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Abstract

Spacers in the compact power distribution network are essential components for the sup-
port, organization, and spacing of conductors. To improve the reliability of these compo-
nents and have an optimized network design, it is necessary to evaluate the performance
of the variation of their geometric parameters. The analysis of these components is funda-
mental, considering that there are several models available that are validated by the electric
power utilities. Due to the various possible design shapes, it is necessary to use an opti-
mized model to reduce the electric potential located in specific sites, improving the reliabil-
ity in the component, as the higher electrical potential results in a greater chance of failure
to occur. The finite element method (FEM) stands out for evaluating the distribution of
electrical potential. In this paper, an FEM is used to evaluate variations in vertical and hor-
izontal dimensions in spacers used in the 13.8 kV power grid. The models are analyzed in
relation to their behavior regarding the potential distribution on their surface. From the
results of these variations, the model is optimized by means of a mixed-integer linear prob-
lem (MILP), replacing the FEM output with a ReLU network substitute model, to obtain
a spacer with more efficiency to be used in semi-insulated distribution networks.

1 INTRODUCTION

The electricity sector is constantly adapting to improve the qual-
ity of the electricity supply [1]. Some changes have an impact on
its use, such as the growth of cities, increase in electricity con-
sumption, and risk of accidents in places close to distribution
networks [2]. Seeking ways to distribute electrical energy with
less visual impact and better electrical insulation, the compact
distribution network was developed. The compact network adds
efficiency and a competitive cost compared to conventional net-
works [3].

Because the distribution networks are mostly overhead and
are close to trees and buildings, bare conductors represent a risk
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around the installations, given the possibility of discharges to the
ground [4]. The trend is for new construction works on electri-
cal extensions outside cities, subdivisions, and condominiums to
have a compact network, instead of the conventional network.
To improve the analysis of the components of the compact net-
work, the finite element method (FEM) can be applied, being
promising for the analysis of variations in the network compo-
nents [5].

FEM consists of computational analysis, in which a solid
is divided into several small parts. So the elements are added
together to create a representation of the entire object being
evaluated [6]. Through this approach, the application of electri-
cal voltage is simulated at specific locations on the part being
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analyzed, generating a potential difference. Based on this varia-
tion, it is possible to evaluate the behavior of the solid in terms
of potential distribution over its surface and thus determine crit-
ical points and improve the component’s design [7].

According to Orosz et al. [8], there are several techniques
that could be applied to optimize the design of electric equip-
ment based on FEM. The task to be faced in this research is
that the global minimum is not guaranteed in the non-linear
optimization problems making this a challenge. Some meth-
ods that could successfully be applied to design optimization
of electrical equipment are: particle swarm optimization (PSO)
[9] genetic algorithm (GA) [10], proxy models (PM) [11], covari-
ance matrix adaptation evolution strategy (CMA-ES) [12], fire-
fly algorithm (FA) [13], cuckoo search (CS) [14], among other
optimization methods.

Through FEM, it is possible to evaluate elements with non-
linear surfaces through the analysis of small parts of the object,
thus evaluating the entire element in relation to a mesh of sev-
eral nodes [15]. Other numerical methods have been studied to
solve complex mathematical problems, currently, optimization
methods have gained space in this context [16].

The use of advanced analysis methods has been applied to
improve the reliability of electric energy distribution systems
[17–19]. FEM can be applied for evaluating high voltage trans-
mission lines with high electric field strength [20], which is
promising due to the difficulty indirect measurements in the
system and the high cost of producing prototypes in view of
its insulation required for high voltage levels [21].

According to Yang et al. [22], parallel computing techniques
are an alternative to improve FEM processing power. Gen-
uine methods such as the black-box transmission line method
improve the efficiency in analyzing the mesh. The transmission
line method applied to finite element analysis can improve 50
times speedup within this evaluation an error of less than 2%
[23].

A common problem in outdoor electrical power systems is
the accumulation of contaminants on the surface of the insu-
lators, the contamination reduces the insulating capacity of the
network components, which results in electrical discharges [24].
FEM is successfully applied for analysis of room temperature
vulcanizing for evaluation of damaged insulator pollution layer
where leakage currents develop [25]. According to Guo et al.
[26], the use of FEM is even applied to the analysis of complex
systems such as the gas-insulated transmission lines.

Many authors have studied the influence of the accumulation
of contaminants on the components of the electrical power sys-
tem [27–29]. The contamination may result in an increase of
the leaked current and the development of a fault [30]. Compu-
tational techniques are increasingly helping to identify adverse
conditions to mitigate failures in the electrical power system
[31]. According to Ghiasi et al. [32], the use of FEM to assess
the level of contamination is promising, due to the possibility of
variation in the profile, materials in simulation [33].

FEM is an approach that allows you to optimize the devel-
opment of projects for the electrical power system, which can
be applied to complex equipment such as power transformers
[34], being possible to simulate thermal stress [35], galloping

features of transmission lines [36], and variations of the electric
field [37]. In addition to the application for analysis of system
components, FEM is used to assess equipment that may not be
connected to the network and are important to keep the net-
work working [38].

According to Ayodele, Ogunjuyigbe, and Oyewole [39] the
FEM is a promising approach to apply in earthing grid system.
Variations of the shape of the grid configuration based on the
FEM can determine the best configuration with lower resis-
tance. In addition to the analysis of the shape, the FEM can
be applied to evaluate the frequency-dependent characteristic to
determine the grounding performance in substations [40].

FEM has been applied to structure optimization for var-
ious applications [41]. These applications are directly related
to improvement in equipment design [42–44], considering that
through the finite element method it is possible to carry out
evaluations of force distribution, temperature, and stress in
complex structures [45]. Applications of this approach extend
to high voltage power systems [46], using FEM makes it possi-
ble to assess process deterioration in electrical systems [47].

Based on the advantages of applying FEM for the analysis
of electrical power system components, this paper will focus on
the analysis of compact network spacers, which are components
responsible for the support and spacing of conductors. Cur-
rently, there are several types of compact network spacers. Each
manufacturer defines its model according to the requirements
of the energy concessionaires responsible for the networks to
be installed. However, it is not a definition of all dimensions
of the component in a standardized way, which causes a dif-
ference in dimensions between manufacturers. For this reason,
evaluating optimized dimensions which result in a lower electric
potential at specific points can improve the design of spacers for
compact networks.

The contribution of this paper is related to the improve-
ment in the design of distribution spacers in the project phase.
This improvement is given by the optimization of the dimen-
sion parameters based on the result of the application of FEM.
The FEM is used to compute the electric potentials based on
the variation of the design shape. To reduce the computational
effort the element mesh is generated by an adaptive method
which defines the size of the elements given the required com-
putational cost needed to calculate it. Using an optimized model
is obtained the constructive aspects for the design, reducing the
electric potential on the component to mitigate failures.

The novelty of this paper is related to the evaluation of
compact distribution networks. This type of distribution grid
is being increasingly used because it has semi-isolated con-
ductors. It is a safer system than conventional networks, very
promising to be installed in areas with many trees. Thus, in
this work, by using a neural network model to optimize the
spacer parameters through the FEM results, it provides an
opportunity for research on this type of network using a well-
structured model that can be applied to the evaluation of other
components.

The continuation of this paper is presented as follows: In Sec-
tion 2 an explanation of the spacer function in compact distribu-
tion networks is presented. In Section 3 the method used in this
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paper is presented. In Section 4 the results of using the method
are discussed and finally, in Section 5 a conclusion is presented.

2 COMPACT ELECTRIC
DISTRIBUTION NETWORK

The compact electricity distribution network has been widely
used in Brazil due to its advantages in terms of potential iso-
lation [3], as the network is semi-isolated, which results in
greater security for both people and the distribution system
itself. Another advantage of the compact network is the low
visual impact as it takes up less space in the distribution system
[48].

The compact network is made up of aluminum or copper
cables covered with a polymeric material, which prevents other
bodies from touching directly on the conductive material [49].
If compared to the conventional distribution network, its cost is
higher, as in the conventional network the conductors are naked
[50]. Despite the higher cost, the compact network results in
more system reliability. Another advantage of the compact net-
work in relation to the conventional one is with regard to its
installation and maintenance since the components are made of
polymeric material, being lighter [51].

Ideal use for compact networking is in wooded areas, or
places that are subject to elements that can come in contact
with electrical power cables and cause shutdowns. According to
Arantes Monteiro et al. [52] one of the biggest problems in the
electricity distribution networks is the discharges to the ground,
which occur when trees touch the network and there is a dis-
charge to the ground. This problem can be avoided by using a
semi-insulated network [53].

As with other types of distribution networks, the compact
network is also subject to electromagnetic interference, atmo-
spheric discharges, and induced voltages, which can cause high
levels of voltage surges to break its insulation, causing failures
[54]. For the problem to be minimized, it is necessary to ground
the messenger conductor that runs along the entire length of
the network together with the phase conductors, in a structure
as shown in Figure 1.

Initially, the presented spacer has a vertical dimension of 400
mm and a horizontal dimension of 255 mm, being these the
minimum dimensions for this component defined by the elec-
tric power utility [55]. Among the components that make up
the structure of the compact network, the lozenge spacer, pre-
sented in Figure 1, is responsible for supporting and separating
the cables in the network along the span (distance between two
poles) keeping the distance of the electrical potential. This com-
ponent is constructed of polymeric high-density polyethylene
material and is the focus of the research of this paper.

2.1 Component analysis

For the analysis of the electric field in the spacers of the com-
pact network through the FEM, it is first necessary to elaborate
the three-dimensional design of the spacer, with the appropri-

FIGURE 1 Cable identification in a compact network structure

ate medium voltage cables. For a proper evaluation of the com-
ponent, its characteristics are observed in accordance with the
approval of the local electricity concessionaire Centrais Elétricas
de Santa Catarina (CELESC), specifically, the manual E-313.0045
[55].

After the model is designed in SolidWorks software, the files
are imported and the parameterization of the finite element
software started. In the 3D drawings stage, the dimensions of
the spacer are defined based on the variations to be evaluated.
In this paper, the cables used are aluminum with a relative per-
mittivity equal to 8.5. The material considered for the spacer
is high-density polyethylene with a relative permittivity of 2.26
[56], this material was also considered for all insulating parts.
After defining the characteristics of the material, the potential
is applied to the conductors. The electrical voltage values con-
sidered in this work are root mean square (RMS) values. As the
phase-to-phase line voltage applied to the network is 13.8 kV
(RMS), the phase-to-ground voltage is 7.97 kV (RMS). Thus,
this voltage was applied to each of the spacer phase cables, and
zero volts in the messenger cable, which is considered as a ref-
erence for grounding.

The material used for the spacer in compact networks and
considered in this paper is high-density polyethylene. This com-
posite is highly resistant to electric tracking and ultraviolet radia-
tion. Its advantages are its high mechanical strength and flexibil-
ity against dynamic loads, being resistant to knocks and impacts.
The extra-fine mode results in an analysis with greater precision
that requires more computational effort [57]. After establishing
the parameters, simulations and analysis began, which will be
discussed in the following sections.
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FIGURE 2 Node and element in simulated object using FEM

3 FINITE ELEMENT METHOD

The finite element method has been used for many years for
many electrical power system applications [58–60]. Currently
using computers with high processing capacity, it is possible to
analyze highly non-linear surfaces, which makes its application
promising for evaluating electrical power system components
[61]. To perform the calculation of non-linear geometric shapes,
the object is discretized forming several nodes that connect to
form several elements without losing their original properties.
To apply the method, the elements can have square, triangular,
hexagonal shapes, depending on the characteristics of the object
to be analyzed [62].

The accuracy of the analysis through the method depends on
the number of divisions elements of the object. In Figure 2, an
image of a spacer is presented, in which the discretization of the
surface into triangular elements is performed. As can be seen,
there is a difference in size between the elements, because the
adaptive mesh defines the size of the elements according to the
complexity of solving the computation at the specific sites.

To reduce computational effort, the geometry is reduced by
dividing the surface area into smaller parts called elements, then
variables that are difficult to analyze are replaced by elements
that are well defined and easy to solve [63]. The elements are
connected by the nodal points and form a mesh. Then, differ-
ential equations are applied in the variational form to assess the
physical behavior on their surface [64].

The meshing strategy is based on the division of extra-fine
elements using triangular elements. The discretization of ele-
ments to form the element mesh is given by Equations (1)–
(10). The predefined element discretization (extra-fine) makes
the element mesh adaptive to the design variation, thus, smaller
elements are used in sites with higher complexity. The limit val-
ues for the extra-fine mode are presented in Table 1.

The accuracy of the method depends on the size of the ele-
ments and the number of nodes, however, the more accurate the
simulation, the greater the data processing needed [65]. In this
paper, the object discretization for the element mesh is given by:

TABLE 1 Element mesh limit values for the extra-fine mode

Parameter Value

Maximum element size 0.1050

Minimum element size 0.0045

Maximum element growth rate 1.35

Resolution of curvature 0.30

Resolution of narrow regions 0.85

W
(

p, z
)
=
∑

j

Wj Nj
(

p, z
)

1 ≤ j ≤ S , (1)

where S represents the number of nodes in the mesh, Wj is the
coefficient of the test function applied at the node j , and Nj
is the base function at the node. Thus, the object’s domain is
divided into a number of N finite elements [66].

The Ve potential distribution of the element is related to the
set of elements so that the potential is continuous across the
boundaries between the interrelated elements. The approximate
solution for the entire region is given by:

V (x, y) ≈
N∑

e=1

Ve (x, y). (2)

Using a polynomial approximation for triangular elements, we
have:

Ve (x, y) = a + bx + cy. (3)

For triangular elements, the potential Ve1, Ve2 and Ve3 at
nodes 1, 2, and 3, respectively, is obtained by:

⎡⎢⎢⎢⎢⎣
Ve1

Ve2

Ve3

⎤⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎣
1 x1 y1

1 x2 y2

1 x3 y3

⎤⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎣
a

b

c

⎤⎥⎥⎥⎥⎦
, (4)

where the coefficients a, b, and c are determined by:

⎡⎢⎢⎢⎢⎣
a

b

c

⎤⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎣
1 x1 y1

1 x2 y2

1 x3 y3

⎤⎥⎥⎥⎥⎦

−1⎡⎢⎢⎢⎢⎣
Ve1

Ve2

Ve3

⎤⎥⎥⎥⎥⎦
. (5)

Replacing Equation (5) in Equation (4), we obtain

Ve =
[
1 x y]

1
2A

[MET ]

⎡⎢⎢⎢⎢⎣
Ve1

Ve2

Ve3

⎤⎥⎥⎥⎥⎦
, (6)
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where MET is given by:

⎡⎢⎢⎢⎢⎣
(x2y3 − x3y2) (x3y1 − x1y3) (x1y2 − x2y1)

(y2 − y3) (y3 − y1) (y1 − y2)

(x3 − x2) (x1 − x3) (x2 − x1)

⎤⎥⎥⎥⎥⎦
. (7)

Reorganizing the equations gives,

Ve =

3∑
i=1

𝛼i (x, y)Vei (8)

where,

𝛼1 =
1

2A

[
(x2y3 − x3y2) + (y2 − y3)x + (x3 − x2)y],

𝛼2 =
1

2A

[
(x3y1 − x1y3) + (y3 − y1)x + (x1 − x3)y],

𝛼3 =
1

2A

[
(x1y2 − x2y1) + (y1 − y2)x + (x2 − x1)y].

(9)

Therefore, the area A of the element is given by:

2A =

⎡⎢⎢⎢⎢⎣
1 x1 y1

1 x2 y2

1 x3 y3

⎤⎥⎥⎥⎥⎦
,

2A = (x1y2 − x2y1) + (x3y1 − x1y3) + (x2y3 − x3y2),

A =
1
2

[
(x2 − x1)(y3 − y1)(x3 − x1)(y2 − y1)].

(10)

The value of A is positive if nodes are numbered clockwise.
From the use of smaller elements, it is possible to analyze a com-
plex problem by dividing it into simpler problems, where each
element is described by a differential equation to evaluate the
behavior of the solid [67].

In this paper, the focus of the analysis is on the distribution
of electrical potential along the surface. This analysis aims to
determine the places where there is a greater electric field, and
thus, greater vulnerability to disruptive discharges.

The electric field (E ) can be defined by the negative of the
electric potential (V ) gradient, calculated by:

E = −∇V . (11)

Using Maxwell’s equation the electric field is given by:

∇E = 𝜌∕𝜀, (12)

where 𝜌 is the total electric charge density and 𝜀 is the elec-
tric permittivity.

Substituting the electrical field from Equation (11) into Equa-
tion (12), the Poisson equation is given by:

−∇ ⋅ (𝜀∇V ) = 𝜌 ⇒ ∇2V = −𝜌∕𝜀, (13)

when 𝜌 is zero [68], the distribution of potential in (r , z ) is:

𝜕2v
𝜕r2

+
1
r
𝜕v
𝜕r

+
𝜕2v
𝜕z2

= 0. (14)

As defined by Anbarasan and Usa [69], considering a function
F (v) of the surface distribution:

F (v) =
1
2 ∫ ∫

[
𝜀r

(
dv
dr

)2

+ 𝜀z

(
dv
dz

)2]
drdz, (15)

F (v) =
1
2 ∫ ∫ 𝜀|∇∗v|2ds, (16)

the contribution of F in relation to V , considering the variance
of the potential of node i in element e, is given by:

xe =
1
2 ∫ ∫

[
𝜀

dv

((
dv
dr

)2

+

(
dv
dz

)2)]
drdz, (17)

xe =
𝜀

2 ∫ ∫
[

2
dv
dr
.

d
dvi
.

(
dv
dr

)
+ 2

dv
dz
.

d
dzi

.

(
dv
dz

)]
drdz. (18)

The Equation (18) is evaluated in Equation (3), then the elec-
trical potential of any arbitrary point within each subdomain is
obtained. In this paper, the COMSOL Multiphysics software was
used to perform the FEM analysis (including meshing) [70]. The
electrical potential values resulting from the finite element anal-
ysis are the inputs to the optimization model, which aims to
determine the best dimensions for the spacer that minimize the
potential applied at the points defined in this project.

3.1 Optimization method

The optimization problem to be computed in this paper is
focused on reducing the electric potential at specific sites
according to the variation of dimensions in the shape design of
the spacer. The optimization process is performed based on the
possible dimensional constraints for the component. The con-
sidered values of electric potential are obtained from the FEM
previously described.

To optimize the data obtained from the FEM analysis, in
this article we propose to use an exact optimization model
in order to find the best potential to be used. In this con-
text, we can use a surrogate model that best approximates the
behavior of the original model while being less costly to opti-
mize. Substitute models are built using data from simulations,
tests, and experiments. They work like a black box [71], where
what matters is not the simulation logic, but the relationship
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between input and output. In this way, it is possible to rep-
resent complex functions or with an unknown mathematical
formulation [72].

One of the most common substitute models to be used in an
optimization scenario is the piecewise linearization (PWL) [73].
However, the computational complexity of the model increases
with the number of inputs and/or outputs to be considered,
along with the number of considered data points [74]. Another
possibility for the creation of a substitute model is the use of
a neural network, more specifically one with a ReLU (Rectified
Linear Unit) activation function [75]. In this paper, we lever-
age the formulation presented by [76] to rewrite a ReLU neural
network as a mixed-integer linear problem (MILP) by means of
binary variables. When using the ReLU network as a surrogate
model instead of a PWL, the number of binary variables is equal
to the number of neurons being used in the network. That way,
it is possible to keep the network within an adequate size that
satisfies a trade-off between the computational effort for the
optimization problem and the desired quality in the approxima-
tion.

Consider the general formulation of a MILP, given by:

min cT x + hT y (19a)

s.t. Akx + Gky ≤ bk, ∀k ∈ {1, … ,m} (19b)

x ∈ ℤn, y ∈ ℝp, (19c)

which will be used to represent the optimization problem of
interest to this paper.

To make a ReLU network compatible with problem (19), we
first consider that a neural network with K + 1 layers, with 0
being the input layer, and K the output layer. Each layer k ∈
{1, … ,K } has its output vector xk calculated as:

xk =

⎧⎪⎨⎪⎩
𝜎(W kxx−1 + bk ), if k ≠ K

W kxx−1 + bk, otherwise
, (20)

in which 𝜎(⋅) is the ReLU activation function, given by:

𝜎(y) = max{0, y}, (21)

W k ∈ ℝnk×nk−1 is the matrix containing the weights of the neu-
ral network for each layer, and bk ∈ ℝnk are the biases. Thus, we
define xk ∈ ℝnk as the output of layer k.

By following the methodology presented in [76], we can
rewrite the ReLU operator as a MILP function [77], with the
aid of big-M constraints:

W kxx−1 + bk = xk − sk (22)

Lk ≤ W kxx−1 + bk = xk − sk ≤ U k (23)

FIGURE 3 Bound tightening algorithm

xk ≤ U kzk (24)

sk ≤ −Lk(1 − zk ) (25)

zk ∈ {0, 1}n
k
. (26)

Notice that by means of (22), the ReLU is decoupled into
a positive part (x ≥ 0) and a negative part (s ≥ 0). To obtain
this behavior, at least one of the two terms is zero. This can
be achieved by means of big-M constraints [78], assuming finite
values of L and U as previously presented, with the aid of a
binary variable z .

Thus, from an offline training of the neural network, its
weight vector can be used as a constant input in a MILP opti-
mization problem and solved in optimality [79]. In this paper,
we represent the FEM output data as a MILP network to be
inclusive in the optimization problem of interest.

Notice that the bounds defined by U and L can be tightened
by an iterative process, as suggested by [76] and presented in
Figure 3. The algorithm is an iterative procedure that updates
the bounds of each neuron, layer by layer. It relies on solving
subproblems in which the objective is to find the maximum (U )
or minimum (V ) value that a neuron can reach.

The summary of the procedure performed in this paper to
optimize the spacer dimensions is presented in Figure 4. Ini-
tially, the component design was performed with a variation of
distance parameters in the SolidWorks software, after the design,
the files compatible with the COMSOL Multiphysics software
were exported.

In the finite element software, the material, electrical potential
application location, electrical potential value, and node mesh
for simulation were defined. From the definitions of param-
eters for all the designs used, the simulation was carried out
using FEM. The resulting FEM values were used as input to
the optimization model, and thus, the optimized dimensions of
the spacer were found. In this context, the optimal solution is
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found when there is a convergence in the optimization model
and the application of the defined dimensions results in a lower
electric potential compared to the possible design variations.

4 RESULTS AND DISCUSSION

Based on the finite element method, the visual results of apply-
ing the potential on conductors are presented. In the initial sim-
ulation, the distribution of electrical potential over the spacer
surface is evaluated. As can be seen in Figure 5A, the color vari-
ation is related to the intensity of the applied electrical voltage
along the surface.

The maximum value of this variation is 7.97 kV (RMS), which
corresponds to the potential applied to each phase conductor
with respect to ground. This electrical potential represents a
phase-to-ground measurement in a 13.8 kV (phase-to-phase)
three-phase delta system. Therefore, the value of 7.97 kV (RMS)

is obtained by the ratio of
√

3 of in the 13.8 kV (RMS). With a
greater electrical potential applied in a specific location, there is
a greater chance of fault development since a greater potential
per area results in a greater electrical field. With a greater electric

FIGURE 4 Flowchart of the proposed method

FIGURE 5 Electric potential: A) surface distribution; B) contour lines

FIGURE 6 A) Electric field lines in the spacer; B) considered sites for the
optimization

TABLE 2 Evaluation of the spacer height variation (vertical size)

Electrical potential (V)

Vertical var. (mm) a b c d e

400 6856 6012 4139 1942 7114

402 6857 6013 4150 1961 7116

404 6865 6027 4182 2010 7122

406 6872 6037 4202 2037 7131

408 6858 6020 4192 2034 7112

410 6868 6036 4222 2075 7126

412 6863 6032 4236 2104 7116

414 6878 6054 4273 2151 7134

416 6892 6072 4299 2185 7143

418 6904 6082 4322 2219 7152

field, more partial discharges occur, consequently occur disrup-
tive discharges.

The potential variation becomes clearer when the distribu-
tion of electric field by contour lines is analyzed, as shown in
Figure 5B. The greater concentration of contour lines indicates
more variations in potential levels, that is, more variation in
applied electrical voltage.

The electrical potential is concentrated at equivalent levels in
the regions close to the cables. The great difference in power
distribution occurs in the region close to the messenger cable,
which has a potential reference equal to zero. Figure 6A shows
the comparison in relation to electric field lines. The field lines
are presented in logarithmic scale, so it is possible to visualize
the places where the differences are more expressive.

The critical locations where there is greater potential are
around the conductors, these will be evaluated to perform an
optimization of the model. Figure 6B shows the sites where this
evaluation will be performed. The values of the electrical poten-
tial found from the variations in width and height are presented
in Table 2.
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TABLE 3 Evaluation of the spacer width variation (horizontal size)

Electrical potential (V)

Horizontal var. (mm) a b c d e

255 6849 6003 4131 1939 7105

259 6841 5990 4127 1945 7096

263 6832 5977 4124 1950 7088

267 6799 5944 4112 1956 7064

271 6767 5912 4101 1960 7040

275 6763 5897 4087 1947 7031

279 6742 5877 4090 1971 7013

283 6693 5847 4074 1968 6995

293 6643 5816 4059 1965 6977

303 6644 5813 4086 2017 6979

The parameters of size variation were a 2 mm step increase
for the vertical distance, from the smallest acceptable compo-
nent height value (400 mm), and 4 mm variation for the first
8 values, and 10 mm for the last two. The 10 mm values were
used in the last variations since the 4 mm variation did not gen-
erate representative variation results regarding the variation of
the electric potential.

These initial analysis parameters were used according to the
definitions of the spacer used by the local electricity utility. For
the horizontal and vertical variations, 10 pieces were used as can
be seen in Table 3, and when variations were made in one of the
coordinates, the other was fixed at the minimum value deter-
mined by the local electricity utility.

4.1 Parameter optimization

Following the methodology previously presented, we write the
problem of interest as an MILP, where the data from FEM sim-
ulations are used to train neural networks with ReLU activa-
tion function. The experiments were implemented in Python
3.6. The training of networks consisted of a dataset of 10,000
points, considering a split of 70/30 for the training/validation
of the networks. Notice that, typically, MILP problems can be
solved to optimality or near optimality (within a dual gap) by
exact algorithms such as branch-and-bound [80] or approxi-
mated using heuristics. In this this paper, the solver Gurobi
v9.0 [81] was used to solve the MILP problems to optimal-
ity. They experiments were run in a Ubuntu environment, and
the computer had two Intel Core Xeon E5-2630 v4 Processors
(2.20 GHz), adding up to 20 cores of 2 threads and 64 GB of
RAM.

The problem of interest consists in finding the variation
which minimizes the sum of the electrical potential in all the
evaluated spots:

min
e∑

i=a

Vi (27a)

FIGURE 7 Optimization procedure

s.t. V i,min ≤ V i ≤ V i,max, i ∈ {a, … e}, ∀k = 0 (27b)

W kxx−1 + bk = xk − sk, ∀k = 1, … ,K − 1 (27c)

xk ≤ U kzk, ∀k = 1, … ,K − 1 (27d)

sk ≤ −Lk(1 − zk ), ∀k = 1, … ,K − 1 (27e)

zk ∈ {0, 1}n
k
, ∀k = 1, … ,K − 1 (27f)

Lk ≥ xk − sk, ∀k = 1, … ,K − 1 (27g)

xk − sk ≤ U k, ∀k = 1, … ,K − 1 (27h)

W K xK−1 + bK = var, ∀k = K (27i)

varmin ≤ var ≤ varmax, ∀k = K . (27j)

Notice that the neural network is trained by considering the
electrical potentials as inputs (V ) and the vertical/horizontal
variations as outputs (var) since the optimization problem is able
to handle the maximization/minimization of the inputs. Also,
Equation (27) can be easily adapted to consider additional con-
straints or bounds in the project dimensions. Overall, the opti-
mization procedure used in this paper can be summarized as
presented in Figure 7 [82].

4.1.1 Vertical size

First, we consider the problem of the spacer height variation
(vertical size). For that, we considered a structural test presented
in Figure 8 (varying the number of layers and neurons). From



STEFENON ET AL. 1873

FIGURE 8 Structural test for the ReLU network with data from vertical
variation

the structural test, the network containing 5 layers with 20 neu-
rons each was selected in order to be considered for the opti-
mization model, which after solving (27) suggests the vertical
variation of 400 mm. The 400 mm vertical variation results
in an electrical potential of a = 6856V, b = 6012V, c = 4139V,
d = 1942V and e = 7114V.

4.1.2 Horizontal size

Second, we consider the problem regarding the spacer width
variation (horizontal size). First, we performed a structural test
varying the number of layers and neurons, as shown in Figure 9.
After solving (27) for the best found neural network (consider-
ing 4 layers with 10 neurons each), the suggested horizontal vari-
ation is defined as 290.55 mm. The suggested horizontal varia-
tion results in an electrical potential of a = 6643V, b = 5813V,
c = 4059V, d = 1939V and e = 6977 V.

5 CONCLUSION

As the compact grid is new and is being developed, more def-
initions of the constructive characteristics are necessary. Based
on this need to improve the design of components used in this
type of network, developing prototypes, and submitting them
to computational analysis through FEM is promising. From this
analysis, it is possible to design components that are more reli-
able and robust, while using a minimal amount of material.

The FEM proved to be able to highlight important varia-
tions for the development of prototypes and studies of dis-
tribution network components. From the FEM, the design is
optimized considering a ReLU neural network as a substitution
model. The versatility of the method allows working with high

FIGURE 9 Structural test for the ReLU network with data from
horizontal variation

dimensionality of input and output parameters, making the opti-
mization problem grow only in binary proportional to the num-
ber of neurons, unlike traditional techniques such as piecewise-
linearization. Furthermore, rewriting the problem as an MILP
allows the operator to easily add and manipulate new constraints
and limits.

The results highlighted that design variation should be eval-
uated to improve potential distribution in distribution spacers.
This statement is supported mainly in relation to the result of
variation “d”, which had a difference of 14.26% higher potential
at this site. This position is close to the conductor and for this
reason, it presented more variation and requires more attention
in the design project. Using the proper neural network parame-
ter configuration, the model converges resulting in optimization
with close to zero error in both the vertical and horizontal vari-
ation of the spacer profile.

In future analysis, temperature and humidity variations can be
explored using FEM, these factors can influence the electrical
potential isolation capacity of components of the power distri-
bution network. In addition, it is possible to analyze the influ-
ence of contaminations, considering that their accumulation on
the surface of the components can make it more conductive,
resulting in a greater vulnerability to the spacer, since there will
be more leakage current on the contaminated surface, resulting
in dielectric rupture.
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