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EXTENDING CURRENT TECHNIQUES FOR ELECTRICAL LAYOUT
OPTIMIZATION OF ONSHORE WIND FARMS CONSIDERING 3D
MODEL OF THE TERRAIN

SUMMARY

The optimization probl@a of the internalelectrical layoubf onshore wind farms are

very complexdue to its NPHard natureand constitutes the second biggest expense in
onshore wind farm project3his studyaims to solve the electrical layout ptem

using predefined pathst Is shown that the determination of optimum cable
thicknesses in terms of net present value (NPV) and investment costs over a layout can
be done a priori, and it does not have to be included in the optimization analysis as
design parameters. Second, a new problem for predefined paths which considers
parallel cables and their optimum order of connection is defined and solved by using
well known metaheuristics Particle Swarm Optimizer (PSO) and -t8laminated
Sorting Genetic Algathm 2 (NSGAI). Third, a strategy for radial clustering of wind
turbines over a substation is given in order to automize the clustering prodedure.
this strategysubstations taken aghe origin and imaginary lines starting from the
origin pass beteen wind turbines and create radial clusters. The angles of each
imaginary line in the clockwise direction are selected as variables and the objective
function is chosen as tistandad deviation of the distribution of wind turbines in each
cluster A node based optimization strategy for electrical layout problem is introduced
for the first time which takes the effects of altitude change into account using 1 arc
secondhigh resolutionsatellite images. Using this strategy, it is possible to predict
objective function values more accurately and it gives a route for electrical cables on
digital elevation model (DEM). The last but not the least, trenching constraints are also
considered for 3D analysik. hasbeenshown thathe proposed strategy can (e
trenching constraints for wind farm§he poposed strategies are applied on a real
onshore wind farm in Hat ay/ Samandaj (Zi
configurations.
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3 BOYUTLU ARAZK MODELK KULLANARAK KARA
ENERJKSK SANTRALLARININ TEK HAT OPTKM
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¢tal ekmada el ektri k tek hat optimizasyonu r ac
il e modi fivye edi | mi kK k¢ mel eme yakl akeéeme i
y°nteml er i i -1 nden radyal grupl andér ma en
teéerbinl erionarndi meat kat &€ n é&n °nceden belirl endi
kull anél déj e kabul u yapél mekter. ¢tal ekxmada
masrafl arter ansddhikll e kdiel mi Kkt ir .gidBriemun dékénd
bakbmjl ant é w@drleripkorapanzasyorématlyetb.d ej er | er - al ék may
dahi | edi |l memi ktir.

Modi fiye edi | mi ggdki¢kntein ieimeeislwyatrdid jeuni k ¢ mel eme vy ¢
deji ktirilerek -alékmaya wuyarl anméxteer. Mo d i
nokt al anreé emi rybaikréin r ¢zgar teéegrbinlerdi ol ar ak
ol duju kabul edi Il mik ve optimizasyon al gori
K¢mel eme y°nteminin geliktiriciler:i y°nt e mi
yakanaberhangibiede za durumunda daha az sayéda r ¢z
cretiminin duracajéné belirtmiklerdir. Bu se
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Sunul an y°ntem ile tek hat optimizasyonu ar a
ger-eklektirilmektedir. Sadeeeaear &esa¢,mesih
kabl onun izl eyece]i gézergah da belirtil me
sayesindk az él amayacak herhangi bir alan varsa, |
boyutl u arazi model i nd® k lkiak éldema&ydeak nian ars
yapél masé yeterlidir. Algoritma, izledifji y O
y°nel mektedir.
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radyal grupl andéerma i kleminin bilgisayar ort
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m¢ mke¢n ol dujunca exit dajetéel acakirolup hat
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topografyanén enlem boylam ve y¢ksekli k dej
ortama aktarél méexkter. Olukturul an sanal top
d¢j ¢ml errii ni Ibe rkbaj |l antéséna izin verilmik ol uj
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Bu -al eéxkma Hat ay Samandaj6da bul unan Zi
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1. INTRODUCTION

Thereis a growing interest ithe utilization of wind energy, around the world due to
anincreasingrendin renewable and alternative energy sources. Nowaldags, scale

wind farms are being built with hundreds of wind turbines. Typically, the required
distance between each wind turbine might leathtéouse of several kilometers of
electrical cables depending on the number of wind turbines and topographical
conditions ofthe terrain. Due to this reason, the cost of internal power transmission
systems has a significant share in wind farm buddggts;ally 8% for onshore and

18% for offshore power planf].

The optimization of electrical layout problem for wind farmsesy complex due to

its NP-Hard nature [2] and this complexity increases as the number of wind turbines
i ncrease. Usi ng Cayl eyos formul a, t he
configurations will beNN2whereN is the number of wind turbines and only asfe

these configurations will be the optimum solution. Due to this complexity and its
significant share in the project budgets, the problem has grabbed the attention of
researchers over the last decabfethe literature, Zhao et al. proposed a single
objective optimization study for electrical system for offshore wind farms by using
genetic algorithm [3]. Their goals were optimizing the electrical system desigts and
reliability. But they did not include the effect of cable thicknesses, connections on
electric cable losses in their study. Wu et al. proposed a study fomiatbsitingof

wind turbines and optimizing their electrical layout for offshore wind farms in [4].
They have firsmicrositedwind turbines on a grid and then optimized their eleatric
layout connections in their study. Since tligg notsearchfor a minimum spanning

tree for eletrical layout, their study emrd up with larger trenching lines than the
global optimumAlso theydid not vary the string dimensions for optimal connection
Dutta and Overbye contributed wind farm layout optimization problem with 3 studies
[5-7]. In [7], they compared the effects of different configuration types on the electrical
layout optimizatiorby considering the total trenching length [5], theyproposed a

new design strategy for wind farnnscluding the trenching constraints by using a



convex hull based bypassing algorithm. In [6], they proposed a new method to connect
wind turbines by usintpvelizedclustering representative points. In that study, authors
claimedthat the proposed clustering based approachegldddtter results im period

of 25 yearsAnother study proposed Wischetti and Pisinger used Steiner points in
optimally connecting winturbines can be found in [8]. They have used mixed integer
linear programming and heuristic based hybridized approaathéuristicsin order

to optimize the electrical layout. Even though the use of Steiner psintd fully
exploited within the studyas described in [9], use of Steiner points in offshore wind
farms are not feasible in economic point of view. Wedzik et al. in [10] prepared an
integrated linear algorithm for simultaneous optimization of electrical layout using
mixed integer linear progmming. Pemberton et al. [11] proposed a methodology for
optimizing electrical layout of onshore wind farms in terms of minimized cost, losses

and maximum reliability.

In most of the modern wind farms, radial feeders or string configurations are used for
electrical layout design. Especially when a string configuration is preferred, the current
flow in the string may exceed the maximum current capacity. At this point, the use of
parallel cables is required. However, dividing wind turbines into groups and
connecting each group with substation by usihg same predefined pathay not
satisfy the optimality. Also in some cases, instead of using a cablgheithigger

cross section, using 2 cables with smatierss sectionsould be more beneficial in
terms & investment returnAnd in most of the onshore wind farms, a cheapest
electrical cable within the feasible product range is chosen for electrical layouts. Here,
two important questiorarise First, fiis it feasible to use cheapest electrical cable for
engiring the optimality® Second,fif a predefined path must be followed and the
maximum current flow limit is exceeded for a given group of wind turbines, what is
the optimum layout of parallel cables and order of connection with wind turliines?
This study poposes twamewdesign strategies to gieamswes to the questions above.
First, a strategy for optimal cable selection considering the investment costs and net
present value of electrical losses is giviéinas shown that optimum cable selection

is apriori and does not require an optimiz&econd, a new problem is defined for
predefined paths with parallel cables in order to find their optimum order of
connedbns with each wind turbines. Two novel strategies for radial clustandg

cable failureanalysis are also introduced in this thesis.



To the best of our knowledge, all of the studies in the literature neglect the effects of
altitude change and suggdsto dimensionalapproaches for the solution of the
problem. However, the effects of altituddange become a very crucial fagtor
especiallyfor onshore wind farms. Neglecting the third dimension may result with
prediction errors for calculating the total length of electrical cables, trenching, and so
the budget. It is also possible to obtain Bttical layout configuration which is not
even close to the optimum if the simplifisslo dimensionahpproaches are used. In
this study, a novel 3D approachaisoproposed for the first time in order to estimate
the total trenching and cable length morewaiately.The proposed method calculates
objective functionamore accuratelyfinds a route for cableson a digital elevation
mode| and can consider the trenching constrailigechniques are applied on a real
onshore wind far m irebh REB)aBoth yatic®® feeder andl atijing ( Zi vy
topologies, as well as a modified version of clustering based technique gié¢are [

used in the analysis.

The remainder of this thegsoceedss follows.In the secongbart the ZiyaretRES
is introduced, optimization problems are defined, and the suggested 3D strategy is
given. In the third part, results are analyzed by using 2D and 3D approaches. In the

last part, conclusions are given.






2. METHODOLOGY

In this section the most common methods used in wind farm layout optimizétion
comparedfirst. For this purpose, obtained layouts after radial clustering and string
configurations aresedwith the modified version of the metthan [6]. In the first part,

the effecs of the elevation over electrical layoate neglectedand the effects of
altitude change on electrical layout problbriefly examinel in the second part.

In wind energy pwer plants, there are two types of electrical cables for use in power
transmission: underground or overhead. Underground cables are being selected in
most of the cases due to operational and efficiency reasons. Overhead cables are more
likely to be expose to harsh weather conditions than underground ones trend
electrical loss is higher than the underground calde®rhead cables are still used
when digging ground for underground cables is not allowed (i.e. when there is a
cultivatedfield between tw wind turbines). Heraynderground cables are choden
analyze the electrical layout of Ziyaret RH3us planthas 75 MW capacity with 30

wind turbines and located in Hatay/Turkey. The 2D representative image for the
Ziyaret RES is givenn Figure 2.1 The voltage of internal transmission system in
Ziyaret RES is assumed to be 34.5 kV as in most of the commercial wind farms. We
assumed that the coordinates of wind turbines and substation are predefined.

In this study,daisy chainconnections for wind fan layout optimization problem is
considered. With this connection type, wind turbines are connected to each other from
furthest to closest through the substation in daisy chains. For obtaining a daisy chain
configuration, one must find the minimum spamninee (MST) over the area of
interest. Obtaining MSTs are good for reducing trenching length. In daisy chain type
of connection, the project planner must take current flow limitations into account and
determine the wind turbines which will be connectethéosame feeder along with the

minimum spanning tree.

One of the common electrical layout configuration techrsaggithe radial clustering.

In this technique, wind turbines are radially clustered around a substation and



optimized by finding the MSTs ofaghcluster The second most common technique

IS string configuration. In this techniqu®IST of all wind turbinesalong with the
substation is found without using any clustering techniq@nerally speaking,
trenching length for radial clustering is nradhan the string configuratiomsich uses
global MST, but losses and cost of initial investment for cables will be lowé&ad.

the other hand, string configuratiggrovides lower trenching costs together with
higher electrical losses and higher investment costs for calypgally, there is no

best technique in internal power system optimization, therefore, radial clustering,
minimum spanning trees or hybridizedlgions could allbe the best technique for

any onshore wind farms.
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Figure 2.1 : 2D representation of Ziyaret RES

Together with theetechniques mentioned above, a modified version of the clustering
based method proposed in [6] is also evaluated. In this method, wind turbines are
clustered into subgroups. Then thebinesclosest to eacbf theclusters are assigned

as cluster represttive points andhe wind turbines within a clusteare connected

with their representative points. Finallihe representative points whidary all the

produced power within their clusters are connediedeach other through the



substation. When an eleical cable failure occurs on a feeder, turbines which are
behind the location of failure will not provide electricity unless a loop connection is
used. By using this proposed clustering based technique [6], energy production is less
likely to be interrpted in great amounia case of a cable failurén order to apply

this method for Ziyaret RES;hkeans clustering usednstead of Quality Threshold
clustering algorithms usedand the reasons for this will be explained in the following

sections.

In this study, the dattor electrical cables and trenching cost are taken from [7] and
given in Table2.1. Fromthis table one can see that as ttr®ss sectionf the cable is
increased, the internal resistance is decreasethardst is increased. Thdoee, for
internal power system optimization, one mustinimize two objectives
simultaneously: the initial investment costs and the internal electrical losses along the
lifetime of the power plants (which is assumed as 25 years for this sturefore,

the main goal isto minimize the trenching length ant select the best cable types

with considering 25 years of cable losses and overnight investment costs

Table 2.1: Cable data used in the study

Al Strand Continuou_s .
Cable Conductor Ampamty with AC Resistance Cost
Si Medium Voltage at253 (mfa ($/m)
ize
(Amps)

Type-1 1/0 150 0.00054820 28

Type2 4/0 211 0.00027410 35

Type3 500 kcmil 332 0.00011844 42

Type-4 750 kemil 405 0.00008130 85
Type5 1000kecmil 462 0.00006330 125

Trenching - - - 50

2.1 Minimum Spanning Tree Problem

A minimum spanning tree is a tree that covers all nodes with the minimum cost. Since
it provides the minimum cost, there is no cycle formation within NAST
configuration. The MST problem is a very old and vatlidied problem in the
literature. It providesthe first step for many engineering problems such as
transportationdistribution, network design, etdhe minimum spanning tree problem

is formulizedin thefollowing set of equation&.1-2.6).
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In the MST formulationg is the binary decision variable and takes the value of 1 if
the edgee is selected and 0 otherwisé. represents the weight of the edgen
represents the total number of nodes and equal to |N§ mmlesents a set of nodes

in N. Every edged), is associated with a cost (distance between node3he first
group of constraints is true for all minimum spanning trees, anitben nodesmust
exactly haven-1 edges. The second group of constraints imply that the set of chosen

edges contain no chgs.

In most of the modern onshore wind farms, the layout of electrical cables coincides
with the paths inside of the wind farm. Those paths are created by construction
companies considering the factors such as total cost, operations (i.e. ease of
transportatia of turbine blades), etc. In this study, MST of the Ziyaret RES is assumed
to be the predefined paths determined by the construction corejthry by using

radial clustering or string configuration

2.2 Analysis of Cables

The first step of this problem starts witte determinatiorof the outputurrents from
each wind turbineéWith an average lagging factor of 0.85, the current produced from
a wind turbine aits rated output poweranbe calculatedising(2.7).
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The value obtaineftom (2.7) is the maximum current a wind turbinanproduce and
current flow limitations over electrical cables will be arranged based on these values.

Please note that all wirtdrbines within the Ziyaret RES are identical.

The internal resistance of electrical cables will result in electrical losses along the
transmission line.Duetboday 6 s ¢ o s t, the éconamid etfectwfrpewerv al u e
losses will reduce with years. On the other hand, cables with lower electrical resistance

will have higher investment coststino d a y @ $hervy thel besecable to hold current

of M turbines will be chosehy using(2.8).
DOBQ 0 PR cay

WhereO s yearly electrical losses due to internal cable resistance in @A is

the energy price at yearrate represents the discount rategpresents the time as
year, ad 0 represents the capital investment value for calyleel. Here,f can be
defined as the decision making criterion for electrical cables. The first and second
terms of f represents the first and second objectives of the problem. Since the
investment cosand losses are defined with a negative sign, it is more desireddo use
cable with higher values éf Theannual energy loss formula over electrical caides

givenin (2.9).
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Here,CF represents capacity fiac, R represents the internal resistance of caljee-

[, and imax is the maximum current produced by the wind turhinBse current
produced by each wind turbine varies with time, therefore, the valuexon (2.9)

should be multiplieavith a capacity factoiCF. One can see that the parameters of the
formula are current flow, the capacity factor, and the resistance of the lca{2®),

the only term related witthe lengthof the cable appears R. It is obvious that the
relationbetween cable length and electrical losses is linear. Also, the relation between

the length of the cable and tefnis also linear.

In the studies including [7, 1/fesearchers mentioned that for electrical layout
optimization it is possible to omitrtie series and use a constant capacity factor of the
wind farm for calculating annual energy produced. In Ziyaret RES, all wind turbines

are identical and it is assumed that all wind turbines produce energg eotistant



capacity factor. Hence, if we calate the matrixof f for all type of cables under
operation withadifferentnumber of wind turbines, cables with highest valfdswill

be the optimal choice. Hence, determination of the optiroroes sectiomf cables
will becomeavailablea priori and does not require any optimizer. Because of the
linearity of therelations explained above, it will [saifficientto calculate the matrix
of f for 1 m of cablél'ype| with different combinations of electrical curremdso due

to thehomogeneity assumption in produced polaeeach wind turbine, the procedure

will be relativelysimple.

2.3 A Strategy for Predefined Paths

In application, electrical cables are buried parallel to predefined paths. In most of the
cases, those pathsincide with the highways inside of theindfarmwhichis created

by construction companies. Using predefined paths preeidse of access to cables

in case of any failure over the layoAtso it is easieland cheapeo dig ground when

the highways are constrect around the area of interest using dozers (no need to bring
machines on different locations). Therefore, the next step is to analyze layouts with

predefined paths.

While predefined paths are considered for layout optimization, the current carrying
capady of the cable with the biggestoss sectiomay be exceeded bysabbranch

At this point, a secondary or maybe tertiary cable should be barigarallel to the

first one. Burying down parallel cables will resinita decrease itrenching costin

this study, the usef parallel cabless limited totwo at mostAssume that there aie
different pathd.1, Lo, L3,€ ,Ln on the MST configuration. Then, the problem should
be formulated am (2.10-2.15).
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Here, first objective function represents the investment costs relétedables and

eartiworks. 6, represents the cost @f cable at linel where’Q pkt and L

represents the length of each line in inedefined pathCT, and CT> represent the

cost of trenching with single and double cablgsich are taken as 50$ and 25$,
respectivelyln order to add an additional trenching cost for secondary chbdées

a value of 0 or 1 depending on the use of a secondary cable. The second objective
represents the net present value of energy loss due tocaleesstance of the cables

for 25 yearsEP represents the price of electricityF represents the cagty factor,

X are the variables of the problei;, is the internal electrical resistance iéf
electrical cable buried into lineandImaxrepresents the current produced at the rated
power. First group of constraints represents operational limits of the layout. As an
example, if a lind. carries current from 2 wind turbines, 1 + X, 2 must be equal to
98.44Ain order to carry the required amount of current over the line. First group of
constraintsis enough to satisfy the capacity needs over a line. But there must be
another group of constraints to avoid optimizer from selecting physically impossible
layouts which are given by the second group of constraints. Assume that a line carries
curent from 7 wind turbines and will be connected waih 8" turbine. Let the
variables of the problem be {147.66,196.88} at the liaad {98.44, 295.32} at the

line i+1. In this situation, even though the first group of constraints are satisfied,
secondey groupof constraints are not. Because this is physically unacceptable, the
current cannot pass between separate cables. The correction of this physically
unacceptable situation should be {147.66, 196a&8he linei and {196.88 196.88}

or {147.99, 24.1} at the linei+1. For the rest of the study, the valuesogf and

Yiwill be selected based on the results of cable analysis.

2.4 A Strategy for Radial Clustering

Use of radial clustering technique in internal power transmission optimization consists

of two steps: clustering wind turbines radially and finding MST for each cluster along

11



with the substation. To the best of our knowledge, there $sudy which propass an
optimization method for the use of radial clustering technique in wind farms.
Therefore, a new methddr automizing theadial clusteringprocess is proposewith

this method, imaginary lines are assumed to be passing between wind turbines and

sepaateclustersbased on the objectives and constraints given by the user.

Here a simple genetic algorithm is uskm optimization For details of the genetic
algorithms, readers may refer[i@®]. The coordinate dhesubstations chosen as the
origin andthe coordinates othe wind turbines are updated accordingThen, the

angle between vector [0,1] ammbsition vectorsof wind turbinesare calculated.

Variables of the problem amelected as the angles tbieseimaginary lines in the
clockwisedirection. Theproblem is describeh (2.16-2.17).
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Where Cluster represent the array which holds the number of elements inNach
clusters and has a dimension [1xNY. represents the maximum number of wind
turbines that a single cable can operate under the rated power conditions. Note that
when the wind turbinewithin the wind farm are not identical, one must Uiée as

a limiter to current flow between the last turbine of the cluster and the subditiiog.

the proposed strategy for predefined paths, one can prefer not to use any constraint for

radial clustering. Initialy, N is asumedas 4with Tmax = 9. Obtained results are

compared witta case wherll = 3 and constraint ofmaxis not used.

2.5 A Method for Simulating Cable Failures

In the next step, simulationmethodfor analyZng the claim giverior clustering based
configuration in[6] is proposedin this part, cabléailure is simulatecandapgied to

the differentconfigurationsFirstly, all cable linesareconcaénatedto each other in a
logical order andhe length of each line iormalizel between [0,1]. By generating

random numbers between [0,1] and assuming that all random numbers correspond to
the location of a cable failuré will be possible to estimate the operational effects of
cable failure through the lifetime of a power pldntorder to dahis, theseranrdom
numbers will be denormalized based on thd tetagths of each configuratiand the

cable that is going to fail together with the number of wind turbines which will stop

12



feeding the substation will be determined. Based on expert opigivers for Tukey,

it is assumedhat 1 cable failure occurs per 2 years within a wind farmitaiscalso
assumd that thecable failure problem will be solved in 3 hours under normal
conditions (i.e. all required electrical materials are assumed to be availabletivhi
wind farm). Thereforel3 cable failures over the lifetime tfe powerplant will be

simulated.

2.6 Extending Current Techniques for 3D Analysis

In this section the researchquestion is:i | s It admi ssi ble to
dimension? If not, how de¢he third dimension affect the problem of electrical layout

opt i mi zlmordertorfufth@r.analyze this research questiotially, the required
topographical information is gathered from 1-aeconchigh-resolutionShuttle Radar
Topography Missiorl (SRTM1) image whicltovest he | ocati on of Sal
SRTM1 data includes<x and Yy coordinates and their altitudes. Using bilinear
interpolation, the number of nodes around the area of intergstreased andiven

in Figure2.2.In this figure,X, Y and Z coordinates represent the longitude, latitude,

and altitude data of each node which is given with the Universal Transverse Mercator

(UTM) coordinate system
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Figure 2.2 : 3D representation of Ziyaret RES

As one can see frorthe Figure 2, topographical changes are very dramatic for
Ziyaret RES as in most of the other onshore farms. Consider a case with 2 wind
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turbines which are sited close to each othethmEuclideandistance. When the
underground cables are preferreddtectrical layout, the path of electrical cable will
sweep the ground in real life applications instead of using the shortest distance between
two points. If the area of interest has sharp altitude changes, using 2D approach for
obtaining minimum spanning trees (MST) may mislead the project planiossiand
investment cost predictions. Therefore, considering the effects of altitude change in

theinternalelectrical layout of a wind farm would give maecurataesults.

Let D be a directed graph, with nonnegative edge lengths. The length of a jmath in
betveen two vertices (sayvwtandw) is the sum of its edge lengths. The real distance
between two vertices is the minimum length of a path from two vertices. A minimum
length path fromv to w is calledthe shortest path [19]. In this case, minimum path
three (MPT) can be defined as a tree that connects all vertices with using their shortest
possible paths. By modifying the MST formulation, one can obtain the mathematical
formula for MPT problenas givenn (2.18-2.21).
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As in the problem definition of MST, the valuexafwill be 1 if the edge is selected in

the tree and 0 otherwisa.represents the number of nodes and equill|{ andS
represents a set of nodesNnEvery edged) is associated with a cost Unlike in

MST formulation, instead of using Euclidean distances between source and target
nodes, the cost matrix is obtained by measuring the shortest paths betwerices

by using Dijkstrads algorithm.

27Di j kstrads Al gorithm

Di jkstrads algorithm builds wup the required

node to a target node. I n Dijkstrads algorit

14



I) The branches definitelgssigned to the tree under construction (they will form a

subtree).

[1) The branches from which the next branch to be add8dttiowill be selected.
[II) The rest of the branches (which are rejected or not yet considered).
The nodes are subdivided inted sets:

A) The nodes which arconnected by the branches et-5

B) The remaining nodes (one and only one branch Seiahl will lead to each of these

nodes).

Dijkstrads algorithm starts by p$eAi ng a
and by pacing all branches that end in this n@&11. Initially, Setl is empty. After,

following steps are repeated:

Step 1. One node is transferred fr@st-B to Set-A by removing the shortest branch
of Set-1l and adding tdset-I.

Step 2. Consider the brareshleading from the node and transferre@abA to the
nodes still inSet-B. If the branch under consideration is longer than the corresponding
branch inSetll, it is rejected Otherwise replace the corresponding branchsat-I1,

and the latter is rejected.

These steps are repeated until$etll and SetB are empty. In the end, the branches

in the Set-I will include the desired tree [20]. For the rest of the study, the shortest

paths between target and source nodesareaobtad by using Dijkstra
algorithm is restricted to connect 2 adj
cannot jump over any node. Then, the cost of a path is calculated as the sum of the
Euclidean distances of each adjacent node whiehused to connect the source and

target nodes.
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3. RESULTS & DISCUSSION

3.1Cable Analysis

Wind turbines will not produce their rated power all the time. Here, we assumed that
all wind turbines produce same annual electrical energy (same electric current) which
is equal to an acceptable value of capacity factor times rated power value. Please no
that the sigrof f is negative because it represents the value of electrical energy lost and
the investment costs in $. Therefore, the maximum valtioéach caswill be used

for selecting the optimum cross sections of cables. The vali@{bis assumed to be
constant because of energy bids and to be equal to 0.05 $dWhH,assumed to be

0.3, andthediscount rade is taken as 0.04. The calculated electrical losses in kW and
the NPVs of feasible electrical cables in $ for 25 years andrwetér of cabl@ype

| are given by Table.1 and Table 2. The negative sign in NPV in Table23
corresponds tahe outflow of cash due to cable investment and internal electrical
resistance of cables over 25 yearthebpeaational peiod. As itis cleg greater values

of NPVs given by Table.2is more preferable

Table 3.1: Yearly electrical losses for 1m of eacdblein kWh.

Cable 1T 2T 3T AT 5T 6T T 8T 9T
Typel | 0157166 0.628662 1.41449 - - - - -

Type2 | 0.078583 0.314331 0.707245 1.257325 - - - -

Type-3 | 0.033956 0.135824 0.305604 0.543296 0.848901 1.222417 - -

Type4 | 0.023308 0.093233 0.209774 0.372931 0.582705 0.839096 1.142102 1.491726

Type5 | 0.018148 0.072591 0.16333 0.290364 0.453693 0.653318 0.889238 1.161454 1.469966

Table 3.2: Calculatedmatrix of functionf.

Cable 1T 2T 3T 47 5T 6T T 8T 9T
Typel | -30.4553 -37.821 -50.0973 - - - - -

Type2 | -36.2276 -39.9105 -46.0486 -54.642 - - - -

Type3 | -425305 -44.1219 -46.7742 -50.4874 -55.2616 -61.0967 - -

Typed | -85.3641 -86.4565 -88.2771 -90.826 -94.1031 -98.1084 -102.842 -108.304

Type5 | -125.284 -126.134 -127.552 -129.536 -132.088 -135.206 -138.892 -143.144 -147.964
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Forinstance, for a line which carries current from 3 wind turbines to any location (can
be a wind turbine or substation), the best cable type is-Zypaermsof f explained

in (2.8) for 25 years. In other words, when we compare financial losses due to energy
loss on cablefor 25 years in addition to their initial investment valuég,besttype

of feeder for 3 wind turbines is Tyj#e The lowest electrical losses are observed with
Type-5 cables but itswvestment cost is higher than the others and therefasi# not

be considered by project plannensless it is the only feasiblEhoice Note that all

these results are taken with an assumption of homogeneous annual energyooroduct
for the sake of simplicity and cost of trenching is not includefdnatrix. For more
detailed analysis with different CF values, or when wind turbines with different rated

powers are considered, an extended approach will be given in the followiiogpsec

The aimwas to find the best solution in terms of investment return from this-tride
Manyinvestors in wind energy prefer to choose cables by looking up their maximum
power capacities and pick the cheapest feasible solution. Wketectrical losss
analyzed25 years othe period(Table3.3), its sea thatthe cheapest solution is not
the best fit for all cases. lihis case, the cheapest feasible cable type for carrying
current from 3 wind turbines is Tygde But when we considéoth the investment and
NPV of losses together, the best choice becomes-Zype

Table 3.3: List of the cheapest and the optimum cables

Number of Cheapes Best
Turbines Solution  Solution

1 Type-l Typel
2 Type-1 Type-1
3 Type-1 Type-2
4 Type-2 Type-3
5 Type-3 Type-3
6 Type-3 Type-3
7 Type-4 Type-4
8 Type4 Type-4
9 Type5 Type5

The next step is to analyze the case with 2 parallel cables instead of one. By doing so,
with a small amount of increagetrenching costs, the objective function values with

2 cables whose diameters are less than the singlevdbbe analyzedAlso, in case

of 10 or more turbines are connected within a branch, the product range used in this

study will not be able to car all current with a single cable, because of the current
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flow limitations. Due to his reason, the objective values of cables per 1 meter with

additional (assumed as 50%) increase in the trenchingscalsto calculated and are

given inTable3

4.

Table 3.4: Calculated NPV and investment costs for each case with additional

trenching cost

Number of Wind Turbines
Cable | 1T 2T 3T 47 5T 6T 7T 8T o1
Typel | 55. 4 62.8 -75.1
Type2 | 61.2 64.9 -71.0 -79.6
Type3 | 67.5 69.1 -71.7 -75.4 -80.2 -86.1
Typed4 | -1210. ¢-111.¢-113.:-115.¢-119.::-123.:7-127.¢-133.1
Type5|-150.:-151.:-152.!'-154.%'-157.(-160.:-163.¢-168.-172.¢
For the rest of the study, electrical

column ofTable 3.3andTable 3.4(Table 3.4will be used if and only if the secondary

cable is activat

3.2 More Effort

ed by thaptimizer).

on Cable Analysis

When an onshore wind farm includes ridantical wind turbines, or when the project

planner prefers to use exact CF values of each wind turbine for more accurate results,

a special attention must be given to valdesatrix. Instead of simplifying the

c al

procedure as described above, another method for determination of the best cable

thicknessess suggested

Let 6s
values of wind

diagram given

det er mi

ne the cross saedpoweand Ch f

turbines wth are connected in series as representeadedgingle line
ifFigure 3.1 If all wind turbines ar@assumed to bielentical and have

maximum current and capacity factor values of 49.22A and 0.3, respediiazithe

best cables fo€: andC, will be the Type-1 cable. If theirannual energy generation

would benonidentical using(2.7) one can determine the amounigifor each wind

turbines Rearranging2.9) and multiplying withEP will give (3.1).
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Here, the problem dependent p&t, "Q 0 "Q will be named akCF. Using(3.1),
one can find the values @@F to determine the best valuetf described in(2.8) for

eachtype ofcable Let 6 s ¢ o0 n s i-ldaadType2 for @ &f theefigure. ITy p e

iCF versusf

will be obtai
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Figure 3.1: A representation of single line diagram

is plotted obr unit length,the following twocurves giverin Figure 3.2
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Figure 3.2:iCF versud for C1
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The intersection point dfvo curves, the breai&ven point, separates the best cable for
line CyatiCF = 35.2599. This plot points out that for lower valueg3# with 35.2599

the best type of cable will be Tydeand for higheraluesthe best selection will be
Type-2. Recallthe homogeneous production assumption for each wind turbine with
imax = 49.22Aand CF = 0.3|CF will be equal to 14.766 for a single wind turbine.
Combining the breakeven point withaximumpower capacity of Typé cable, one

can say thatip to 2 homogenosi wind turbines with 2.5MW rated power and a CF of
0.3, Type-l cable is the best option in terrabf. This shows that our approach
extendble for wind turbines with nonidentical annual energy generatimgether

with the value of ICF, one must also consider tlearrentcarrying capacity of each
cablein determination phas&hedetermination of the best type of caldemportant
because knowing the besbss sectioin advance will resuiin asignificant reduction

of convergence spel. Also, this will allow researchers to use different variables with
different approaches for reaching the global optimum solution of onshore wind farm
electrical layout problem. For heterogeneous cases, best cross sections are given by
Table 3.5n termsof iCF andlmax

Table 3.5: The list ofiCF values for determination of cabteoss sections

Cable iICF (rounded) 0 QR
Type-l Q0 "@5.26 0 150
Type-2 c& ¢ Q06 "@6.79 0 211
Type-3 T § w Q0 "Q37.41 0 332
Type-4 ¢ o& p Q06 "@28.91 0 405
Type5 Q6 0o capp o 462

In Ziyaret RESall of thewind turbine will produce 49.22 Ampt rated power. If the
CF for each of the wind turbine is taken as 0.3, the valueiGFwill be equal to
14.766 Amp. Considering the maximum current carrying capacitiesC&nicitervals

in Table 3.5, Typ€l cable will be the best selection in terofi$ upto 2 wind turbines
whereas Type& cable will be the optimum for 3 wind turbines, &adn. These results
coincide withthe results inTable 33 and can be generalized for all cases with
nonidentialiCF values For the rest of the studit,is assumd that all wind turbines

generate electricity homogeneously as descréibeye
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3.3 Studieswith 2D Approach

3.3.1Radial clustering

Since the value ofy  is 9, initially N is assumeas 4(for N = 3, the congraint of

Tmaxis exceeded: 2Q0-10). The representation of the optimized clusters With 4

is givenin Figure3.3. The lesults have 8 wind turbines in 2 clusters and 7 wind turbines

in the remaining clusters. Red dashed lines in Fi@Baepresents the imaginary
separators which are used as variables of the radial clustering problem. Each clusters
obtained by the proposeadchnique and their associated wind turbines are given in
Table3.6.
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Figure 3.3: Representation of radial clusters over wind farm With 4
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Table 3.6: List of clusters and their associated wind turbines

Cluster No Associated Wind Turbines
Cluster 1 T1, T4, T5,T6, T7, T14, T15
Cluster 2 T16, T20, T25, T26, T27, T28, T29
Cluster 3 T18,T19, T21,T22, T23, T24, T31, T3
Cluster 4 T2,T3,T8,T9, T10, T11, T13, T17

In order to obtain MSTs for eadtuster wind turbines are combined with substation
(S12). By using a particle swarm optimiZBSO)MSTsfor eachclustesare obtained.
For details of th& SO readers may refer to [21]. Tlétained solution has 11292.59m
total trenching length and represented by RCCM pdfigire 3.4

After MSTs are obtained within eacluster, possiblebypasdines to reduce trenching
lengths are determined and 3 new caseadt#ionallyanalyzed. Inte first case (will

be called as RCC1) T16 is connected with T15 instead of directly connecting to the
substation. In the second (RCC2) and third (RCC3) cases, T18 in Cluster 3 is
connected with T17 and T13 respectively instead of directly connectingthéth
substation. Each of these caaesdisplayedn Figure 3.4 andrigure 3.5 The idea is

to check whether shortening the trenching length by using already trenoctiesfits

better in terms of objective function value and to check if radial clustering
configuration can be further developed. For this evaluation, special attention is paid to

lines in which 2 cables are buried (trenching cost is increased 50%).

Numerical experiments showed that in RC@i& objectivefunction value is greater

than all the other cases. While the gain from trenching is more than the extra
investment due to increased cable lengths and increased electrical losses, the objective
function value is increased as in the case of RCMC3. In RCC1 and RCC2 there is no
net gain due tde negative change in the objective function, the reduction of trenching
lengthincreased the total cable coatelelectricallosses. The results tiecheapest,

the mosexpensive, antheoptimum cable selection cases for RCCM, RCC1, RCC2,
and RCC3 argiven byTable 3.7

Table 3.7: Results of the cheapest, expensive, and optimum cases on RCCM, RCC1,
RCC2, and RCC3

Connection | The Cheapest[$] The Most Expensive[$] Optimum([$]
RCCM -12070251 -20412976 -11964263
RCC1 -12097492 -20483163 -1199151.0
RCC2 -1259522.9 -2109475%0 -12489247
RCC3 -1206496.8 -20412427 -1195898.6
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The best solution found so far by using radial clustering technigi295898.6$ with

RCC3. This value includes the amount of money speateatical lossdue to cable
investments or electrical losses throughout the lifetinteenfiind energy power plant.
Please note that only electrical losses, trenching amount, and cable investments are
included in the objective value. Other equipment such as pansl, telasformer,
breaker, etc. or maintenance/repair f@esot included. Modified results showed that
constraints ofa maximum number of wind turbines defined for radial clustering

techniqueprecludethe optimizer to reach a global optimum.

3.3.2String configuration

In the string configuration, assuming that the subcontractors prefer to copstihet

for vehicles by using global MST of the wind farm, which includes all wind turbines
and the substation, the electrical cables will be buried parallel to theseBgatisng
so,technicians camstantly fix any cable failurgvhen any issue relatesith power
transmission system occurs. The obtained global MST is displayed in Biguiide

total trenching length is calculated as 9194.4 m.
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Figure 3.6: Simple tree layout obtained for Ziyaret RES
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A thorough search of thelevant literature yielded thahe case when the number of
wind turbines coming over a linexceeds the maximum current capaoityabless

not explored Up to here, radial clusters whighclude 7 or 8 wind turbinesare
analyzed Hence, this limit was not exceeded. However, in émeainingpartsa brief
analysis will be giverfor cases with the maximum current carrying capacity is

exceeded.

By using Figure3.6, one can see that the northern part of the obtained MST
representation includes 11 turbines. But the feeders used in this study can carry
maximum 9 of themTher esear ch ¢uged to pick 9 tubines fiiom
northern side in order to decreadeetelectrical resistance from the farthest point and
pick last 2 turbines separately? Or is there any better composition that can reduce

both investment and losses over 25 years?

For this problemametaheuristic method in order to reduce the compuiaitiome of
such a complex muktonstraint and multi-objective optimization problems
preferred Here,a welkknown multiobjective optimization algorithm, Nalominated
Sorting Genetic Algorithm 2 (NSG2) developed by Deb et.@ chosen[22].

The arrent is not allowedo flow over unnecessary paths time simulations, i.e.
electrical cable left from T17 cannot flow through the T10, all cables carry electrical
current through the substation by using the shortest path. Numerical experiments
showed thaobtaining a feasible set of solutions within a few seconds is not possible
with the whole wind farm. Therefore, instead of increasing the number of generations
of the genetic algorithm, stiibee representations which are separated by the substation

havebeenfurtheranalyzed The subtrees (ST) are selected as:

Y B iy b 1Y ¢
Yo v e ' 6 i EY 6% 8% Y % @R Y% 66 e By ¢
Given 3 subtrees, the ST1 includes 3 turbines, ST2 includes 15 turbines, and ST3
includes 12 turbines. As the number of wind turbines increases in a subtree, the
complexity of the poblem also increases. Therefore, NS&As ran with 100
population/300 generations f&T1, 100 population/1000 generations for ST2 and

ST3. ST1 have no connection with ST2 and ST3 until lines meet at S12. Special
attention is paid tehe joint path whichis partially used by ST2 and ST3 [TT13-
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S12]. Only at this part, more than 2 parallel cables (4) are allowed to carry current
through the substatiolesidesit is assumedhatcables from different subtrees are
buried in different trenched zones (Z%$ in trenching fegser 1 metér Readers may
notethat until T18, 2 lines in parallel must already be used in order to hold the rest of
the turbines (14). In other wordsneor more turbine current from ST3 cannot join
cables of ST2since thiswould requirea third cable in parallel which is not allowed.
This shows that dividing MST into 3 subtrees are acceptable in terms of optimization

strategy under given restrictions.

This methodology allowthe optimizerto pick any kind of cables until the maxum
current constraint is ensurdglegardlessf whether the largestr emallest cable cross
section provides the optimum solution the first turbine connected in daisy chain
style,theoptimizer finds the optimum cables by searching all possible caafigns.
Therefore, the proposed method will still work with wind turbines with differated
power or different capacity factealues The convergence speed of the algorithm may
be increased by adjusting the box constraints of the integer varialsies. c®eating
subtrees does nbiave any negative effect on thbal optimal solution, we leave

improving the algorithm performance as a future task.

After optimization is completed, a point frothe Paretofront with a simplemulti-
criteriadecisionmakingprocesss chosenHere, a solution with the maximum value
of f for which is equal to the sum of objectiviesf. is chosen. The problem is muilti
objective in its nature, but in terms of economic point of yi#ne project plannes
would select adasible solution with maximum economic benefissngf. But note

that this assumption may not be followed by project planimeey caseand they
would choose to use different criterion which is greatly affected by operational limits
(i.e instead of usmp pretty different cable sizes, planners would stick at one type with

greatercross section

The obtained solution from the NSGAoptimizer argyivenin Table3.8, Table3.9,
and Table8.10for ST1, ST2, and ST3, respectively. A brief representdtioaachof

theline is givenin Figure3.7.

Table 3.8: Optimum solution found for ST1

Parallel Lines| L13 L14 L15
ST1/PL1 0 0 0
ST1/PL2 3 2 1
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Table 3.9: Optimum solution found for ST2.

Parallel Lines| L16 L17 L18 L19 L20 L21 L22 L23
ST2/PL1 9 8 8 7 0 0 0 0
ST2/PL2 6 6 5 5 4 3 2 1

L24 L25 L26 L27 L28 L29 L30

ST2/PL1 7 6 5 1 3 2 1

ST2/PL2 0 0 0 0 0 0 0

Table 3.10: Optimum solution found for ST3
Parallel Lines| L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 Li12
ST3/PL1 1 2 3 1 5 1 6 6 6 6 6 6
ST3/PL2 o o o o o o 1 2 3 4 5 6

As expectedyp to a pointthe optimizatioralgorithm does not tend to use the second
parallel line toburry electrical cablesand thatpoint pretty much depends on 2
subjects: Configuration of the rest of the tree through the substation and the relation
between additional trenching and cable costs. The values of the vaasdgesen in
Table3.8, Table 3.9, Table 3.¥@presenthe numberof wind turbines carried by the

given line.For example the algorithm simply connected ST1 by using 1 electrical
cable only. But for STZheconfiguratiorwasmuch more complicated. The optimizer
chose to pick single line untihe line include¥ wind turbines (T31 T30, T29, T28,

T27, T26, T25). When the NPV values of each cable per 1 turbine are analyzed by
dividing the values given in Table 3 intonumberof wind turbines M, the highest

ratio will be obtained with cabl€ype-3 with 6 turbines (by using data in Table-3,
61.0967/6e -10.18). This means th#te algorithm may tend to build layouts with 6
turbines connected in series in earlier phases. But due to the changes in length and
number of wind turbines at the rest oétlne, algorithm tend to go for [7 5] the
buriedzone instead of [6 6]. On the other hand, optimizer built a layout with reaching

6 turbines intheearlyphase otollection and finished up with [6 6] in the last group
ST3. For this problem, there atsvo tradeoffs. First one is simple, the traddéf
between cable investment cost and the cost of losses over 25 years of plant lifetime.
And the second one is the connections with parallel cables: early maturity (reaching
the value ofTmaxwith a greedy pproach) with single cable reduces the additional
trenching amount (when the second cable is not used) but increases the cable prices
especially when 7 turbines or more are connected, or vice versa. For a fair comparison,

k-means clustering appliedto the string configuratio@nd3 clusters excluding the
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wind turbines T14, T15, and Tl&e createdBy using same lines over MST, wind
turbines are allowed to connect with only their cluster members. The turbines selected

to connect with each other are giien k-means clustering in Table 3.11.

Table 3.11: Configuration of wind turbines obtained bynkeans clustering

Clustering | Group | Turbines

Group 1| T1,T2,T3,T4,T5,T6,T7, T8

Group 2| T9, T10,T11, T13

K-means | Group 3| T14, T15, T16

Group 4| T17,T18,T19, T20, T21, T22, T23, T24
Group 5| T25, T26, T27, T28, T29, T30, T31

Obtained values fothe initial investment, NPV of losses, and thecisionmaking

criterionf are given in the Tabl®.12 Values given ais one of the strongest criteria

for project planners. Naturally, investors are willing to obtain the maximum earnings

from a minimal investment. Since the energy will be produced based wiictiositing

performance characteristics ofethproject and wind characteristics, the project

pl annersé6é6 needs will be satisfied if the | o0s
anegativesign, so for oucaseit is an increase) with minimum layout investments. As

it is expected, the best sdlut to MST layout problem is obtained by the proposed

methodology. Results indicate that it requires the lowest investroshtor cables

and trenching.

Table 3.122 Comparisorfor k-means clustering armmtoposed method in use of MST
configuration

K-means clustering with
Expense Optimum The cheapest The most Proposed
case case expensive casq Method
Cables/trenching -1208629.7$ -1196276.8$ -2092297.3$| -1165957.9 $
Losses -163080.9 $ -182622.0 $ -98166.2 $ -169257.5 $
Value of f -1371710.5$% -1378898.8$% -2190463.4$| -1335215.59%

3.3.3Modified clustering basedmethod

Getting inspiredby the study in [6] the proposedclustering based approadh
modified Instead of assigning clusteringpresentative points, imaginary points that
connect all turbines within a cluster to substaiomassignedy doing so, instead of
manually assigning a representative point, an optimizer will be able to pick optimum
imaginary point that will connect u$ters and substation (if the best location for

representative point is on the exact position of any wind turbine, algorithm will still be
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able to find a solution close to that wind turbine). For this stkialgeansclustering
algorithmis usednstead otusing QT clusteringAn advantage of-kneans clustering

is that it is computationally more efficient compared to QT clustering. Even though
the researchers in [6] mentioned that they chose QT clustkrentp the fact that there

IS no need to specify theumber of clusters, one has to define a different parameter in
QT clustering: the radius of a cluster. Also W@t clusteringjt is not guaranteed that

all wind turbines will be in a clustareated by the QT algorithmmitially 3 clusters
(north, midde, and south clustergre createdor this problemby using kmeans

clustering algorithm. The turbines within each cluster are summarized in3.4Ble

Table 3.13: Clusters obtained by-keans clustering

Cluster Name Assigned Wind Turbines
North T1IT2T3T4T5T6 T7 T8 T9
Middle TI0OT11T13T14T15T16 T17 T18 T19

South T20T21T22T23T24T25T26 T27 T28T29 T30 T

Encoding of this problem is simple: 4 variables for northern and southern clusters that
represent theXx and Yy coordinatesof the cluster representative pognidFor the
remainingcluster in the middle, all wind turbines are connettettie substation. fie
objective functions are choseas thesame minimum investmentostand minimum
losses. From the obtained Pareto front, a solution is selected by using the same decision
making criterionf. Based on the results, the initial investment value for redatt
layout is obtained a4525867.2 $ and the NPV of losses over 25 years are calculated
as-109524.7 $ which is1635391.9 $ in total. Th&x and Yy coordinates of the
representative points for northern and southern clusters are obtained as 234049.
4000416.2 and 233328. 3998333.4, respectively and shown in the Figdi@
Compared taadial clustering and string configuration (global MST) this value is the
worst. Even though the authors in [6] explains that the clustering based approach is
expensiveinitially but provides more benefits over time, we failed to saeh
promising results irthis study. Another statement in [6] was that the proposed
clustering based technique is operationally mpreferabledue to one by one
connections of wind turbinesith their clusterrepresentative poigatin any possible
failure on cables, wind turbines behind the failed line will not be alfieeth the grid

and therefore produced electricity will be lost unless @ lmanfiguration is usedn

order to verify this statement, a simulation model for cable failure is developed and

the results will be explained in the following section.
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3.3.4Simulation results forcable failure

In this part of the study, the modified clustering based strasegymparedvith the

best configuration found so far, radial configuration. Assume that total tngnch

length for radial and 4neans caseare Lrand Lk. In order to simulatéhe system

behavior in any cable failure, all cable lire® concatenateid a logical order and

total trenclng lengthis normalizedbetween0 and 1.Cable failure is simulatedy

generating 1 random number per 2 years betvdeand 1f or Tur ktens.d0s condi
Each random number represents the position of cable failure and will result with loss

of connection between wind turbines which are behind the point of disconnection

Starting from Clusterl to Cluster4 of RCC3 the line is concatenated and total leng
of the trenchedzone is obtained as 11199 m. For modified clustering based
configuration, total |l ength is found as 1475
number generation functioand(), 13 random numbers are created and denormalized

using total lagth of each configuratiorAfter lines with failure are determined, the
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number of wind turbines which are going to stop feeding the substation are counted
for each year anfbundasin Table 3.14.

Table 3.14: Number of wind turbines stopped feeding the substation at.year

Number of turbines stopped feeding substation

7 9 11 13 15 17 19 21 23 25
1 1 1 1 12 1 1 1 1 1
6 6 3 2 3 7 7 5 7 7

Year 1 3 5
New System 1 1 1
3 6 4

Radial Configuration

As it is proposed in [6] numerical experiments showed that the numbemdf
turbines which are going to stop feeding the substation with modified clustering based
appro&h is less than the radial configuratiddased on the simulated conditiptwtal

of 24 wind turbines will stop producing electricity for 3 houvgh the modified
clustering basedpproachOn the other hand, 66 wind turbingdl stop feedinghe
substation for 3 hourwith the radial configuration Here, a scenario analysis to see
the effects of capacityfactor at failure instant of the wind farns performedilt is
assumed thahe best, averagy and the worst case scenarios heseacity factor®f

0.1, 0.3, and 0.8 respectively. Thére NPV of energy lost in $ are calculatedeach

scenariaand given in Table 3.15.

Table 3.15: Scenario analysis for cable failure over 25 years with NPV in dollars

Scenario New System  Radial Configuration

Best Case 5346 % -1487.745 $
Average -1603.8 $ -4463.2 $
Worst Case -4276.8 $ -11901.96 $

It is obviousthat in all scenarios under given conditions (assuming all electrical
equipment and technicians are ready at the wind farm to solve the issue on time) new
method proposed by [6] cannot catch up the radial clustering design in 25 years. The
difference betweendth design methodologies in terrobf is 439493 $. Generally
speaking, instead of having 1 cable failure over 2 years, 57 cable failures per 2 years
under worst casescenario should have taken place in order to compensate the
difference withradial configuration which is almost impossible. Numerical results
with QT clustering do not change the difference between two configurations and

therefore the simulating cable failuseendedvithout using QT clustering.
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3.4 Studies with 3D Approach

3.4.1Radial clustering

Initially, the clustering procedure is completed usihg geneticalgorithm as it is
explained in the fAiRadial CI| us tarepreparegdo part . 2
One with 4 clusters and the other witltl8sters The obtained groups for botlases

are given in Tabl&.16and Table3.17. The maximum current capacity of the cable

with the highestcrosssectionis exceeded itthe casewith 3 clusters, therefore, the
proposed strategy with 2 parall el iscables in
applied fora casewith 3 clusters. Referring to tHfamatrices obtained fahe single

and secondary type of cables in the previous sttibrise of a secondary parallel

cable becomes economically feasible when the number of turbines connecteskin ser

to the same feeder becomes 9 or more. The same strategy is also appkszhse

with 4 clusters in order to analyze the correctness of this claim.

Table 3.16: Radial clusters withN = 4.

Cluster Name Wind Turbines
4C/A T1,T4,T5,T6,T7,T14, T15
4C/B T16, T20, T25, T26, T27, T28, T29
4CIC T18, T19, T21, T22, T23, T24, T31, T30
4C/D T2,T3,T8, T9, T10, T11, T13, T17

Table 3.17: Radial clusters witiN = 3.

Cluster Name Wind Turbines
3C/A T1, T2, T3, T4, T5,T6,T7, T8, T9, T14
3C/B T15, T16, T19, T20, T25, T26, T27, T28, T29, T.
3C/C T10, T11,T13,T17,T18,T21,T22,T23,T24, T.

Secondly, cost matrices for wind turbines are obtained with both 2D and 3D
approaches. For 3D and 2D approachgs,matrices are created by using all possible
connections of nodes with j k s algorthimsand with a simple Euclidean distance
calculator, espectively. Obtained 3D and 2D cowsdtrices are used in Particle Swarm
Optimizer (PSO) in order to obtain MPT and MST configurations. The 2D
representations of 4 cluster and 3 cluster cases are gieguire 3.9andFigure 3.10

respectively. When th&D approach is considered, connection partsithatchanged
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in the tree representations are given with red lines. These are due to topological

changes of the Samandaj, PSO

the shortest route. Detaité the changes for 3 cluster and 4 cluster cases can be seen
in Figure 3.1landFigure 3.12respectivelyThe dtained results with 3 and 4 clusters

are given in th&able 3.18 FromTable 3.18 one can see that the difference in total
costs which includes NPV of electrical losses and overnight investment costs reduced
when the number of clusters increased. This is because of increased length of cable
usewith smaller cross sections in 4 clustaise. As it is expected, in 4 cluster case
algorithm did notchoose a secondary parallel cable whereas in 3 cluster case a
secondary cable is used. The total trenching length is increased from 3 clusters to 4

clusters with both 2D and 3D approaches.

FromTable 3.18ne can see that the best solution is obtained with 3 clusters using 2D
approach. However, when the altitude changes are considereth@®b approach,

the best solution becomes the case with 4 clusters. These sémwitthat due to the

effect of altitude change around the terrain, 2D approaches may mislead the project

planner in terms of both the objective function valdgarfd type of configuration.
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Table 3.18; Obtained results for radial clustering configuration.

Number

of Aoproach NPV of  Overnight f % Trenching %

PP Losses Costs Difference  Length  Difference
Clusters

3D 168252.9 1272900.1 1441153.1 11654.5

3 11.2 12.1
2D 152299.8 1127141.2 1279441.0 10249.2
3D 142491.1 1261844.6 1404335.6 13499.5

4 6.1 16.3
2D 122627.1 1196426.8 1319054.0 11292.6

3.4.2String configuration

Notethat electrical cables are buried parallel to predefined patesssumed that the
predefined path of Ziyaret RES has exactly same routes with MPT. Therefore, 3D costs
obtained with Dijkstrads algorithm are u:
route. Using 3D costs in MPT calculations affect the connectioadgssignificantly.

The PSO does not tend to connect wind turbines mggredterrain. Insteadit tries

to find smoother paths which will resutt shorter path lengths. A comparison for 2D

views of MPT and MST is representedHigure 3.13The red linsaregivenin Figure

3.13 correspond to changes in connection of nodes from MST to MPT. 3D view of

the string configuration is given Figure 3.14

37



x10° x10°
T

T T T T T T
o Substation o Substation
40021 | e bines iy 4002 F 1 . Wind turbines |
4.0015 - bl 4.0015 - b
4.001 - bl 4.001 [ b
4.0005 - b 4.0005 - -
4t 1 4+ .
) )
e o
2 2
= 3.9995 1 = 3.9995 .
- -
3.999 - b 3.999 - i
3.9985 - b 3.9985 - b
3.998 - bl 3.998 - b
3.9975 - b 3.9975 -
3.997 g 3.997 - i
Il Il 1 1 Il Il 1 1 1 Il Il 1
2325 233 2335 234 2345 235 2.325 233 2335 234 2345 235
Longitude «10° Longitude «10°

Figure 3.13:2D representation of obtained MPT (on the left) and MST (on the right)
for Ziyaret RES

Figure 3.14:3D representation otréng configuratiorfor Ziyaret RES.
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