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Abstract The electrical interconnection cost of onshore wind fields (WF) is a part that should not be
neglected in the design of WF. In order to minimize the investment and operational costs, this paper pro-
poses an optimization formulation to find the optimal electrical interconnection configuration of wind tur-
bines (WTs), simultaneously. This simultaneous minimization of total trenching length is done during a
WF layout optimization by application of evolutional algorithm. In this paper, an algorithm is considered
to comprehensively assess the optimal interconnection layout of the WTs. The interconnections are consid-
erable fraction of the overall design cost of the WF. The optimal electrical interconnection design obtained
by an algorithm with implemented Euclidean Minimum Spanning Tree method, corresponds to a lower cost
and coupled with the technological developments can help policy makers and WF developers increase the
use of onshore wind energy as a feasible unlimited renewable source of electrical energy.
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EJHOBPEMEHA OIITUMU3ALINJA HA EJIEKTPUYHUTE UHTEPKOHEKCHUUN
KAJ KOITHEHHM BETEPHU INOJINIbA

Amnctpaxkrt: IIpu npoekTupame Ha €THO BETEPHO I0JIE, aCIEKT KOj CeKaKo JieKa He Tpeda /1a ce 3aHeMapH
ce eJICKTPUYHUTE HHTEPKOHEKCHH TTOMery BEeTepHUTE TypOuHH. Bo TpyoT ce mpeiokyBa ajaropuram 3a
M3HAOTalkhe Ha ONTHMAaTHA KOH(PUTypallija Ha eIEKTPUIHA HHTEPKOHEKIIMja Ha BETEpHH TypOUHU 3a Jia ce
HaMalaT WHBECTUIUCKUTE M OIepaTuBHUTE Tpomronu. OBaa ONTUMHU3aCHja Ce OJBHBA CIHOBPEMCHO H
CHUMYJITaHO BO CKJIOI Ha €BPUCTHYKH AJITOPUTAM 3a ONTHUMAJICH pacIiope]] Ha BETEPHU TYPOUHU BO CKIIOI
Ha €IHO KOITHEHO BETEpHO Iosie. ENeKTpuYHUTEe HHTEPKOHEKCUU UMaaT 3HauMuTeNIeH yAell BO BKYITHUTE
TPOIIOIHM 32 U3BeA0a Ha eTHO BETEPHO T0JIe. MeTOI0T KOj € KOPHUCTEH 3a U300p Ha HajKpaTKa eIeKTPHUIHA
KOHEKCHja ITOMel'y BETCpHUTE TypOHHU 3a KOHKPETHA KOH(UTypallHja Ha paciopeioT BO BETEPHOTO TOJIE
e EBknuoBaTta MUHMMAaIHA TTOKPUBKA. AJITOPUTAMOT C€ CTPEMH KOH M300p Ha HajHHWCKA IieHa TIPH OMNTH-
MH3aIpjaTa ¥ BO KOMOMHAIMja CO TEXHOJIOMIKMOT Pa3B0j MOXKE J1a € O] ToJieMa ITOMOIII 32 PAKOBOIHU JIMIIA
U IPOCKTAHTH Ha BETEPHHU TIOJIMHA 32 TIPUKA3 Ha BETEPOT KaKO PEaTHO HCKOPUCTIIUB, & CeTak HeOrpaHuIeH
OOHOBJIMB M3BOP Ha €IEKTPUYHA EHEPTHja.

Kayunn 360poBu: eJICKTPHYHH HHTEPKOHEKCHH; KOITHEHO BETEPHO M0JIE; BETEPHU TYpOUHH,
BETEpHA eHepruja

INTRODUCTION for today's wind power industry. An integrated
solution to this challenge can only be realized with

The development of windy fields for comercial a high level of synergy between the key elements in

utilization, globally, it is a considerable challenge
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designing a single WF: selecting the type of tur-
bines, selecting microlocations for setting WTs, and
the variability of the natural resource on which it
depends the full performance of the WF. According
to a Wind Europe report [1], it is assumed that the
total installed capacity for wind energy utilization
by 2030 in the European Union will be 323 GW, of
which 253 GW onshore WFs and 70 GW for
offshore ones. That would be almost twice the
capacity installed by the end of 2017 (168.7 GW),
[2]. With this value of total installed power, from
the wind energy 888 TWh of electrical energy will
be produced, which is equivalent to 30% of the elec-
tricity demand within the European Union.

WF layout concerning various parameters is a
major point in planning and will influence the reve-
nue for the whole life of the installation. Besides the
obvious impact of wind distribution, also other pa-
rameters like connection costs and levelized costs of
energy, influence the optimal layout and have to be
included in a realistic optimization algorithm. In this
paper, the optimal electrical interconnection within
an onshore WF is found simultaneously as a part of
a heuristic algorithms for finding the optimal WF
layout. The developed method is expected to mini-
mize the capital expenditure (CAPEX) of the AC
electrical interconnection system. The main contri-
butions of this paper are as follows: use high perfor-
mance algorithm to solve the formulated discrete
optimization problem, without the need for any
clustering method; detection and avoidance of cable
crossing and provision of a useful tool to find the
optimal interconnection layout of one onshore WF
with any given topology.

CASE STUDY

As a rule, connecting any power plant to an in-
terconnected electrical grid requires a voltage level
in KV that lies in the range of the nominal power of
the power plant in MW. Thus, a 50 MW power plant
would require a minimum voltage level of 50 kV. In
Macedonia, three different voltage levels are used
for transmission: 110 kV, 220 kV and 400 kV. A
voltage level of 69 kV, widely used in other Euro-
pean countries, is not used in the Macedonian trans-
mission system. WF Bogdanci is established in two
phases. Phase one consists of 16 turbines from the
same type — SIEMENS SWT-2,3-93 (80 m hub
height). In the second phase, another 6 turbines are
in plan for positioning. The power plant covers a to-
tal area of approx. 10 ha although only approx. 4 ha
are used permanently for the operation of the WF
(equivalent to 40 % of the total area of the site).

Therefore, the WF Bogdanci with a maximum in-
stalled capacity of 50.6 MW has to be connected to
the next substation by means of a 110 kV overhead
transmission line (OHTL). While there is also the
theoretical possibility to have this connection via
underground cable—considering the ~12 km dis-
tance to the next substation — this is not a valid op-
tion, due to construction costs being more than 3
times higher than that of overhead power lines [3].

Individual WTs of WFs are generally con-
nected by means of underground cables. In some
countries, due to lower investment costs, overhead
transmission lines are also used (e.g. India), but no
European country uses this method. The standard
voltage level for the internal cabling of WFs is 20
kV. Higher voltage levels can be selected, but have
considerably higher costs. Lower voltages (10 kV,
12 kV, 13.8 kV etc.) are also possible, but are not
recommended as they cause higher line losses. Fig-
ure 1 shows the single line diagram for the internal
grid connection of the WF. Each turbine has its own
0.69/20 kV/kV transformer. In this case, to avoid
overloading the underground cables, a maximum of
4 WTs (4%2.3 = 9.2 MW) are connected to a single
feeder (XHE-49A, 150 mm?). Six of the feeders are
connected to the bus bar of the wind park substation
[4]. Important to mention is that the wind park area
covers elevations of between 280 and 500 m above
sea level.

When planning an onshore WF under complex
orography conditions, special attention should be
applied for determining the location of the substa-
tion. The substation itself and the way the WF is
connected to the existing power system are an item
estimated at 7 — 10% of the total capital costs. What
is important when modelling a WF is the fact that
the substation with its complete equipment needs to
be positioned on a surface with a completely flat ter-
rain. In the optimization algorithms developed for
this paper, the location of the substation can be de-
termined in two ways: randomly, due to the inability
to retrieve the topographic data in the software
where the algorithms are developed or predefined
according to a given coordinates. Having in mind
the abovementioned elevation variations of the ter-
rain, substation’s position it is not a design variable
in the developed model. The substation’s position is
defined in advance. Each solution for positioning
the WTs is then tested with a short additional mod-
ule in the algorithms, to determine the shortest paths
to installing the cable electrical connections be-
tween the turbines and the substation. This segment
has been developed to characterize the impact the
WEF schedule has on final capital expenditures. It
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should be considered that in a more detailed analysis
of such an optimization process, the aim would not
be to select only the shortest path for electrical con-

nections, but also the appropriate voltage level de-
pending on the amount of electricity to be delivered
to the substation.

Bogdanci A - Basic Grid Connection Concept
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Fig. 1. Single line diagram of the internal grid connection in WF Bogdanci [4]

PROBLEM DESCRIPTION

For integration of all WTs, during the evolu-
tionary optimization process the WTs could be clus-
tered randomly according to the maximum ampac-
ity of the largest cable dimension, with different
shapes and sizes in any iteration. Note that, no spe-
cific clustering method is applied before solving the
optimization problem. Thereby, in this complex op-
timization problem, only a small difference may oc-
cur between fitness values of the global optimal and
local solutions, where it may change the shape and
size of clusters as well as the corresponding cable
dimension of several paths [5].

Therefore, escaping from local optimum solu-
tions and finding the global optimal solution would
be very difficult in a large problem, even with me-
taheuristic optimization algorithms. In fact, includ-
ing the cable costs into the objective function cre-
ates variable cost branches for each individual
solution, thus a complex, non-convex and non-lin-
ear optimization problem is formed [6].

The method used to select the shortest electri-
cal connection between WTs for a particular WF
layout configuration is the Euclidean Minimum
Spanning Tree (EMST) [7]. The EMST method is
incorporated in two metaheuristic algorithms — par-
ticle swarm algorithm and genetic algorithm in this
paper for optimal calculation of the minimum cable
length necessary to connect each WTs in a distinct
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WF configuration. It is computed by the first cons-
tructing the complete graph on the set of points that
represent the WTs and edge costs given by the Euc-
lidean distance between any pair of turbines. The
minimum spanning tree for this graph is computed
and used as an objective representing the costs of
the cable length.

According to some studies, the total cost of
electrical interconnections can reach a value in the
range of 15-30% of the total investment costs [8, 9].
For this reason, when analyzing the optimization
process for WT positioning from an electro-tech-
nical point of view, optimizing the electrical con-
nections between the turbines is an important part
not only to reduce investment costs but also in terms
of reducing power losses in the WF.

Before developing the appropriate short opti-
mization algorithm for these needs, the following
assumptions are made:

— All electrical interconnections between the
WTs and the substation will be underground.

— The capacity of all connections is known in
advance.

— The cost of the electrical connection incre-
ases proportionally with increasing length. The
proportion is made up of a percentage share and its
transformation into unit sizes.

— Each WT on average has the same produc-
tion, given the small territorial distribution of the
WEF, and this is taken as a per unit.
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MATHEMATICAL FORMULATION

In general, path finding can be described as a
specific case of a shortest path tree traversal. The
shortest path of a graph can be mathematically for-
mulated as:

minimize Y;cy ZjeA dij-u;; )
subject to

Zi:(i,k)ev Ujk — Zj:(k,j)eA Ug,j =

-1, ifk=p;
= 1 ifk=p, )
0, if (keA:k &{pp.}
u;j €[0,1] V(i) €A (3)

where uij is a binary variable describing the connec-
tivity between points i and j in space A in the short-
est path. This variable is 1 if i and j are connected in
the shortest path and 0 otherwise. The points p; and
p2 represent the source and termination points re-
spectively and are also with the space A. The cost of
connecting points i and j (the length of the edge
connecting i and j) is given by di; [10].

Let V be a set of n points (sites) in the plane.
The Euclidean minimum spanning tree of V,
EMST(V), is the minimum spanning tree of the
complete graph G on V, where the edges are
weighted by the Euclidean distance between their
endpoints. We assume that V is in general position,
i.e. the edge lengths in G are pairwise distinct, thus
EMST(V) is unique. Given V, we can compute
EMST(V) in O(n log n) time using O(n) words of
workspace [11]. Given n sites in the plane, their
EMST is the minimum spanning tree with the sites
as vertices, where the weight of the edge between
two sites is their Euclidean distance [12, 13, 14].

In the limited workspace model as is the WF
area, relative neighborhood graph (RNG), cannot be
stored explicitly. That is why a complete computa-
tion was done for the next batch of edges, whenever
there was a need of new edges of RNG(V) in Krus-
kal's algorithm. To check whether a new edge e; be-
longs to EMST(V), e is being checked if connects
two distinct components of RNGi. To do this with
O(s) words of workspace, a succinct representation
of its component structure was used. In the devel-
oped algorithm, we represent each edge e; by two
directed half-edges [12]. The two half-edges are
oriented in opposite directions such that the face in-
cident a half-edge lies to the left of it. The endpoints
of a half-edge are called the head and the tail such
that the half-edge is directed from the tail endpoint

to the head endpoint. Obviously, each half-edge in
RNGi has an opposing partner.

For j > 1> 1, predecessor and successor of ¢;
are defined in RNGi regarding each endpoint w of g
as follows: the predecessor of g; is the half-edge in
RNGi which has w as its head and is the first half-
edge encountered in a counterclockwise sweep from
ejaround w [15]. The successor of g; is the half-edge
in RNGi which has w as its tail and is the first half-
edge encountered in a clockwise sweep from e;
around w, as shown in Figure 2.

Fig. 2. A schematic drawing of RNGi is shown in black

The endpoint w = u; v of g; identifies the half-
edges pw and sy as the predecessor and the successor
of ;. They are shown in green and blue, respectively
[12].

This general formulation, however, represents
the optimization problem once a graph representing
the configurational space, the traversable space in
which cables can be laid, has been constructed [10].

METHODOLOGY

Each WT micro-location is represented in a
two-dimensional Cartesian coordinate system and
they are practically the nodes in the graph. Based on
the specified pair of points, the complete graph with
all Euclidean distances between each pair of nodes
is constructed. Then, based on the value of the equi-
distant distance, the branches of the graph with the
largest weighting factors, i.e. the longest links, are
discarded. The calculation of the minimum path
when connecting the nodes in this graph is used as
a fitness function, which should reduce the cost of
electrical interconnections. Figure 3 shows part of
the process for finding the final connected graph ac-
cording to EMST.
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Fig. 3. Appearance of the search process of the shortest
turbine connection using EMST

It should be emphasized that when selecting
the shortest path, attention is paid to the flow of
electricity throughout the entire WF configuration.
This type of algorithm, where one observes the flow
of nodes, is called a directed algorithm, as described
mathematically in the previous section.

The proposed full methodology does, how-
ever, successfully place WTs acceptable locations
and designs a cable layout that does not violate any
of the defined constraints.

The purpose of the developed model is to re-
duce the total cost of the investment by reducing the
electrical connections between the WTs that need to
collect the energy produced by each WT and deliver
it to the substation dimensioned for the specific WF.
Of course, the share of such optimization is not
striking, but it is noticeable when comparing the
economic benefits of minimizing the total cost of
cables. It is also reasonable to expect that the opti-
mal solution will provide a simple but reliable de-
sign for a network of cables connecting WTSs to each
other.
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RESULTS AND DISCUSSION

This simultaneous optimization is solved off-
line, relying on the mixed-discrete particle swarm
optimization algorithm (MD-PSO) as well as non-
dominated sorting genetic algorithm (NSGA). Each
algorithm is run 100 to 1000 times to avoid the un-
certainty of the metaheuristic algorithms and calcu-
lates their performances. In order to compare the
performances of these two algorithms correctly, the
stopping criteria of both algorithms set to individual
maximum number of iteration so that only running
times of the algorithms are relatively similar. This
is because the number of generated offspring in any
iteration of NSGA is much higher than in the MD-
PSO algorithm (only one offspring). In order to
evaluate the average performances of the NSGA
and MD-PSO algorithms in different ranges of
WTs, the optimal solutions of both cable sizing
methods are calculated for various topologies of
WFs — one range with 16 WTs and other with 22
WTs.

The results confirm the better performance of
the MD-PSO algorithm to find the global optimal
solution of this complex optimization problem,
compared to the NSGA. This is because the new
harmony (new solution) in the MD-PSO algorithm
is improvised with a random selection for each op-
timization variable individually, by considering all
existing solutions in MD-PSO. On the contrary, the
NSGA only considers the two parent chromosomes-
solutions with single- or multi-point crossover.
However, the NSGA simulation would be more
compatible and perform well for partial cable sizing
method, where multipoint crossover is considered;
even its performance was relatively close to the
MD-PSO algorithm or even better in some particu-
lar topologies. Because, in the partial cable sizing
method, the cable dimensions of all branches in
each route are the same and assigned only according
to the ampacity of the last branch before joining to
another route. On contrary, according to individual
improvising of each optimization variable in the
MD-PSO algorithm, it shows more compatibility
with full cable sizing rather than partial cable sizing
method.

Additionally, the MD-PSO algorithm has
found the optimal solution by considering all possi-
ble node connections (even non-feasible ones) in the
decision set. Yet, due to increased number of itera-
tions to find global optimal solution of a larger prob-
lem, each optimization process takes much longer
and apparently with lower performance. The fact
that, full optimization yields identical results as the
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reduced optimization problem, verifies the func-
tionality of the proposed reduction sub-algorithm.

CONCLUSION

This article presents a new approach for the in-
ter-array cable design problem for an onshore WF
by improving several sub-problems. These sub-
problems have included a location-constrained, a
navigational mesh-based path finding algorithm to
determine possible cable connections and two sepa-
rate modes of operation: binary and continuous
mode to solve EMST and select which cable con-
nections should be installed.

This paper proposes an optimization method-
ology to minimize the capital investment expendi-
tures of the electrical interconnection system of on-
shore WFs, in order to help designers to reach the
necessary balance between technical performance
and economic costs. The simultaneous optimization
of electrical interconnection configuration and cable
sizing of a given onshore WF topology is found. An
MD-PSO algorithm as a high-performance optimi-
zation algorithm for discrete and continuous prob-
lems is used to solve this complex optimization
problem. The optimization results are compared
with an integer-based NSGA as a proven optimiza-
tion algorithm. The results demonstrate slightly bet-
ter performance of the MD-PSO algorithm in com-
parison with the NSGA, in continuous mode.

A typical radial configuration is also compared
with these two optimal layouts. The results illustrate
that variation in the WT’s power rating completely
changes the optimal interconnection layout of one
onshore WF. In addition, it turns out that increasing
the shipping and burying costs, affects in increasing
the CAPEX and often changes the optimal electrical
interconnection layout.

The results of such approach applied to a real
onshore WF currently in the planning stages have
yielded promising results indicating that this ap-
proach is not only valid but shows improvements
over commonly used approaches based on the tur-
bine separation distance. There is still space for im-
provements that could be done, but this approach,
using EMST method, represents a strong step for-
ward to the efficient automation of the layout design
of a WF and optimizing all aspects of the layout.

In the future work, the proposed methodology
could be similarly developed to offshore WFs as
well.
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