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Abstract: In most of microwave heating applications obtaining uniform heating patterns
in certain regions of the applicator is a key issue. In this paper, the proposed solution for
achieving electric field uniformity consists of designing the configuration of the feeding
system in a multimode cavity by means of Genetic Algorithms. The feeding system is
constituted by waveguides or slots arrays. The electric field pattern inside the cavity
depends on the location of these sources and an improvement in the electric field
uniformity on the product can be obtained by means of a proper design of this feeding
system. Results for the curing of epoxy resin over a marble slab are presented and they

show a significant improvement in the electric field uniformity over the epoxy resin.
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1. Introduction

One of the most important and desired goals in microwave heating
processes is the uniformity of the electric field distribution within the
irradiated material since the final product quality depends on it. However,
this is not an easy task, for both single mode and multimode applicators.
Different methods have been used in order to obtain uniform heating

patterns in certain regions. Moving trays or mode stirrers are employed
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within multimode cavities to achieve a uniform absorption of the electric
field in the material [1-4]. However, very few works have been reported
about uniformity of electric field pattern, mainly due to the fact that this
has been carried out by trial and error, personal experience and tradition,
which has led to high design costs. Fortunately, the increase of
computational power and the application of numerical techniques such as
Finite Difference Time Domain (FDTD) can allow to solve large
electromagnetic problems such as those considered in industrial
microwave heating applications. Additionally, the combination of
electromagnetic software with general purpose optimisation techniques
has allowed not only to analyse but also to properly design microwave
heating applicators.

In this paper an optimisation method of the electric field uniformity based
on the multifeeding system design by means of Genetic Algorithms (GA)
is presented. GA are stochastic search procedures that manage a
population of potential solutions that evolve towards a global optimal
solution. This evolution occurs as a result of pressure exerted by a fitness-
weighted selection process; exploration of the solution space is
accomplished by recombination and mutation of existing characteristics in
the current population.

GA have been an especially helpful tool during the last years in
electromagnetic design. Previously to this work, several design studies in
different areas of electromagnetism have been developed, mainly in
antennas and filters design [5-7]. One remarkable application is presented
by Pitarch et al. in [8] where uniform electric field distributions in
microwave multimode applicators are achieved by obtaining the optimum
feed positions by means of a GA and multimodal circuital techniques. In
[9] the goal involves maximizing the system matching and minimizing the

mutual coupling among the sources in a three dimensional scenario. The
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best location of the sources in order to achieve this objective is obtained
by means of a GA. Other optimisation techniques are frequently applied in
the design of microwave heating systems, such as the constrained
optimisation used in [10] or neural networks [11].

In this work, the applicator consists of a rectangular cavity loaded with
marble and epoxy resin. In order to obtain a heating uniformity over the
resin during the curing process, two feeding scenarios are considered:
multiple waveguide feeding and slotted waveguide feeding. The electric
field uniformity is analysed from a statistical criterion such as the standard

deviation normalized to the average electric field in the sample. In order to

implement the GA, an in-house MATLAB® code based on [12] is used.

2. Problem Description

Two different approaches to the problem are considered depending on the
feeding system. First, for multiple waveguides, a two-dimensional (2D)
analysis has been performed by means of the MATLAB® Partial
Differential Equations Toolbox, where the problem is solved using the
Finite Element Method (FEM). In this approach only TE;,0 and TM o are
considered. Nevertheless, it is useful for validating the optimisation
procedure and for obtaining information about the behaviour of the
evolutionary algorithm. The results of a 2D model constitute a particular
unrealistic solution of a three-dimensional (3D) model where one
dimension is considered invariant, and with them, a preliminary evaluation
of the system performance can be quickly obtained because of the low
computational cost of the 2D approach as regards to the 3D one at the full-
wave simulation stage.

A 3D optimisation procedure has been employed for slotted waveguide

feeding. In this case, a commercial electromagnetic simulation tool (CST
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Microwave Studio 5), based on Finite Integration Technique (FIT), has
been used.
For both cases, the applicator is a 320 mm cubic cavity, the marble is

modelled by a 100 mm x 100 mm x 20 mm slab with a relative electric
permittivity €. =7.9— j0.1, and the epoxy resin is a 100 mm x 100 mm x
3 mm slab (&, =3.8—0.92). These samples are located on a PTFE tray
with 5 mm thickness. The multiple waveguide feeding system consists of
WR340 waveguides located in the different faces of the applicator, and the
slotted waveguide with a variable number of slots is located in the centre
of the upper side. Both waveguides are excited with the TE;) mode.
Figures 1 and 2 depict the arrangement of the problem for 2D and 3D

scenarios, respectively.

WR 340
Waveguide
Multimode
cavity WR 34.0
Waveguide
320
mm
Epoxy resin
3 mm Marble sample
i
5 mm 20 mm
v )
Y
PTFE Tray 100 mm 1 40 mm
320 mm

Figure 1. Geometry of the problem arrangement for 2D approach
(example of 2 waveguide feeding)
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Figure 2. Geometry of the problem arrangement for 3D approach (slotted
waveguide feeding)

The optimal location of the waveguides, for the first case, or the optimum
location of the slots, for the second one, is the objective that GA must
accomplish in order to achieve uniform electric field over the epoxy
sample. Other parameters, as waveguide orientation or slot orientation and
thickness, can be easily added in the algorithm.

The electric field uniformity in the sample must be maximized and,
therefore, the evaluation function that GA must minimize is the standard
deviation of the electric field in the sample surface. Moreover, this
quantity is normalized by the mean value of the electric field strength (1)
in the sample surface in order to obtain high electric field values on that

zone. Consequently, the normalized standard deviation considers two
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goals: the minimization of the standard deviation in order to obtain electric

field uniformity, and the maximization of the average of this electric field.

o=

()

where » is the number of points considered on the upper surface of the
sample, |Ej| are the absolute electric field values at each point and m is

the average of all these values.

It is important to remark that the normalized standard deviation is
calculated on the surface of the processed material, but not in all the
volume of the product. The electric field undergoes an experimental decay
inside the material which depends on its dielectric properties and,

therefore, it is difficult to improve by means of a multi-feeding design.

3. Genetic Algorithms

The GA is a general optimisation technique with application to a great
variety of problems by means of an adequate choice of its parameters and
functions. For a perfect control of the logic and the procedures used in
these algorithms it is required to establish correctly the suitable
requirements for each problem type and to explore the possible
enhancements that are appropriate for obtaining the best results.

The GA flowchart used in this work is depicted in Figure 3. It can be
observed that the first step involves establishing the design parameters,
their range of variation, the number of individuals in each population, and
the number of generations, that is, the total number of optimisation
iterations to be simulated. The crossover and the mutation probabilities

and the considered crossover, mutation and individual selection types are
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also assigned in this initial stage. Once the essential parameters of the
algorithm are defined, the first population is randomly created and all the
individuals are evaluated through electromagnetic simulations to assign
their own fitness. This fitness value is the connection between the physical
problem and the GA. Each individual is a combination of design
parameters or a solution of the problem. Figure 4 shows the coding of each

individual for the considered scenarios.

Definition of Parameters and
range of variation

[ First Population ]‘[ Individual evaluation J

ﬁ - — Save the fittest

individual

I Crossover
[ Parent selection }-[ Crossover ]‘{Evaluation of children}-{ Substitution of parents }

I Mutation
M Individual selection }‘[ Mutation }‘[ New individual evaluation ]- [ Substitution} J
I l ———» Sustitution of the worst

individual for the best
one saved previously

T = =

(Generation=Max
generation?

End

Figure 3. Genetic Algorithm Flowchart
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Figure 4. Coding of individual attributes

The fittest individual is saved, in order to preserve the best one in the
reproduction process, or during the crossovers and mutations that are
performed. Then, a selection of the fittest individuals, the individual’s
recombination and, finally, the mutation are performed. These two final
procedures obtain new individuals that replace the individuals of the
present population and must be evaluated as well. After that, the worst
individual in the population is substituted by the best one saved
previously. In this way, the best design, associated with the best
individual, cannot be lost in the optimisation process. The loop finishes
when the last generation has been completed.

GA are designed to maximize functions and the objective here involves
the minimization of expression (1). For this reason, the evaluation function
has been computed as

Fitness=0_, —0 (2)

where & is a positive value higher than the maximum value that the

max

function & can get.
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The GA operators (selection, crossover or mutation) are not
computationally expensive. Nearly all of the computational cost is due to
the fitness evaluation, which requires an electromagnetic simulation for
each individual and frequency.
Due to the great number of individuals that must be evaluated, a numerical
method with low cost is very important. In a problem with N individuals in
each population, M generations, P. probability of crossover and P,
probability of mutation, the design time is
T=N-t,[1+Q2P +P,)M-1) 3)
with #,;, the time for one simulation. MATLAB® PDE Toolbox fulfils the
time consumption requirements solving the 2D design problems included
in this article in a maximum of one hour in a Pentium IV 1GB RAM
personal computer with Windows XP. For the 3D case, the number of
unknowns at each simulation increases substantially and the algorithm
requires more time to converge to the final design. Although in this work
full — wave simulations have been carried out by means of numerical
methods (FEM and FIT), for prismatic shapes of applicator and materials,
a more analytic and efficient mode — matching technique could be
implemented in order to reduce the computational cost of electromagnetic
simulations and to allow a more intensive search in the solution space, that
is, a large number of individuals, generations, crossovers and mutations.
4. Results
The input power for the TE ;o mode excitation of waveguides was set to 1
Watt. For all the designs performed in this work the GA parameters have
been set as follows:

e Individuals per generation = 4

e Number of generations = 10

e (Crossover probability = 10
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e Mutation probability = 5

e Crossover type = arithmetic

e Mutation type = non-uniform
where the crossover probability is defined as the times that the algorithm
performs the crossover procedure in each generation and the mutation
probability is considered as the times that the algorithm performs the
mutation procedure in each generation.
In the multiple waveguide case, different optimisation configurations are
evaluated, from the single case of one waveguide up to four waveguides,
one per side. Figures 5 and 6 show the final design and the corresponding
electric field distribution in the applicator for a one-guide and a four-
guides configurations. Comparing these figures, the improvement of the
electric field uniformity working with four waveguides is noticeable due
to the lower number of lobes near the sample. This improvement is clearer
al Figure 7, where the electric field strength at the surface of the epoxy
resin, where the uniformity is optimised, is depicted. It can be observed a
reduction of the field strength as well. The fitness function considered here
to evaluate the designs establishes a compromise between the electric field
uniformity and the electric field strength. It is possible to consider other
evaluation functions with weighting coefficients in order to outweigh the
uniformity or the strength. This is also evident examining Table 1 where
information about the normalised standard deviation the electric field

strength and the computational times for each case are detailed.
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Figure 5. Final design and electric field distribution for one-guide feeding
(X =114.8 mm.)
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Figure 6. Final design and electric field distribution for four-guides
feeding (X; = 124.5 mm, X; = 221.9 mm, X3 = 197.5mm and X, = 192.4

mm)
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Table 1. Statistical results for waveguide feeding

. Norm. standard Electric field Computational
Configuration . . .
deviation mean times
One waveguide 0.3648 671.2501 V/m 12 min.
Four 0.1445 574.9951 V/m 21 min.
waveguides
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Figure 7. Electric field strength on the surface of the epoxy resin sample.

The evolution of the generations during the optimisation process is
presented in Figures 8 and 9 for both cases. In these figures the cross mark
indicates the normalized standard deviation for each individual, and the
circle marks point out the best individual at each generation. It can be
observed that in both cases the last generation presents individuals with a
similar fitness, which is a typical behaviour of GA if the mutation

probability is bounded to a small or medium value.
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The GA evolution for the case with one waveguide is represented in
Figure 8 and shows the optimisation reached along the generations. It can
be noticed that the value of the normalized standard deviation is
minimized improving the electric field uniformity in the sample and the
heating process. To prove that the design obtained with the GA is the
optimum result, an iterative procedure was executed. In this analysis the
feeding waveguide changes its location with steps of 5 mm in the upper
side of the applicator and the normalized standard deviation is calculated
for every position. The best result corresponds to X = 115 mm. for the
iterative method and X = 114.8 mm for the GA technique. In the case of
four waveguides, the solution space is much larger than the one waveguide
case and the convergence is slightly slower (Figure 9).

The key feature here is that GA is a global optimisation technique and it
guarantees an optimised result non-dependent on the initial guess. In order
to avoid too slow convergences it is necessary a checking period to adjust
parameters as the number of individuals per generation, crossover and
mutation probabilities, selection strategies and, mainly, the fitness

function.
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Figure 8. GA evolution for one-guide feeding design.
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Figure 9. GA evolution for four-guides feeding design.

As regards to the slotted waveguide configuration, Figure 10 shows the
final design for five slots, and the electric field distribution for this design
is presented in Figures 11 (z=0), 12 (x=0) and 13 (epoxy resin upper

surface plane). Since this is a 3D scenario, the results are not comparable
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with those of the multiple waveguide feeding. Nevertheless, the
optimisation evolution, presented in Figure 14, shows the same behaviour
than the previous ones with a correct convergence of the individuals to the
best solution. In order to compare the performance of the GA when the
number of slots increases, a 10 slots configuration has been optimised
Comparing the results for 5 and 10 slots (Table 2), a slight improvement in
the uniformity of electric field and a reduction of the electric field strength

when the number of slots is increased become apparent.

Table 2. Statistical results for slotted waveguide feeding

Configuration Norm. .sta'ndard Electric field Comp.utattonal
deviation mean times
Five slots 0.18 155.99 V/m 534 min.
Ten slots 0.15 127.75 V/m 1558 min.

Figure 10. Final design for slotted waveguide (5 slots)
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Figure 11. Electric field distribution for slotted waveguide (5 slots). Z=0
plane (X;=-14.712 mm, X, = -87.98 mm, X; = 6.9331 mm, X, =-73.32
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Figure 13. Electric field distribution for slotted waveguide (5 slots) on the

upper surface of epoxy resin
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Figure 14. GA evolution for slotted waveguide (5 slots) design.
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5. Conclusions

In this work an optimisation technique for obtaining electric field
uniformity over a given material by means of a proper design of the
feeding system has been described and the results for a real — world
application, as the curing of epoxy resin over a marble surface, have been
analysed. These results show that GA 1is a proper technique for this kind of
electromagnetic problem, where different design parameters, i.e. the
different positions of waveguides or slots, must be optimised. These
parameters can be incremented incurring in more complex designs with,
for instance, orientation of waveguides or orientation and thickness of
slots or even allowing slotted waveguides at the six sides of the applicator.
The results for both the 2D multiple waveguide feeding and the 3D slotted
waveguide feeding prove that GA evolves up to a final design which is a
global optimal solution.

The main computational tools for this procedure are the GA routines and
the electromagnetic simulation which obtains the electric field distribution
in the cavity and allows to calculate the fitness for each individual. The
main computational cost is due to the electromagnetic simulation and,
therefore, it is of the utmost importance to employ an efficient technique.
A more analytic and efficient mode — matching technique could be
implemented in order to reduce the computational cost of electromagnetic

simulations and to allow a more intensive search in the solution space.
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