Corresponding author.
E-mail addresses: alexgiacomelli@yahoo.com (A.G. Leal), henry@lactec.org.br (H.L. López-Salamanca), lazzaretti@utfpr.edu.br (A.E. Lazzaretti),

debora@lactec.org.br (D.C. Marcilio).

length of cables and physical obstacles at the measurement point [7].
In addition, there is a risk of electrical shock caused by the surface
potentials of the high current used for testing.

These high current test values can also activate protection devices
and unwanted shutdown of the electrical installation. Moreover, before
carrying out the measurement, it is necessary to disconnect adjacent
groundings, guaranteeing that measured grounding resistance corre-
sponds just to the grounding under test and not to the equivalent
parallel resistance. As a result, its execution requires electrical in-
stallation shutting down. For power plants, the interruption implies
high costs that make the use of that conventional method for periodic
inspection of grounding systems unfeasible [9].

Alternatively, methods of low current at high frequency have been
used to measure impedance in energized electrical installations [5]. The
use of these methods is strongly disseminated, as it does not require
disconnecting shield and overhead ground wires [5]. Such methods
have been based on frequency decoupling of grounding adjacent to the
measurement point [10]. However, they are not indicated for measur-
ing grounding resistance in electrical installations on high resistivity
soils or when the grounding system is degraded, which means higher
ground resistance values [11]. In those cases, the expected decoupling
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effect is ineffective because the overhead ground wire impedance is
comparable with the ground resistance under test. Also, at high resis-
tivity regions, the current injection is limited by the high grounding
resistance of the current return electrodes. As a result, the magnitude
of the current is too low, significantly affecting its accuracy, rendering
the test invalid [11].

In the particular case of the onshore wind farm – focus of this work –
there are many structures such as wind turbine generators, overhead
and underground collection grid, grounding system, and collection
substations. Each wind turbine has its grounding system. They are
usually interconnected by long buried bare conductors that follow the
underground medium voltage line and extend to a collecting substation,
thus creating a unique grounding network for the entire wind power
plant [12]. This arrangement is particularly beneficial because low
grounding resistance can be challenging to obtain for each turbine.
However, it ends up imposing an additional difficulty to measure the
wind turbine’s ground resistance [13]. Often, even after measuring
the grounding resistance of all wind turbines during commissioning,
the verification of the projected values needs to be carried out in
maintenance activities with the wind farm in operation [14,15].

Hence, this work aims to propose a new methodology based on
clamp-on method as an alternative for the measurement and appraise
of grounding systems in wind farms without the need to de-energize
the system. It also offers even greater safety to the workers involved
in the measurement and a shorter test execution time concerning other
measurement methods that are currently being applied. The method
offers greater security because its measurements are made in sheltered
areas inside the wind turbine base. One of the main advantages of the
clamp-on method is that it is quick and straightforward to arrange since
no grounding electrodes must be disconnected or added to the system
for the measurement.

There are examples like substation or cell-tower grounding where
disconnection is not possible, and the stake-less test is all that can be
done [16]. According to [17], this method can be applied to electrical
installations as long as their limitations are considered. The clamp-on
method is only effective in situations with multiple grounds in parallel
or with the tested ground electrode connected to a very low resistance
second electrode. Additionally, one must consider that the measured
resistance value is added to the system reactance value due to the test
frequency range, 1.0 kHz to 3.5 kHz, or consider the value measured
as the electrode impedance at this specific frequency [17].

Although this method works well in theory, it has some drawbacks
in practice, which prompted many researchers to look for mitigating
techniques [14,18–21]. Some of these efforts are summarized as fol-
lows. There is general agreement that the use of electrodeless methods
is justified for rough estimates and when measurement results are less
than or equal to expected (required) values. This means that the results
will always be greater than the actual values. Accordingly, the method-
ological error of electrodeless methods does not allow the use of direct
measurement results for official presentation and documentation [18].

Still in this context, a mitigating technique was proposed by Tugushi
et al. [18]. It deals with a clamp-on grounding meter that can evaluate
the earth electrode’s resistance and the possibility of increasing the
accuracy of the measurement with the help of special current clamps
and a predetermined value of neutral impedance.

Ground stray currents may also interfere with the measurement of
grounding resistances. To overcome this limitation, Wang et al. [19]
presented an improved caliper-type tower grounding resistance mea-
surement method based on the principle of the clamp method. This
method provides the following steps: (i) injects the adjustable fre-
quency excitation voltage source; (ii) automatically switches the ex-
citation source frequency through the self-check interference signal
frequency band; (iii) avoids the interference signal frequency band; and
(iv) obtains the response signal by loading the digital filtering module
2

calculates the in-service tower grounding resistance.
In 2019, Zhang et al. [20] followed the standard guidelines [17],
presenting an online monitoring system of the tower grounding resis-
tance based on the use of a clamp-on method. That work introduced
a measurement model of single or multiple down conductors. It used
a hybrid genetic algorithm to calculate the grounding resistance of all
towers in the closed-loop with energized electrical systems.

It is important to highlight that although all these works [18–20]
have shown good results in specific applications and conditions, they
are not concerned with system reactances or consider them negligible.
Nevertheless, according to [17], there are cases where a significant
error can occur in clamp-on meters if loop reactance is comparable with
the measured ground resistance. Therefore, Leal et al. [14] aimed to
analyze the measurement errors introduced by the horizontal electrode
reactance considering the clamp-on meter injected current frequency,
seeking to answer whether it can be neglected for applying this method
in onshore wind farms [20]. The authors concluded that the results of
grounding measurements obtained by the clamp-on method in onshore
wind farms could not be used directly to measure the WTG grounding
resistance. The main reason is that the horizontal electrodes reactance
increases as a function of the test current frequency, enhancing the
measurement error.

When investigating the state-of-the-art methods, it is possible to
observe at least one of the following gaps: (i) lack of error mitigation
in grounding resistance measurements for wind turbines caused by
the system reactance; (ii) methodologies do not necessarily guarantee
greater security to operators; (iii) relatively long execution times due
to the need for multiple disconnections; (iv) infeasible measurement
procedures due to operational or practical reasons, given the length of
cables and physical obstacles; (v) high costs due electrical installation
shutting down to perform the tests; (vi) approaches not indicated for
measuring higher ground resistance values. Hence, there is still no con-
solidated method for measuring the resistance to earth of wind turbines,
highly requiring research that allows reliable measurement of earth
resistance, following more efficient procedures, and minimizing the
risks for the maintenance in the field during periodic inspections [14].

Therefore, in this paper, we propose a solution to minimize method-
ological errors resulting from applying the clamp-on method in wind
farms based on the use of an ANN. To achieve this goal, the ANN
is trained with possible solutions given through computer simulation
of the clamp-on meter method on a wind farm grounding system,
including the possibility of unforeseen higher ground resistance values
that indicate the need for corrective maintenance and whose measure-
ment is one of the shortcomings of the conventional methods. In this
way, the ANN will accurately predict the WTGs actual values ground
resistance from the clamp-on meter readings in a periodic inspection.
Once trained and validated, the ANN can be used to make predictions in
future inspections that will be carried out throughout the lifetime of the
electrical installation, as long as there are no changes in its grounding
project. The study performs a comparative analysis between the errors
requested through its direct application [14] with those of the proposed
solution. Additionally, we compare our results with the high-frequency
method proposed in [17]. Besides presenting lower errors than the
compared methods (< 5%) for a real Brazilian wind farm complex, it
offers even greater practicality and safety to the workers involved in the
measurement and less test execution time when compared to state-of-
the-art methods because no wires or auxiliary electrodes must be added
to the system being tested.

2. Proposed method

The flowchart of the proposed solution is shown in Fig. 1. The
sequence of tasks for the proposed solution starts by accessing the
wind farm’s grounding system project and goes through the survey
of parameters for the proper modeling of its equivalent electrical
circuit. All parameters of the equivalent electrical circuit must be
loaded following the project grounding values, except the variables
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Fig. 1. Flowchart of the proposed method.

of interest, i.e., the grounding resistances of the wind farm’s wind
turbines 𝐑𝑓 . They are randomly created within a range of tolerance
for each WTG, characterizing possible solutions (Section 2.3). Thus,
a random vector of grounding resistances 𝐑𝑓 is generated with each
of its 𝑛 elements corresponding to a specific WTG in the park. In
the next step, the equivalent circuit of the grounding system will be
loaded according to the values of this sample vector 𝐑𝑓 . Then, the
clamp-on method is computationally simulated in the grounding system
equivalent electrical circuit to obtain the instrument reading values
in each WTG, thus forming an output sample vector 𝐙𝑚𝑒𝑑 . Following
this process, 𝑚 interrelated inputs 𝐑𝑓 and outputs 𝐙𝑚𝑒𝑑 sample vectors
are generated and stored in a database D𝑛×2𝑚. Then, a neural network
trained with this database D𝑛×2𝑚 is used to estimate the values of the
𝑛 WTG’s resistances 𝐑𝑓𝑒𝑠𝑡 from the 𝑛 readings performed via clamp-
on method in wind farm periodic inspections 𝐙𝑚𝑒𝑑 . Each stage of the
proposed method is detailed as follows.
3

Fig. 2. SBC’s grounding system.

2.1. Electrical parameters surveys

In this step, the survey of the parameters of the wind farm ground-
ing system and clamp-on meter is carried out. The following infor-
mation is collected from the wind farm’s electrical grounding project:
(i) Wind turbines foundation grounding resistances; (ii) Apparent soil
resistivity; (iii) Substation grounding resistances; (iv) Horizontal elec-
trodes and shield wires grounding resistances; (v) Horizontal elec-
trodes, shield, and aerial wires self-impedances; (vi) Number, geometry,
length, radius, and burial depth of wind turbine foundation electrodes;
and (vii) Electrical diagram of the wind farm’s grounding network.

The waveform, amplitude, and frequency of the signal generated by
the clamp-on meter must also be surveyed, aiming at its electrical mod-
eling within the equivalent circuit of the wind farm. If this information
is not contained in the instrument technical specifications, a laboratory
test must be carried out to survey these electrical parameters.

The proposed method is applied in the grounding system of the
São Bento do Norte Wind Farm Complex (SBC) located in northeastern
Brazil. The SBC’s wind turbines foundations are interconnected by
a buried copper cable (horizontal electrode) that follows the under-
ground medium voltage line and extends to a collecting substation.
Fig. 2 shows an overview of the wind farm grounding system.

The instrument chosen for the case study was a UT-278 A clamp-
on meter whose induced voltage signal in the measurement circuit has
a sinusoidal waveform with a constant amplitude of 0.028 V and a
frequency of 1572 Hz.

2.2. Modeling

To model the SBC’s grounding system, a lumped parameter model
was used, as proposed in [13]. The lumped-element model of electrical
circuits makes the simplifying assumption that the circuit attributes,
resistance, capacitance, inductance, and gain are concentrated into
idealized electrical components like resistors, capacitors, inductors,
joined by a network of perfectly conducting wires. The lumped-element
model is valid whenever the circuit’s characteristic length is much
smaller than the operating wavelength [22]. As the length of the longest
horizontal electrode present in SBC’s grounding system is 1 640 m
and the wavelength of the signal generated by the UT-278 A clamp-
on meter is 190 840 m, this work assumes that the lumped-element
model is valid for the application, so each horizontal electrode section
was represented as a 𝜋 model. Fig. 3 shows two model nodes, in
which, 𝑅 corresponds to the turbine grounding resistance (Ω), 𝑍 is
𝑓 𝑠
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Fig. 3. Lumped parameter model.
Source: Adapted from [5].

the horizontal electrodes self-impedance (Ω), and 𝑅𝑝 the horizontal
electrodes grounding resistance (Ω).

All equivalent electrical circuit parameters must be loaded accord-
ing to the project grounding values, except the variables of interest
𝐑𝑓 , that will be defined in the next step of the proposed method. The
equivalent circuit of the SBC’s grounding system can be better observed
in the repository of this project.1

2.3. Samples generation

Discrepancies between the designed wind turbine grounding resis-
tance and its actual values can be indicators of non-conformities or
that some deterioration occurs in the soil or the electrodes. The leading
causes for such variations are materials other than those specified and
the seasonal variation of soil resistivity [23–25]. In this context, a
sensitivity study of the parameters that influence the WTG’s grounding
resistance 𝑅𝑓 must be carried out to estimate its tolerance range S as:

S = {𝑅𝑓 ∈ R ∣ 𝑅𝑚𝑖𝑛
𝑓 ≤ 𝑅𝑓 ≤ 𝑅𝑚𝑎𝑥

𝑓 }, (1)

in which, the maximum 𝑅𝑚𝑎𝑥
𝑓 and minimum 𝑅𝑚𝑖𝑛

𝑓 values assumed by
SBC’s wind turbines resistance 𝑅𝑓 , due nonconformities and perfor-
mance degradation, are estimated according to [26]:

𝑅𝑓 = 1
𝑁

𝜌
2𝜋𝑙

[

𝑙𝑛
( 4𝑙
𝑎

)

− 1 + 𝑙
𝐷

2𝑁
𝜋

𝑙𝑛
( 2𝑁

𝜋

)]

, (2)

in which, 𝑁 is the number of vertical rods in circle, 𝑙 the rod’s length
(m), 𝜌 the soil apparent resistivity (Ω m), 𝑎 the rod’s radius (m), and
𝐷 the circle diameter (m). Once the tolerance range S for each WTG’s
grounding resistance is defined, a number 𝑚 of 𝑅𝑓 vectors with 𝑛 ele-
ments are created. Each element of this vector represents the grounding
resistance of a specific WTG in the park. This study assumed that,
within the WTG’s tolerance range, every WTG’s grounding resistance
value possible result is equally likely. Thus, each element is generated
according to a uniform distribution2 within its tolerance range S. In
the solution algorithm developed for the application of the proposed
method, the elements of the sample vectors were generated through
a uniform distribution, within their corresponding tolerance range S,
being 𝐑𝑚

𝑓 =
[

𝑅𝑚1
𝑓 , 𝑅𝑚2

𝑓 ,… , 𝑅𝑚𝑛
𝑓

]

, in which 𝑚 is the number of training
examples needed for more accurate neural network performance and 𝑛
the number of wind turbines under test.

2.4. Computer simulation

In the next step, the equivalent circuit of the grounding system is
loaded with the values of one of the created 𝐑𝑓 vectors. Subsequently,
the clamp-on method is computationally simulated in the electrical

1 https://github.com/Alexandregiacomellileal/A-New-Approach-Towards-
Error-Reduction-in-Ground-Resistance-Measurements-Based-on-Clamp-on-
Method.

2 We selected this distribution because all resistance values within the range
are equally possible.
4

Fig. 4. Clamp-on method applied in the wind farm equivalent circuit.

circuit of the grounding system to obtain the instrument reading values
in each WTG, thus forming an output vector 𝐙𝑚𝑒𝑑 . This process is
performed as many times as the number of 𝐑𝑓 vectors. The input (𝐑𝑚

𝑓 )
and output (𝐙𝑚

𝑚𝑒𝑑) vectors resulting from the whole process are stored
in a database D𝑛×2𝑚 that will be used in the next step of the proposed
method, in which 𝐙𝑚

𝑚𝑒𝑑 =
[

𝑍𝑚1
𝑚𝑒𝑑 , 𝑍

𝑚2
𝑚𝑒𝑑 ,… , 𝑍𝑚𝑛

𝑚𝑒𝑑
]

.
In the computer simulation model, the clamp-on earth ground meter

was represented by a sinusoidal voltage source and an amperemeter in
series with the WTG’s grounding resistance under test, as in Fig. 4. A
computer simulation must be performed for each new clamp-on meter
position along the equivalent electrical circuit fed with a given 𝐑𝑓
vector, in which 𝑣 is the voltage induced in the circuit by the clamp-on
meter (V) and 𝑖𝑓 the clamp-on meter current (A).

The 𝑍𝑚𝑒𝑑 clamp-on meter reading value is calculated as 𝑍𝑚𝑒𝑑 =
𝑣𝑟𝑚𝑠

𝑖𝑟𝑚𝑠𝑓
[27]. For the computational simulation of the clamp-on method

in the SBC’s grounding system, an algorithm named Aterrad3 was
developed in Matlab, where 3 300 simulations were performed. This
algorithm has been made publicly available on the project repository.

2.5. Neural network training, validation, and test

In this step, an artificial neural network is trained with the database
D𝑛×2𝑚 that contains 𝑚 vectors 𝐑𝑓 related to 𝑚 vectors 𝐙𝑚𝑒𝑑 . However,
the input data for the neural network training is the 𝐙𝑚𝑒𝑑 vectors and
the expected output will be the 𝐑𝑓 vectors.

In Leal et al. [14], a high non-linearity of the function that defines
the relationship between 𝐙𝑚𝑒𝑑 and 𝐑𝑓 was observed in the SBC’s
grounding system. Thus, the technique of ANN was chosen due to its
remarkable information processing characteristics pertinent mainly to
nonlinearity, high parallelism, fault and noise tolerance, and learning
and generalization capabilities [28].

The sum of two parts can represent the model response, i.e., the
model response estimated as a function of the inputs and the residual
error value:

𝐑𝑓 = 𝑓 (𝐙𝑚𝑒𝑑 ) + 𝐄, (3)
𝑓 (𝐙𝑚𝑒𝑑 ) = 𝐑𝑓𝑒𝑠𝑡.

in which 𝐑𝑓 is the expected system’s response, 𝐙𝑚𝑒𝑑 the model inputs,
𝑓 (𝐙𝑚𝑒𝑑 ) the estimated function to represent the model, and 𝐄 the
residual error.

A feedforward backpropagation artificial neural network was pro-
grammed in Matlab for the proposed method application. The number
of neurons in the input is equal to the number of measurements
𝐙𝑚𝑒𝑑 , and the output is equal to the number of 𝐑𝑓𝑒𝑠𝑡. The number
of hidden units was selected in a hold-out cross-validation procedure.
Hence, 70% of the data was used for training, 15% for validation,
and 15% for network testing. Other training parameters were defined
after several attempts to search for the neural network best response
for the validation set. Therefore, we defined the following parameters:
(i) transfer function: linear; (ii) the number of epochs: 1000; (iii) the
desired performance per required maximum mean squared error: 10−10;

https://github.com/Alexandregiacomellileal/A-New-Approach-Towards-Error-Reduction-in-Ground-Resistance-Measurements-Based-on-Clamp-on-Method
https://github.com/Alexandregiacomellileal/A-New-Approach-Towards-Error-Reduction-in-Ground-Resistance-Measurements-Based-on-Clamp-on-Method
https://github.com/Alexandregiacomellileal/A-New-Approach-Towards-Error-Reduction-in-Ground-Resistance-Measurements-Based-on-Clamp-on-Method
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Fig. 5. Pareto chart of the clamp-on method.

and (iv) the learning rate: 0.01. The Levenberg–Marquardt backprop-
agation learning training network was used. The algorithm solution
programming code is also publicly available on our repository.

The SBC’s grounding system was divided into 7 WTG groups. Each
group consists of cascading interconnected wind turbines that are the
basic configuration from which any onshore wind farm grounding sys-
tem is formed. The groups were divided according to their position in
the wind farm, besides reducing the number of necessary disconnects.
In such a manner, groups with 1, 2, 3, 7, and 11 wind turbines were
created. Each group was simulated and analyzed separately from the
others. The wind farm grounding system was partitioned in order to
simplify calculations and ensure that the proposed solution could be
replicated in any wind farm topology and offer similar results to those
obtained in this work.

A final step of the proposed algorithm checks the Absolute Percent-
age Error (APE) resulting from the test set, defined here as Y30×10, of
𝐑𝑓 vectors created randomly within a tolerance band around the design
values of earth resistance for each WTG. These 𝐑𝑓 vectors characterize
possible real values to be found in the field depending on the seasonal
variation of soil resistivity, constructive non-conformities, or grounding
deterioration process that may be occurring, aiming at a comparative
performance analysis with others methods in Section 4, through:

𝐴𝑃𝐸𝑘 =
|

|

|

|

|

|

𝑅𝑘
𝑓𝑒𝑠𝑡 − 𝑅𝑘

𝑓

𝑅𝑘
𝑓

|

|

|

|

|

|

× 100, 𝑘 = {1, 2, 3,… , 𝑛}. (4)

3. Results

In this section, the expected errors in the measured grounding
resistance of the wind turbine are shown quantitatively and graphically,
aiming at a comparative performance analysis in Section 4. Therefore,
we compare our proposed solution with two other state-of-the-art
approaches: clamp-on meter and high-frequency method.

3.1. Clamp-on method

To quantify the expected error in the measured wind turbine
grounding resistance caused by the clamp-on method, its computer
simulation was carried out on each of the 7 SBC wind turbines groups
created according to Section 2.5, using the Alternative Transient Pro-
gram (ATP). Fig. 5 presents a measurement error histogram obtained by
the clamp-on method in the SBC. The mean absolute percentage error
of 380.43% was obtained from a total of 300 clamp-on meter readings
coming from the test set Y30×10 of 𝐑𝑓 vectors.

The left vertical axis of Fig. 5 represents the frequency of occurrence
of clamp-on meter reading samples that have APE within the same
range. Each vertical bar represents the contribution to the total from
5

Fig. 6. Horizontal electrode RLC 𝜋 cell.

Fig. 7. HFM Pareto chart.

a given APE’s range. The bars are placed on the graph in rank order,
i.e., the bar at the left has the highest contribution. The right vertical
axis has percent demarcations. A cumulative line adds the percentages
from each bar, starting at the left bar. Thus, most evaluated samples
presents an APE between 10% and 1000%.

3.2. High-Frequency Method (HFM)

Computer simulations of the HFM were performed on each of the
seven SBC wind turbines groups created according to Section 2.5,
using ATP. Hence, a 0.025 Arms sinusoidal current source at 25 kHz
frequency was used. At the clamp-on meter frequency, we observed that
the modeling of SBC’s horizontal electrodes through a single RL 𝜋 cell
presents similar results to using multiple RLC 𝜋 cells. Consequently,
they were adopted due to lower computational costs. However, at
higher frequencies, the differences in the results between those models
start to become relevant [29]. Therefore, aiming for more accurate
modeling of the horizontal electrodes at 25 kHz frequency, each hor-
izontal electrode was represented by ten cascading RLC 𝜋 cells shown
in Fig. 6. 𝐶𝑝 represents the grounding capacitance, 𝑅𝑝 the grounding
resistance, and 𝑍𝑠 the series impedance [30]. Furthermore, each wind
turbine’s grounding impedance was represented by its resistance and
capacitance in parallel.

Fig. 7 presents a measurement error histogram for the HFM in SBC’s
grounding system where a mean absolute percentage error of 15.79%
was obtained from a total of 300 clamp-on meter readings coming from
the test set Y30×10 of 𝐑𝑓 vectors.

The left vertical axis of Fig. 7 represents the frequency of occurrence
of HFM reading samples that have APE within the same range, and a
cumulative line is used to add the percentages from each APE’s range
bar, starting at the left bar. Thus, we observe that most evaluated
samples present APE between 0% and 30%.
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Fig. 8. Proposed solution Pareto chart.

3.3. Proposed method

To quantify the expected error in the measured wind turbine
grounding resistance caused by the proposed solution, the final step of
its application algorithm checks the neural networks response created
for each of seven SBC wind turbines groups. Fig. 8 presents a mea-
surement error histogram by the proposed solution in SBC’s grounding
system. The mean absolute percentage error of 2.35% was obtained
from 300 grounding resistance predictions coming from 300 clamp-
on meter readings. Such readings were generated through computer
simulation of the clamp-on method in SBC groups whose parameters
were loaded from the test set Y30×10 of 𝐑𝑓 vectors.

The left vertical axis of Fig. 8 represents the frequency of occurrence
of the Proposed Method that has APE within the same range, and a
cumulative line is used to add the percentages from each APE’s range
bar, starting at the left bar. Thus, we observe that most evaluated
samples present APE between 0% and 4%.

4. Discussions

According to the simulation results, the proposed method reduced
the mean absolute percentage error of the clamp-on method from
380.43% to 2.35%. The mean error achieved in the proposed solution
is even smaller than that obtained with the HFM, which is 15.79%. Fur-
thermore, there was a significant reduction in the maximum expected
error to 10%, compared to 70% for the HFM.

Although the HFM was developed to measure tower foot grounding
electrodes that consist of buried counterpoise wires [10], i.e., horizon-
tal electrodes, it has been used to estimate the turbine base grounding
impedance [6]. Such a method has been based on frequency decoupling
of grounding adjacent to the measurement. Due to the way the HFM
works, it is important to consider that a certain length of the horizontal
electrode connected to the turbine foundation does not decouple during
the measurement. Therefore, a relevant error in the measured wind
turbine grounding resistance is expected if these horizontal electrodes
are not disconnected from the turbine base, thus leading to non-
conservative results. The greater the number of wires disconnections,
the longer the system de-energizing time needed, implying higher
costs for carrying out the measurement. In this context, the proposed
method was successful in reducing at 86.5% the number of necessary
disconnections to measure just the variables of interest 𝐑𝑓 , i.e., the
SBC’s turbine foundation grounding resistance.

The proposed method also does not require the measurement of
surface potentials, which are subject to interference due to soil non-
homogeneities and buried conductive bodies. Notwithstanding, no
ground electrode is added to the system to procedure the measurement.
Hence, it is faster and simpler to organize the test setup than the
HFM, besides offering greater security because its measurements are
performed in sheltered areas inside the wind turbine base.
6

5. Conclusions and future works

The results presented in this work show that the proposed solution
for the measurement of grounding resistance is successful in minimizing
the methodological errors resulting from the application of the clamp-
on method in wind farms. According to the simulation results, the
proposed solution allows lower errors than the HFM that has been
highly widespread, offering even more security and being faster and
simpler to organize. For the case study, it is estimated that the proposed
method would reduce the measurement execution time by 70 % com-
pared to the conventional methods. It is important to underline that this
novel solution fills one of the main gaps of conventional methods by
accurately estimating higher ground resistance values, which are very
important for diagnosing deterioration processes that may be occurring
in the soil or electrodes. The proposed solution achieves excellent
performance (average errors below 5%) for series cascade earthing
configurations, a basic component present in any wind farm earthing
system. Thus, it can be used in any grounding topology through fewer
necessary disconnects. Further work is necessary to assess the same
results as other grounding topologies to eliminate necessary discon-
nections. Overall, we can conclude that the proposed solution enables
the use of the clamp-on meter in the periodic inspection of the wind
farm grounding system to estimate the turbine’s grounding resistances
offering high accuracy.
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