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One important element in aerodynamic design of wind turbines is the use of specially
tailored airfoils to increase the ratio of energy capture and reduce cost of energy. Thiswork
is focused on the design of thick airfoils for wind turbines by using numerical optimization.
A hybrid schemeis proposed in which genetic and gradient based algorithms are combined
together to improve the accuracy and the reliability of the design. Firstly, the requirements
and the constraints for this class of airfoils are described; then, the hybrid approach is
presented. The final part of this work is dedicated to illustrate a numerical example
regarding the design of a new thick airfoil. The results are discussed and compared to
existing airfails.

Nomenclature
a = angle of attack [deg]
c = airfoil chord [m]
Cq =  airfoil drag coefficient [-]
Cimin = minimum airfoil drag coefficient [-]
G = skin friction coefficient [-]
G = airfoil lift coefficient [-]
C. = slope of the lift curve [de
Cimax = maximum airfoil lift coefficient [-]
Cns =  airfoil moment coefficient referred to the quamdé chord [-]
F =  objective function
Ixx = sectional moment of resistance
k =  weighting parameter [-]
L/D =  aerodynamic efficiency [-]

local radius [m]

I. Introduction

ESIGN of airfoils specifically suited for wind ture blade applications is important in the contirui
development of wind turbines. Because of the isidrrequirements in terms of design point, off-gasi
capabilities and structural properties, new aisfaledicated to wind turbine application have beevetbped™.
However, most of these airfoils were designed ffier duter part of the blade where the aerodynangjgimements
have higher priority compared to the structuralsone

Timmer*, Hoernet® , van Dam, Mayda and Chamade significant research on thick airfoils. Nowgahe
design of geometries with relatively large trailiagge thickness (blunt trailing edge or flat-baskods) became
popular in order to improve the airfoil’s lift perinance.

From numerical point of view, this class of geornetris challenging, due to their intrinsic charast&s and
the lack of experimental data to validate the nucakmpredictions. Also, the fact that aerodynaméfprmance
should be conjugated together with structural prigge makes the problem even more attractive frioendesign
point of view.

In the last decades, multidisciplinary design ojation (MDO) became more and more attractive dfettve
approach instead of traditional methodologies durine design process. This is due to the rapideas® in
computational resources normally available, bub &sthe fact that the algorithms are more effiti@nd robust,
giving the opportunity to the designers to inclséeeral disciplines in their procedures.
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In the next section, the requirements for thissclafsairfoils are presented, then the used apprzaekplained.
Finally, the design of the new airfoil is descrilmw the results are discussed.

1. Airfoilsfor thelnner Part of the Blade

Airfoil characteristics include both aerodynamiaastructural requirements. For the inner part efttlade, the
structural requirements have higher priority thanthe sections in the outer part of the bladeartfer to guarantee
the needed structural strength and stiffness, ittfi@ila at the root have large values of momentesistance; this
means large values of thickness and sectional &rehis perspective, flat back airfoils are helpfu improve the
structural properties.

From the aerodynamic point of view the most impartparameter for the tip region is the aerodynamic
efficiency (/D). In order to obtain good turbine performance, deeodynamic efficiency should be as high as
possible, but, at the same time, other considerattiould be taken into account.

For the inner part of the blades, the lift coe#fidi C) itself is very important as well as the stall &elour. This
is because in normal operating conditions, thellangle of attack can be quite high. Good valueG,qf and good
stall characteristics can help to keep high aeradya performance and prevent structural problemghi® blade.

Another consideration is related to presence ofsyuehe local angle of attack can rapidly changethere
should be a “safety” margin between the designean§lattack and the stall angle in order to avbat the airfoil
works in stall or across the stall region that ke to fatigue problems.

Also, wind turbines should be efficient in dirty ratitions as well; this means that the sections rteede
insensitive to roughness.

For the outer part of the blade, the connectioméeh aerodynamic performance and structural regpohthe
blade (i.e. blade torsion) is a crucial elementirduthe design; for the inner part, this connectstiould be still
taken into account, even if with lower priority. ddmplete discussion about requirements for winditér airfoils
can be found in Ref. 8 by the present author.

I11. Design Approach

Hoerner and van Dam proposed a way to generatk #irfoils with blunt trailing edge (by systematiga
cutting part of the trailing edge region accordiagloerner, or by smoothly increasing the thickregsthe rear part
of the airfoil according to van Dam.). However,general both procedures cannot be used as desigadure in
the sense that the characteristics of the findbihicannot be fully controlled and these charastas are really
dependent on those ones of the initial geometrymAationed, for this class of airfoils the strueluwrharacteristics
are playing an important role for their real usagea cut-and-try approach can lead to not optgokitions.

In the present work, a numerical optimization bagpproach has been used in order to have an effidesign
method able to deal with multiple requirements aagrfrom different disciplines.

A. Optimization Scheme

Nowadays, several algorithms are available fornojatition, belonging to different categories depegdin the
mathematical formulation. Usually, evolutionary @ighms are less sensitive to local minima, butythee time
consuming and constraints have to be included psnalty term to the objective function. On the othand,
gradient based algorithms (GBA) can lack in glotyatimality but allow multiple constraints and arenma robust,
especially for problems in which a large numbecafistraints are prescribed. In this research, sidvgcheme has
been implemented in which genetic algorithms (GAJ &BA are combined together to improve the acguea
the reliability of the design.

GA are used at the beginning of the design processler to explore large domain with less probleegarding
local optima. The optimal solution found by the @Athen used as initial configuration for the GB#at aims to
reach a more accurate optimal solution in a smelsign space. Despite the fact that a single dgsigcedure can
be implemented in which automatically the resulG# is further improved by GBA, the two algorithrage kept
independent from each other. Separate runs aressageto complete a single design. The reasonigfctioice is
that GBA can be sensitive to the initial geometng @ sub-optimal solution from GA could lead toedtér final
solution. One of the goals of the present work$s o investigate what is the best combinatioGéfand GBA in
order to have the best final solution but alscetituce the computational time.

The GBA implemented in this work is the sequentg@ladratic progrmming method developed by
Schittkowsky, with the gradients approximated by finite diffeces.

Regarding the GA, the algorithm developed by YaRginstein, Pai, Xu, and Carr8llhas been preferred.
Tournament selection scheme has been used, togeitheaniform crossover and elitism mechanisms.oAlsoth
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jump mutation and creep mutation have been activéd@e of the unique characteristics of CarrollA G the so
called ‘MicroGA”; it is a method to improve the performance of gf@gmalgorithms used in this work and derived
by the studies of Goldberg and Krishnakuthao explore the use of small population sizes inegies. Small
populations can lead to too rapid convergescethe re-generation of random population membelgsto ensure
diversity during the search process and so todaeaial minima.

For the implementation of the constraints in G&geo value is assigned to the objective functiocase at least
one constraint is violated.

B. Geometry Parameterization
A composite cubic Bezier parameterization is ubesed on the development done by the present atthibe
design variables of this parameterization are twedinates of the control points (see figure 1).
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Figure 1 Sketch of the parameterization.

C. Objective Function Definition and Evaluation

Aerodynamic efficiency has been used as aerodynperformance to be improved, together with theispat
moment of resistance for the structural part ofghablem. These two requirements are conflictinthweiach other;
in fact the aerodynamic efficiency is pushing tlesign to thin geometries, while the structural reaents would
prefer thick shapes. The two objectives are contbingether in form of a weighted linear combinat{eee eq. 1);
this means that the final shape is also functiothefrelative importance of the aerodynamics wihe.structures. A
non dimensional parametdéris used to define the relative importance of thwe ttontributions to the global
objective function. In order to create a familyraw airfoils and investigate the effect due to vh&ie ofk, the
optimization process has been repeated severa timehanging the value of the paraméter

F=K(L/D)+(A-K)I, eql

Where k is a weighting parameter varying betweand 1.

The sectional inertia moment is depending only lom dirfoil’'s geometry but an aerodynamic solver basn
necessary to evaluate the aerodynamic efficiencgt @me aerodynamic constraints, see next sediiodetails).
RFOIL™ code has been used.

RFOIL is a modified version of XFOIf featuring an improved prediction around the maximiift coefficient
and capabilities of predicting the effect of rabation airfoil characteristics.

In order to assess the accuracy of RFOIL for thisigular class of geometries, DU00-W2-350, DU-0@Q-W01,
FX77-W-343 and FX77-W-400 airfoils have been usedeference to validate the numerical predictidie Delft
University (DU) airfoils have been tested at Délfiiversity, the FX airfoils instead at Stuttgartilzrsity. All the
tests have been performed at 3 million Reynoldshb@am
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DUO00-W-350 DU00-W2-401
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Figure 2 Airfoils selected for the validation.

— DUO00-W2-401 (RFOIL) m DUOO-W2-401 (exp) — DUO00-W2-350 (RFOIL)
® DUOO-W2-350 (exp) — FX77-w-343 (RFOIL)  ® FX77-w-343 (exp)
— FX77-w-400 (RFOIL)  m FX77-w-400 (exp)
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Figure 3 Validation for thick airfails; lift curve. Reynolds number: 3 million. Experimental data from Refs. 4
and 16.

For the DU airfoils the agreement in terms of fiirformance is really good; in terms of drag, aderastimation
around 13% has been found, which is in line with tlsults of previous validations done on thinrewrgetries.
Looking at the FX airfoils, the lift curve is quiteell described, at the least the general shapgbeoturve. For the
FX77-W-400 there is an overestimation of the maximift coefficient and consequently of the anglestdll, but
the abrupt shape of the stall is anyway captumrederdms of drag instead, the underestimation ibdrigespecially
for the 40% airfoil. The reason of that can be teslawith lack of accuracy in presence of largelitrgi edge
thickness.
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Figure4 Validation for thick airfoils; polar curve. Reynolds number: 3 million. Experimental data from Refs.
4 and 16.

IV. Design of New Thick Airfoils

A. Definition of the Requirements and Constraints

The design of new airfoil for the inner part of thlade is presented in this section. The goal efgtimization
process is to maximize the aerodynamic efficienoy the moment of resistance at the same time.rfsd fesult, a
family of airfoils should be expected, with theatile thickness increasing, depending on the stratheeds.

The Reynolds number during the design is 3 milliotended to be representative of a MW class wimtihe)
and the design angle of attack is 6 degrees. Afeodesign is performed by imposing the transiibri% of the
chord on the suction side and 10% for the presside The reason of that is to obtain airfoils weothibit a good
insensitivity to the roughness by driving the dagdgocess to geometries without large extent ofriamflow.

From geometrical point of view, a minimum airfdiickness of 35% of the chord and a minimum thicknets
the trailing edge of 1% of the chord have beengilesd. The constraint related to the trailing etlgekness has
been assigned to take into account manufacturiqginements; an upper bound for this variable isprescribed, n
order to be able to explore flat-back solutions.

In addition to these geometrical constraints, saveerodynamic constraints have been defined. ssudsed in
section 1l, the effect of aerodynamic performance structural deformations should be taken into antoin
particular, the torsion of the blade has strongaotn selection of the materials and costs. Alsasidering that
several airfoils are installed on the same blage aerodynamic properties of the single airfoilsudtin’t differ too
much between each other (see Ref. 8). For thesenmsaa maximum value for the moment coeffici€htf) equal
to -0.15 has been assigned at the design cond@idegrees of angle of attack).

In normal operating conditions, the sections atrtdw of the blade work at high angle of attacks implies that
the airfoils need to be designed considering thk ebndition and the airfoil’'s separation pointwvement as part of
the core requirements. In fact, goGg. values should be achievable, in conjunction wiift stall and post-stall
characteristics.

Also, a margin between design condition and stafidition should be kept to take into account thglemf
attack change due to gusts. In the reference nmadtiabove, an explicit constraint on the positibthe separation
point was used; in this research, however, a diffeapproach has been preferred. Two combined reamist have
been implemented to control the stall charactegsbif the airfoils. The first constraint consistsrposing a value
of C, lower than 1.8 at 15 degrees of angle of attduk;siecond constraint consists of imposing thatlitbe in C,
between 15 and 16 degrees is less than 0.3. Tketaf these two combined constraints should bavid
excessive high lift performance that could leacmoabrupt stall. The value of 15 degrees has beleoted taking
into account some margin from the design conditibi; as value foC, is still high lift. Regarding the second

5
American Institute of Aeronautics and Astronautics



constraint, the threshold value has been selediied eomparison of experimental data from Abbott amon
Doenhoff’ for 4, 5 and 6 digits NACA airfoils.

B. Design Variables

Fifteen design variables have been actively usetisncase, corresponding to (see figure 1) comoatts 2, 3,
5,9, 11 and 12 in both directions and control {0l 6, 8 only in vertical direction.

It should be noticed that keeping free the comimht 1, it allows the optimization scheme to shaatso in the
space of blunt trailing edge airfoils. One of tlrawbacks of the solution proposed by Hoerner tcegae thick
airfoils is the fact that the chord is not anymbaogizontal, affecting the real angle of attack.avwid this problem,
the control point 13 is mirrored according to ttaéue of the control point 1.

In table 2, the values for upper and lower boundsliated. According to these values, airfoils wittckness
varying from 10% up to 50% of the chord can be esgal. The trailing edge thickness can increas® @d% of the
chord.

D Control Lower bound Upper bound
point*  (%chord) (% chord)
1 2h 0.7 0.8
2 3h 0.4 0.5
3 5h 0.09 0.15
4 9h 0.09 0.15
5 11h 0.4 0.5
6 12h 0.7 0.8
7 1lv 0 0.1
8 2v 0.03 0.2
9 3v 0.08 0.25
10 5v 0.08 0.25
11 6v 0.03 0.1
12 8v -0.1 -0.02
13 9v -0.25 -0.02
14 1liv -0.25 0.04
15 12v -0.1 0.09

Table 1 Boundsfor the design variables. "h" denotesthe horizontal direction, " v" the vertical direction.

C. Préiminary Tests

Preliminary investigations have been performed sgply on GA and GBA. In this paragraph, some @& th
results found in these tests are illustrated. Apfifired version of the optimization problem presshin the previous
section has been used; the objective functionssthe aerodynamic efficiency at 6 degrees of an§lattack. It
should be also underlined that look only at oneapeter is not enough to decide about the qualitgrofirfoil,
since many characteristics, often conflicting wéhch other, should be evaluated. Usually a godilais a
combination of several characteristics. Howeverthis context, the interest is focused on the respoof the
algorithms, more than the real airfoil design peohl All the tests have been performed on a machitle
Centrino-Duo processor (CPU@2Ghz).

1. Genetic Algorithm

As mentioned, the used GA has the spauiaioGA scheme. The tests have been focused on evaleatéféelnts
of such scheme w.r.t. the traditional scheme; als® influence of the population size, number aiegations and
children per pair, have been considered. Populaima of 5 and 10 individuals have been used, @wplup to 400
generations with and withouaticroGA scheme. WithmicroGA, only 1 child is allowed per pair; instead, witha,)
1 and 2 children are allowed.

Finally, both a complete set of constraints andduced one have been used; in particular, the redmist about
the stall have been deactivated. The idea wasd@sibset of constraints in GA to reduce the coatipnal time,
while in GBA the refinement is always performedwihe full set of requirements. In principle, tltisuld save
some time and force the GBA to change the solu{sm avoiding local optima) to satisfy the whole sét
conditions. Tablexxx summarizes some of the resilteese tests performed on the reduced set afticonts.
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microGA population children  Time (min) L/D

TMOO WX O

yes 5 1 25 55.48
yes 10 1 130 68
no 5 1 43 62.1
no 5 2 30 52.4
no 10 1 150 60
no 10 2 70 57.7

Table 2 Summary of resultsfor preliminary testson GA (not complete set of constraints).

With reference to the table, the solutions for agunfations B, C and E are the most promising; havethe
airfoils generated for B and E showed a not complategular shape on the suction side, leading verg sharp
stall. Also, they are the most expensive in terrhgamputational costs. From the design process hewehis
result can be avoided only by adding extra con#isain the stall, so using the complete set oftcaimgs. With the
complete set, the average computational time iseasing, since the simulations take longer, andlifierence in
results is reduced, due to the effect of the ectrastraint. However, the trend does not changelamdonfiguration
C is still the best (table 4). It should be stresget the fact that the stall is not assignedieitity, does not mean

that the stall is sharp.

ID microGA population children  Time (min) L/D
A yes 5 1 110 55.7
B yes 10 1 130 55.7
C no 5 1 170 56
D no 5 2 120 53

Table 3 Summary of resultsfor preliminary testson GA (complete set of constraints).

According to the tables, very small populationshwit child per pair produce better values. FiguiuStrates the

evolution of the configurations in case of not céetg set of constraints.
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2. Gradient Based Algorithm

The aim of the tests performed on GBA, was to asdes sensitivity of the algorithm to the initialstion and
the sensitivity to local optima. Also, in orderhitave confidence on the hybrid optimization schdameas important

50 100 150 200 250 300 350 400 450
generations

Figure5 Best individual evolution.

to understand the response of the GBA dependirtge @A individual used as baseline.

The configuration C has been used as referencesevetal optimizations with GBA have been perforrbgd
changing the generation where to consider endeGth@rocess. The best individuals from the genenatid, 25,

50, 100, 200 and 400 have been used; the resalshamwn in table 4.
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GA L/D

ID . T (sec)
generation ga GBA A%

Al 400 55.48 60 8.14708 453
Co 4 10 58 480 652
C1 25 31.7 60 89.27445 767
Cc2 50 56.9 56.9 0 935
C3 100 59.4 59.42 0.03367 125
C4 200 59.6 59.62 0.033557 128
C5 400 62 62.05 0.080645 121

Table4 Summary of resultsfor preliminary testson GBA.

Comparing the “C” solutions, it can be observed tha GBA is able to improve more when the starpiogt is at
the beginning of the GA optimization; this is mgstlue that the GBA has more freedom w.r.t. locdinog found
with GA. For G3, G4 and G5, the GBA is not ablentove from the initial solution. Looking at the timhis
increases according to the generation of the Irgthution, so the GBA needs more time to find mpiioving path.
According to these results, it is convenient to thea GBA after few iterations of GA in order to veg the
computational time and obtain an optimal resulttHe table, also a solution obtained witicroGA scheme has
been used to perform the GBA, obtaining a very geoldtion. The indication coming from these anadysethat
the best hybrid combinations are the one correspgni few full GA generations or fulhicroGA optimization
before to start the GBA. In both cases, the comjaurtal time can be significantly reduced.

[—c1—A1—co - c5

Figure 6 Comparison between the airfoil geometries.

D. Design of Thick Airfoils
In the present work, five individuals populatiorsvl been used, evolving for 200 generations. A samrof
the used GA features can be found in table 5.

Feature Setting
Selection Tournament
Crossover Uniform
Mutation Jump and Creep
Elitism Active
MicroGA Active
n. of parents 2
Population size 5
Generations 200

Table5 Settings used for genetic algorithms.
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A family of new thick airfoils has been obtained blganging the relative importance of the aerodycami
requirements w.r.t. the structural requirementse Titickness varies between 50% of the chord forggmmetries
where the structural requirements were predomifaities ofk parameter close to 0), to 35% of the chord for the
configurations where the aerodynamic efficiency vasdominant (values df parameter close to 1). All the
geometries exhibited blunt trailing edges, withgtar values for the thicker airfoils. These firstlizations are
consistent with the expectations because maximitiagnoment of resistance means increasing theadteolume
and viceversa for the aerodynamic efficiency. Figure 7 shows earh the developed geometries, figures 8 and 9
illustrate their aerodynamic characteristics.

In figure 8 and figure 9 also the characteristi€she DU00-W2-350 airfoil are illustrated. Comparedthis
geometry the new airfoils for k=0.8 and k=0.9 exh# higher value ofC. and L/D.,, together with a larger
extension of the linear zone of the lift curve. 98 positive to reduce fatigue problems due tdgyua particular,
the geometry for k=0.8 has also good stall charsties with a value ofC,, close to the one of the reference
geometry. The airfoils have been compared alsixedftransition; in this case, the performancehef hew airfoils
are evidently better than the rfeference geomdtoyh in terms ofC, than L/D. It should be noticed the strange
behaviour of the DU00-W2-350 airfoil, found also\mn Rooij and Timméf during wind tunnel tests.

[+ k=0 = k=0.2 4 k=05 - k=0.8 x k=0.9 — DU00-W2-350]

T T T
I I I
R Y YY YN teey
il A “fAA‘AA‘T‘i“““
Ax KX XXX XA Ky g ] rAA“A ?f" T
000:0:8:00 X A

=
-
oSm,

..°==.o““§...l.:-’.’..-

-0.3
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 7 New geometriesfor different values of the weightin factor.

[—k=0 —k=0.2 — k=05 — k=0.8 — k=0.9 —— DU00-W2-350|

Cl[]

alpha [deg]

Figure 8 Lift curvefor the new airfoils, compared to the DU0O0-W2-350 airfail. Free transition, 3 million
Reynolds number, RFOIL predictions.

9
American Institute of Aeronautics and Astronautics



k=0.8 — k=0.9 —— DU00-W2-350

—k=0 —k=0.2 —k=0.5

LD [

alpha [deg]

Figure 9 Efficiency curvefor the new airfoils, compared to the DU0OO-W2-350 airfoil. Freetransition, 3
million Reynolds number, RFOIL predictions.

k=0.8 —k=0.9 —— DUOO-W2—350‘

CI[]

alpha [deg]

Figure 10 Lift curvefor the new airfoils, compared to the DUO0-W2-350 airfoil. Fixed transition, 3 million
Reynolds number, RFOIL predictions.

[~ k=0.8 — k=0.9 - DU0O-W2-350]

LD

alpha [deg]

Figure 11 Efficiency curvefor the new airfoils, compared to the DUOO-W2-350 airfoil. Fixed transition, 3
million Reynolds number, RFOIL predictions.
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— DUO00-W-350 free transition — k=0.8 free transition
— DUO00-W-350 fixed transition k=0.8 fixed transition

Alpha [deg]

Figure 12 Lift curvein presence of rotational effects. 3million Reynolds number, freetransition, ¢/r=0.248.

During the design, the rotational effects have lmen taken into account, but at the root thesetsfi@re not
negletable. Figure 12 shows the comparison betweetift curves in presence of rotational effedibese effects
have been included in RFOIL by Snel, Houwink, vamsgel, and Bruinind. According to this formulation, the
main parameter controlling the rottional effectshie ratio between local chord and local radiugalae of 0.248 for
c/r has been assigned. Both in free and in fixadsition, the new airfoil has better performanantthe reference
geometry. This is also due to the higher lift parfance of the new airfoil.

In terms of optimization process, the combinatiérGé and GBA in a hybrid scheme produced good tssul
improving the reliability of the design and contrilmg to save computational time. In fact, in alinal the cases
analyzed, the usage of GBA after GA made possiblachieve a better final solution. For some comfijons
however, the GBA was not able to change the saiutiaming from GA, meaning that probably the intémac
between the two algorithms can still be improved.

V. Conclusions

A hybrid optimization scheme making use of genetigorithms and gradient based algorithms has been
developed and applied to design a new family dbagrdedicated to the root region of the wind fnebblade. Both
aerodynamic and structural requirements have beelnded in the optimization process and specifinst@ints
have been implemented to control the stall behavior

According to the numerical predictions, the resalts promising, showing that the new airfoils hésasible
shapes, consistent with the assigned requirementsviah good performance. Despite these good efdtvever,
wind tunnel tests are mandatory to validate the erigal predictions, especially at the stall whdre humerical
accuracy can be lower.

For this class of airfoils, the rotational effeat® playing an important role; in the next develeptthey will
be included in the design process.

Regarding the hybrid approach, the results showaidthe combination of genetic and gradient bafgatithms
can be beneficial to improve the accuracy and noless of the design and reduce the computatianal tHowever,
improvements in constraints implementation in genaligorithms and in general a better communicalietween
two algorithms can lead to higher quality results.
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