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Abstract In this paper, a multiobjective approach to the optimal material’s
selection for dielectrics in marine environment is proposed. The starting point is the
definition of the Pareto optimal criteria for the material selection. The proposed
method is visualized and the proposed algorithm is explained step by step. The
dielectric material is identified from the lookup table by the relative permittivity.
Dominant dependences are simulated through the influence to the relative
permittivity.
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1 Introduction

Marine environments present a demanding ambient for electrical insulation mate-
rials or dielectrics in general. Dielectric materials play a vital role not just in
insulation, but also in optical communications (fiber optic materials), LCDs, and
similar applications. The demanding environment can cause electrofracture of the
materials. Even when an ambient is not as demanding, there are a lot of cases where
the insulator’s surface becomes contaminated by e.g. moisture, pollutants deposi-
tion, dust, salt spraying, etc. The contaminated surface develops sufficient surface
conductance to enable discharge between parts of the electric circuit even below the
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material’s breakdown strength [1-4]. Therefore surface tracking occurs. This
mechanism can also lead to insulator aging [5, 6].

This paper is organized as follows. The second section overviews references
relevant to this field of research. The third section considers the influential
parameters and explains the multiobjective approach to the topic. The forth section
presents steps of the proposed algorithm for dielectric material selection. The final
section presents conclusions.

2 Literature Overview

Dielectrics’ performance is greatly influenced by various parameters, which are
mainly determined by an application. In our area of research, maritime traffic is of
interest. So, it was important to find out, which influential factors to dielectrics’
properties are important in maritime applications. Firstly, it can be seen that quite
different pieces of equipment and machinery are used aboard ships. Hence, some
factors could be important in one application and others in another application
aboard. Based on different research studies [7-15], we selected the three most
important factors that influence dielectrics’ performance. Such influences can be
introduced through different manners, so we selected to model the influence
through the relative complex dielectric constant (permittivity). The three dominant
factors that influence the dielectric constant are identified in [7, 8] as temperature,
frequency and moisture. Works in [9, 10] do not model such an influence through
the relative dielectric constant. Research in [11] deals with ecological aspects—
finding an oil spill by radar and the influence of the change in surface dielectric
constant to the radar reflectance. Since we are interested in the electrical and
electronic equipment aboard ships, it was not of vital interest to our research. The
research in [12] deals with molecular dynamics simulation, but only with water,
which could be a part of electrical components. Research in [13] deals with a
dielectric breakdown, which is introduced through an equivalent capacitor in the
cable insulate. This is of interest to the aboard applications. Findings in [14]
resulted in the conclusion that the real part of relative permittivity does not show
significant changes due to salinity, but only to moisture. However, an imaginary
part increases when there is no salinity and decreases when there is salinity. The
covered frequency range was 1-4 GHz. This influence is important in satellite
communications, but not in electro-energy transmissions aboard the ship. Similar
research was performed in [15]. In the case of high voltage, the assessment of
partial discharges gives important information in the reliability analysis of the high
voltage equipment [16]. Therefore the authors developed a simulation model to
investigate this influence.

The multiobjective approach can be found in many references covering different
applications [17-21]. Material selection was a topic in [21], but not concerning
dielectric or marine applications.
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It is obvious, that the data sets would be large and therefore it is important to find
a tool for handling such an amount of data. Therefore the tensor approach should be
used. An example of tensor usage in large datasets is given in [22]. An example of
designing new materials based on physical properties was presented as a case study.
A data set contained a small set of melting point measurements in function of the
concentrations of several different materials. A question arises if such a method-
ology can be used for dielectric material selection for specific applications, for
instance considering the influence of various environments, such as marine, space,
desert, polar, high-pressure conditions etc.

A novel approach to optimal dielectric selection is presented in [23]. It is based
on theory of sets.

3 Theoretical Approach

This type of problems arises in many engineering/science fields due to the fact that
some problems cannot be optimized considering only one scalar metric. Generally,
such problems can be defined as in Definition 3.1 [17].

Definition 3.1 A multiobjective approach is defined by maximizing the objective
vector:

maximize g(x) = [g1(x), g2(x), .. ng(x)]Tv (1)

where x€y, and M is a number of objectives.

Generally speaking, the problem can be defined as finding the extreme value.

Considering a model of a void in the insulator [4, 16], our problem of mini-
mizing effects of dominant factors to the reliability can be seen as minimizing the
partial discharge (denoted as PD) current through the equivalent capacitor circuit. If
the phenomenon is extensive, then the PD current can become a breakdown current.

The natural course of action is to recalculate the capacity for each parameter
change and to use the so called Pareto approach to find an optimal solution. The
optimal solution should lead to a material in the database with such a relative
permittivity. By applying the famous Ohm’s law for the part of the circuit and the
expression for reactance of the capacitor, it can be easily seen that we should
maximize the function, which has the approximate equation:

1
——— =~ C0,T,» 2
1(97 T’ w) ( Y ) ) ( )
where C is the capacitance of a void in the dielectric material considered, i the PD
current, 0 the volumetric percentage of a moisture, T the temperature and o the
cycling frequency.
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The objective is obtained by setting partial differentiates to zero:

ocC ocC ocC

It is not highly likely that the solutions for all dependences in (3) will coinci-
dence. Therefore the boundary conditions of tolerances should be added and
evaluated in order to find an intersection for all three conditions in the range of
tolerances for the relative dielectric constant. Then, the materials are chosen by the
unified ¢ at the operating temperature, which is not so straight-forward as it seems.
For example, capacitance does not depend only on temperature, since materials can
compress or extend in some or all dimensions due to the temperature influence and
dimensions are also responsible for the total value of the capacitance.

So, as it was described there is a question of a multiobjective formulation for the
proposed problem.

The same problem can be defined by applying several approaches. In this paper,
we decided to follow a multiobjective approach. We will extend the problem for-
mulation in finding an optimal dielectric material for maritime applications in
dependence on the operating conditions and boundary tolerances. This means that
we need to obtain strait lines of dependences around the operating point, which
should be parallel to the x-axis. Then, the partial derivates would be equal to zero.

Definition 3.2 Selection of the dielectric material for the specific application can be
performed by maximization of the goal that the breakdown does not occur in the
specified operating conditions, including the range of possible variations of the
conditions.

Definition 3.3 The goal in Definition 3.2 is obtained by setting the partial derivates
of the relative dielectric constant dependences to the dominant factors to zero. The
optimal solution is obtained by minimizing the vector: [% , % ,%] . Hence, there
are three objectives, which must be fulfilled to find an optimal solution:

e, Oe, Oe,

=0

20~ ar = %90 ="

We will derive the equations for all three objectives.

3.1 Frequency Dependence

A usual approach to address the problem of frequency dependence is to apply
Debye’s equation, which can be in generalized in the form [1, 7, 8]:
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However, due to simplicity, we will assume that the materials for selection obey
the classic Debye’s equation. By separating the real and the imaginary part, we
obtain:

&nc — Eroc 1 — (jo1) e (&rpC = €roc) - (1 — joorr)
1+ (jot) 1—(jwr) 14 (wr)?
06, (1400 (oo — ) - (7)) ~ (e = ) - (1 =) - 20

dw (1 n (wf)z)z

& = &0 T

Solving for zero, we obtain:

(1 (@) (=) = (1 = joe) - 2(er) = 0

1
(03] :—,(/)2:0
T

This is only a simple solution for the electronic type of polarization. It can be
seen that the ideal solution depends on the relaxation time of the material and only
one frequency is the ideal solution.

3.2 Moisture Dependence

There are two types of moisture, which could be considered: gas moisture from the
environmental atmosphere and water molecules which penetrated the material’s
structure in the manufacturing process or during operation time. A ship’s envi-
ronment is full of unwanted moisture, with the addition of salt. Mostly, researchers
were investigating the relationship between the relative dielectric constant and
volumetric moisture in different soil classes. There are no explicit studies consid-
ering the moisture content within the product’s material.

Let us assume that soil dependences are the same as in the product’s material. In
such a case, moisture can be modeled as [24]:

O0=atb &(+c e +d-g) (5)
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For a simple linear model, we can derive:

0—a=—b-¢
_a—0
& = 5
Oer 1
90 b

So, there is no optimal solution, unless b tends to infinity, which is not realistic.
Fortunately, there are materials with cubic dependence. It is possible to obtain the
result if it satisfies the result:

Oe, 1
T e —— e O
00  —b+2ce, — 3de?
which is satisfied only if b, ¢ or d tends to infinity.

The relation between the moisture content in the atmosphere and physical
parameters of a leaf should be defined experimentally and in X-band (satellite
communications and satellite radar surveillance applications) these are [25]:

Re(e,) =a-e" — ¢
ORe(e,)

b0
20 =ab-e 0

which means that a or b should be O or b should tend to -00. All of these conditions
are not realistic.

Im(e,) =d- e’ —f
OIm(e,)

50 =de- e’ =0

which could be satisfied only if d or e are 0 or e should tend to -0, which is also not
realistic.

3.3 Temperature Dependence

In classic materials, it can be observed that electronic and ionic polarization is
weakly temperature dependent, while dipolar orientational polarization is strongly
dependant [1]. It is observed that the relative dielectric constant (permittivity)
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decreases with temperature. Dipolar orientational polarization is of interest in
MHz or lower frequencies (not in satellite communications, but in the range of
some marine communication frequencies). Dipolar orientational polarization is
normally exhibited by polar liquids and gases and solids with structures such as
in glasses.

Temperature dependence of the relative permittivity is often considered as a
two-variable function of temperature and frequency. For example, a temperature
dependence of the relative permittivity of PET at 1 kHz can be approximated by the
function (calculation performed for this paper by authors):

Re(e,) = 0.14 - tanh(T — 140) +2.75 (6)

which is interpolated by the measurement points:

T =[50, 100, 150, 200] and Re(g,) = [2.6, 2.680766, 2.87692, 2.884612]. After
230 °C, the experimental curve increases exponentially, which is not modeled in
this simplified case. The condition for the temperature dependence should be:

% _ 14 !

L o4 —— 7
oT cosh?(T — 140) @)

or the general case for such types of materials:

Re(e,) = sc - tanh(T — shf) + DC (8)
ORe(e,) - 1
or ¢ cosh?(T — shf) ©)

where sc is a scaling constant, shf the shifting parameter, and DC the offset from the
horizontal axis.

It can be seen that the conclusion is non-encouraging again. Namely, the
hyperbolic cosine function cannot become zero. Also, the reciprocal value of the
square of the hyperbolic cosine function cannot become zero. Hence, the scale
determines the pick at the inflection point, the offset has no influence in the first
derivation. However, the value of the real part of the relative permittivity is
59 x 10773 at 57 °C, which could be considered zero. So, actually, the solution
can be anything except a small temperature range in the proximity of the inflection
point.

The analytic representation of the dependence is shown in relation to the
experimental measurement points for PET in Fig. la.
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Fig. 1 Temperature dependence of: a the real part of the relative permittivity, b the first derivation
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4 Proposed Solution

A trivial solution of the problem defined in Eq. (3) is to design a material with no
dependences to the considered parameters. Materials can be temperature-
independent, frequency independent or moisture-independent in some limited
range. Therefore, a multiobjective approach can lead to a finding material which is
not dependent of important factors in the operating ranges of frequency, tempera-
ture and moisture. Unfortunately, most of the materials are not dependent on
temperature at one frequency range, and most of them are hygroscopic. Some
materials can be formed to be moisture-independent by impregnation with oils,
compound masses, or similar. Due to variety of dielectric applications, such trivial
solutions cannot hold in many real cases. Therefore, the multiobjective approach is
necessary in the generalized case.

Sections 3.1, 3.2 and 3.3 illustrate the complexity of the problem. It is shown
that, in many cases, it is not possible to find any analytical solution at all, not to
mention an optimal solution. Firstly, it is not possible to include all types of the
polarization in a single integrated analytic expression. Secondly, it is not possible to
evaluate in the same way all types of materials. Therefore, it is necessary to
establish an alternative, non-analytic method of finding the optimal material for
some application.

In order to do this, it is obvious that numeric data and fitting will be of vital
importance, due to the fact that it is not possible to obtain experimental or analytical
data for every possible change. Therefore, the pre-algorithm steps should be (in the
case of a non-trivial solution):

Firstly, it is necessary to identify dependences that are of importance for the
specific application. In the case of the marine environment, the dominant factors are
temperature, frequency and moisture [7, 8].

Next, a data collection process should be performed. In this phase, a data of
dependences are collected for all materials that are of interest. This process includes
data about the type of polarization, dependence on frequency, moisture, and tem-
perature for the entire range of interest (in our case of marine applications). Data
can be obtained experimentally or from references, published data, etc. The col-
lected data forms the lookup table, which is used to select the optimal material.
Every material is represented by its relative dielectric constant for every triple of the
dependences (for example, a value of the relative permittivity of some material for
specific temperature, moisture and frequency).

Figure 2 illustrates an example of the proposed algorithm operation: based on
the desired ranges, a volume (slice) in the figure is found. The relative dielectric
constant corresponding to the found volume slice is input to the lookup table. The
optimal material is identified from the table.

After these preliminary steps, an algorithm for the material’s selection can be
performed.
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Fig. 2 Visualization of the multiobjective approach: designed temperature and frequency range
and expected moisture for material selection based on relative dielectric constant

Algorithm 4.1 (Multiobjective Selection of Dielectrics)

Step 1:
Step 2:
Step 3:
Step 4:
Step 5:
Step 6:

Step 7:

Step 8:

Step 9:

Input the design frequency and temperature range and the expected
moisture content.

Calculate the first order partial derivate by temperature, frequency and
moisture.

Find the intersection of the solution for all three dependences. If there is
the answer go to step 8.

Extend solution to desired ranges around the operating point and find the
intersectional slice in the 4D tensor (w, T, 0, ¢,). If there is the inter-
section go to step 8.

Reduce 4D tensor to 3D by removing the least significant dependence.
Find the intersectional slice in the obtained 3D tensor. If there is the
intersection, go to step 8.

If there is no the intersection set of data for the 3D tensor, exit algorithm
with failure message. Conclusion is that there is no optimal material in
the known set of data. Data should be updated with a new class of
materials or a novel material should be developed.

If there is more than one material that satisfies intersection criteria, ask
for additional selection criterion (price, availability, standards, etc.).
Perform the additional selection criteria and present the final result on
the material’s selection. The material is identified from the lookup table
(dielectric constant vs materials name).

It has to be noticed that algorithm does not include research in methods for
handling multidimensional tensors or search method for the lookup table (step 9).
Therefore, one can select it arbitrarily.
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5 Conclusions

In this paper, a multiobjective approach to the optimal material’s selection for
dielectrics in marine environments is proposed. The first idea was to make an easy
dielectric material selection by visualization of the dominant factors for the
dielectric’s properties. In the research, we found out that a simulation can be
performed through capacity of the equivalent model of the partial discharge.
Change of the relative dielectric constant should be introduced through the change
in the capacity.

Finally, we selected dominant factors and proposed an algorithm for the mate-
rial’s selection based on a multiobjective approach and an optimization, which
could be described in an essence as the Pareto optimization. We considered
parameters that we found important for marine environments. A similar approach
could be used for other applications simply by addressing different dominant
dependencies.
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