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summary

Ambitious targets set by the European Commission see o [sHore wind power reaching
450 GW by 2050. Economies of scale push o[sHore wind to be deployed with hundreds
of Wind Turbines (WTSs) in single projects. Likewise, the distance from the Onshore
Connection Point (OCP) to the O [SHore Substation (OSS), is also increasing as response
for finding new sites with high wind power potential.

A conspicuous increment in the complexity to design (and optimize) the electrical network
for modern OWFs is resulted. The export submarine cables are complex dynamic systems,
exposed to time-varying conditions that need to be assessed and understood to optimally
size their cross-sections. Besides, in the collection systems, the feasible set of connections
between WTs increase exponentially as a function of the project size.

On the top of the technical challenges, the economics of electrical power cables play a
significant role as well. Between 2020 and 2024 more than 6,750 km of export cables are
estimated to be needed. Meanwhile, 19,000 km of submarine cables for collection systems
are prognosed to be installed from 2018 to 2028, with an estimated worth of £5.36bn.
This places power cables as one of the main components of the Balance of Plant (BoP),
representing at least 11% of the overall Levelised Cost Of Energy (LCOE).

In order to address these challenges, several methods and mathematical optimization
models are proposed in this PhD thesis. The problem of sizing optimally export cables is
approached through a comprehensive single framework, supporting cost reduction and
reliability. A probabilistic lifetime estimation model is implemented to calculate the e [edts
of cumulative damage due to electro-thermal stress. This framework is benchmarked
against industrial standards, demonstrating the capability to reduce the overall LCOE
by optimizing the export cable.

The deterministic design of the cable layout for OWFs collection systems is studied
through several proposed approaches, based on heuristics, metaheuristics, and global
optimization methods. For the latter, benchmarking results indicate the superiority of the
proposed method against a state-of-the-art approach published in the scientific literature,
in terms of solution quality, computing time, and optimality gap. This is continued
with the proposition of a MILP program to design simultaneously the collection and
transmission systems, accounting for OSSs location and forbidden areas.

Finally, a stochastic global optimization method is proposed to design closed-loop topology
for OWF collection systems. A comparative analysis between radial and closed-loop
topologies is performed to calculate and compare the cost benefits from each of them.






Resumé pa dansk

Europa-Kommissionen har sat et ambitigst mal om, at O [sHore vind skal vaere 450 GW i
2050. Stordriftsfordele ger, at de enkelte o [shore parker bliver installeret med hundredvis
af vindmgller (WTG’er). Derudover er afstanden fra Onshore Connection Point (OCP) til
O [shore Substation (OSS) stigende for at finde nye steder med hgjt vindkraftpotentiale.

Et resultat af dette er en stigning i kompleksiteten med at designe og optimere elkablerne
for en moderne OWF. Eksport-sgkablerne er komplekse dynamiske systemer, som udsettes
for forhold, der varierer over tid. Dette skal vurderes og forstas for at bestemme det
optimale tveersnit af kablerne. Derudover stiger antallet af mulige kabelforbindelser
(array-kabler) imellem vindmgllerne eksponentielt som funktion af antal vindmaller.

Ud over de tekniske udfordringer spiller gkonomien i elkabler ogsa en vaesentlig rolle.
Mellem 2020 og 2024 skennes det, at mere end 6,750 km eksportkabler vil veere ngdvendige.
Derudover forventes det at 19,000 km array-kabler, med en estimeret pris pa £5.36bn vil
blive installeret i perioden fra 2018 til 2028. Dette placerer elkabler som en veesentlig del
af Balance of Plant (BoP) med ca. 11% af Levelised Cost Of Energy (LCOE).

For at lgse disse udfordringer foreslas flere metoder og matematiske optimeringsmodeller
i denne PhD-afhandling. Problemet med at dimensionere og optimere eksport-kabler
tackles gennem et enkelt omfattende framework, der understgtter omkostningsreduktion
og palidelighed. Der implementeres en sandsynlighedsbaseret levetidsvurderingsmodel
for at beregne kumulative skader som falge af elektro-termisk stress. Dette framework er
sammenlignet med industrielle standarder og demonstrerer muligheden for at reducere
den samlede LCOE ved at optimere eksportkablet.

Det deterministiske design af kabellayoutet for OWF arraykablerne undersgges gennem
flere foreslaede tilgange, baseret pa heuristik, metaheuristik og globale optimeringsmet-
oder. For sidstnavnte indikerer benchmarkingresultaterne, at den foreslaede metode
er overlegen i forhold til en state-of-the-art tilgang o [edtliggjort i den videnskabelige
litteratur. Dette er med hensyn til lgsningskvalitet, computertid og optimality gap.
Endvidere foreslas et MILP optimeringsprogram til samtidigt at designe arraykabler og
eksportkabler, under hensyntagen til OSS placeringer og forbudte omrader.

Til sidst foreslas en stokastisk global optimeringsmetode til at designe closed-loop topologi
til OWF arraykabler. En sammenlignende analyse imellem radial og closed-loop topologier
udfares for at beregne og sammenligne omkostningsfordelene ved hver af dem.
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CHAPTER 1
Introduction

11 Motivation

Among the di Lerent technologies for power production using renewable resources, o [SHore
wind energy is shaping up as one of the fastest and most steadily growing. In Figure 1.1
the evolution of o[SHore wind power in the world from 2011 until the year where this
PhD started, 2017, is shown. It can be noted that the share grew almost five times in
that period of six years, with Europe hosting almost 85% of the total capacity.

Figure 1.1: Cumulative o [sHore wind capacity 2011-2017 [1]

In the latest report published by the Global Wind Energy Council in 2020 [2], is evidenced
that this growth rate is even higher, as quoting the international association “2019 was the
best year ever for the global o [SHore wind industry”, since the market has increased 6 GW
in the course of 2019. O [sHore wind is also spreading around the world, the percentage
of projects located in Europe is currently of around 75%, having more participation from
other continents, especially from Asia but as well from North America. The accelerated
development of OWFs in the last decade casts a promising future for power systems fully
based on renewable energy. The potential of this technology can be further unleashed;
the European Commission estimates a total capacity of 450 GW by 2050 [3].

The evolution of o [sHore wind is reflected not only from the perspective of installation
capacity, but also in economic terms. The LCOE has plummeted by around 50% on
average in the last lustrum. Newly built project costs have declined by 33% from 2018



2 1 Introduction

to 2019 alone [2]. The major drivers for this cost reduction have been mainly technology
innovations in WTs and installation, reductions in financing costs, and economies of scale
[4]. As a result, modern OWFs are typically composed by hundreds of WTs in single
projects, with increasing connection distance from the OCPs to the OSSs to exploit new
sites with high wind power potential [5].

Nevertheless, as a consequence of such scaling, the grid connection gains a bigger role,
due to the electrical power cables and OSS costs. In Figure 1.2 is presented the LCOE
evolution along with the grid connection cost share in some European countries. The
main takeaway is that the grid connection costs are not following proportionally the
overall LCOE reduction.

Figure 1.2: LCOE development of o [SHore wind [6]

Bigger OWFs causes a conspicuous increase in the mathematical complexity to design
their electrical network, which has as a main component electrical power cables. The
number of solutions for the interconnection system between WTs increase exponentially
as a function of the project size [7], while longer cables are used to connect those projects
to the grid, implying a higher level of vulnerability in front of the dynamics of the system

[8].

Electrical power cables are one of the main components of the BoP, representing at
least 11% of the overal LCOE [9], with comparable costs to those reported for the wind
turbine nacelles, towers, and foundations. Between 2020 and 2024 more than 6,750 km of
export cables are estimated to be needed. Meanwhile, 19,000 km of submarine cables for
collection systems are prognosed to be installed from 2018 to 2028, with an estimated
worth of £5.36bn [10]. However, electrical power cables do not only have a sizeable
impact over capital expenses, but also aledt greatly the operation and performance of
OWEFs projects. The total electrical power losses and potential single points of failure
[11] may impact negatively the profitability of the project in the long-run.

This means that the challenge of designing the electrical network of OWFs, may provide a
great potential for extra overall cost minimization by applying computational optimization
and properly sizing components. Given the trend of constant grid connection costs in the
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last years, and the accentuated weight of electrical power cables in the overall LCOE (in
terms of capital and operational costs), this PhD work focuses on developing techniques
and methods for further more cost reductions. The e[ants are concentrated to the
electrical network design for large-scale OWFs (in the order of hundred of WTS).

1.2 Scope

The PhD project was part of the project Integrated Baltic O [shiore Wind Electricity Grid
Development (Baltic InteGrid) [12].

The Baltic InteGrid project provided a research framework for assessing the feasibility to
construct meshed grid in the Baltic Sea Region, optimizing e [ciehcy and potential of
o[shore wind. The main goals were:

1. Contribute to sustainable indigenous electricity generation.

2. Further integration of electricity markets.

3. Enhance security of supply in the Baltic Sea Region.

4. Facilitate the development of o [Shore wind.
Part of the PhD work belonged to the Work Package 3, group of activities 3.3. Stemming
from this work package, the aim was to design a tool for optimizing the electrical network

for OWFs, supporting both deterministic and probabilistic modelling of electrical power
cables, as a component and as a system (collection and transmission systems).

The Figure 1.3 depicts a simplified full picture of the problem addressed in the PhD
project.

Figure 1.3: Electrical network design for o [sHore wind: An overview. Based on [7]
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Electrical power cables are present in both the collection and transmission systems. The
cable layout in the collection system corresponds to the interconnections between WTs
through MV electrical power cables. The MV cables are usually rated at 33kV in AC,
but recent new technologies allow the use of 66 kV-rated components to decrease current
ratings and total electrical power losses, since WT rated power is steadily increasing.
The collection system is interfaced to the transmission system by means of an OSS, to
subsequently connect the OWF to the OCP. The transmission (export) system rated
voltage encompasses values in HV AC of 110kV, 132kV, 150kV, 220KV, and 275KV [13].
AC technology for both the collection and transmission systems were considered in this
doctoral thesis, albeit conceptually the models can be applied straightforwardly to DC
technology as well.

The cable layout in the collection system may have dilerknt topologies. The most
frequently used currently is a radial layout (without a redundant path from each WT to
the OSS, as shown in Figure 1.3), albeit some project have a closed-loop layout (with a
single redundancy from each WT to the OSS), resembling a sunflower. The underlying
reasoning behind choosing either of them, comes from the modelling choice regarding the
cables failures. If no failures are considered in the design phase, then a deterministic
approach is used, generally resulting in radial layout; otherwise, if to each cable a failure
probability is associated, then a stochastic approach is considered to design a closed-loop
layout. The size of the cables failure rate, combined with the availability of proper
methods, would ultimately decide the approach.

While a closed-loop layout can be designed considering a deterministic approach, the
capability to exploit the benefits of this network type is contingent on the inclusion of
cables failures [C5]. Similarly, a radial topology can also include reliability aspects and
be optimized for it, but this would not make much sense as redundant paths are missing,
and could result in expensive designs.

Since optimizing the placing of WTs is mostly driven by aerodynamic interactions, their
location in Figure 1.3 is considered fixed and given, following a sequential divide-and-
conqguer approach [J1].

Based on the above, the objectives of the PhD project are:

1. Sizing (optimization) of the export power cable for a given OWF.

2. Design (and optimization) of the radial cable layout of the collection systems for
large-scale OWFs, assuming fixed WT and OSS locations.

3. Simultaneous design (and optimization) of the collection and transmission systems,
assuming fixed WT locations, variable OSS locations, and forbidden areas.

4. Design and compare closed-loop and radial cable layouts for the collection system
of OWFs.
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1.2.1 Research Questions

The main objectives of this work were further detailed into research questions summarised
as:

1. Isit possible to decrease the LCOE-share of export power cables, ensuring minimum
reliability requirements, accounting for the impact of the variable wind power
production, and the transmission length?

2. What are pros and cons of the di Lerent methods for designing the radial cable
layout of collection systems for OWFs?

3. What are the benefits for combining di Lerent conceptual methods for designing
the radial cable layout of collection systems for large-scale OWFs?

4. lIs it possible to improve the tractability and e [ciehcy of state-of-the-art methods
for designing the radial cable layout of collection systems for large-scale OWFs?

5. How can the collection and transmission systems be optimized simultaneously being
handled with a global optimization method for large-scale OWFs?

6. What are the benefits of designing either radial or closed-loop topologies for the
cable layout of collection system for OWFs, considering a stochastic approach?

1.3 List of Publications

The results of the PhD research were disseminated in several scientific publications,
as listed below. They represent the basis of the PhD thesis and are included in the
Appendix.

1.3.1 Journal Publications

[J1] J.A. Pérez-Rua, and N. A. Cutululis, “Electrical Cable Optimization in O [shore
Wind Farms - A review”, in IEEE Access, Vol. 7, 85796-85811, July 2019, https:
//doi.org/10.1109/ACCESS.2019.2925873.

[J2] J.A. Pérez-Rua, K. Das, and N. A. Cutululis, “Optimum Sizing of O [sHore Wind
Farm Export Cables”, in International Journal of Electrical Power & Energy
Systems, Vol. 113, 982-990, December 2019, https://doi.org/10.1016/].ijepes.2019.
06.026.

[J3] J.A. Pérez-Rua, M. Stolpe, K. Das, and N. A. Cutululis, “Global Optimization of
O [shore Wind Farm Collection Systems”, in IEEE Transactions on Power Systems,
Vol. 35, No. 3, 2256-2267, May 2020, https://doi.org/10.1109/tpwrs.2019.2957312.

[J4] J.A. Pérez-Rua, M. Stolpe, and N. A. Cutululis, “Integrated Global Optimization
Model for Electrical Cables in O [sHore Wind Farms”, accepted in IEEE Transac-
tions on Sustainable Energy, October 2019, https://doi.org/10.1109/TSTE.2019.
2948118.
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https://doi.org/10.1109/tpwrs.2019.2957312
https://doi.org/10.1109/TSTE.2019.2948118
https://doi.org/10.1109/TSTE.2019.2948118
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[J5] J.A. Pérez-Rua, S. Lumbreras, A Ramos, and N. A. Cutululis, “Reliability-based
Topology Optimization for O [SHore Wind Farm Collection System”, submitted to
Wind Energy, April 2020.

1.3.2 Conference Publications

[C1] J.A. Pérez-Rua, K. Das, and N. A. Cutululis, “Lifetime estimation and performance
evaluation for o [sHore wind farms transmission cables”, in Proceedings of the 15th
IET International Conference on AC and DC Power Transmission (ACDC 2019),
Coventry, UK, 5th-7th February 2019, https://doi.org10.1049/cp.2019.0062.

[C2] J.A. Pérez-Rua, K. Das, and N. A. Cutululis, “Improved Method for Calculating
Power-Transfer Capability Curves of O [sHore Wind Farms Cables”, in Proceedings
of the 2019 CIGRE International Symposium, Aalborg, Denmark, 4th-7th June
20109.

[C3] J.A. Pérez-Rua, D. Hermosilla, K. Das, and N. A. Cutululis, “Heuristics-based
design and optimization of o [sHore wind farms collection systems”, in Journal of
Physics: Conference Series, Vol. 1356, 012014, 16th Deep Sea O [shHore Wind R&D
conference, Trondheim, Norway, 16th-18th January 2019, https://doi.org/10.1088/
1742-6596/1356/1/012014.

[C4] D. Hermosilla, J.A. Pérez-Rua, K. Das, and N. A. Cutululis, “Metaheuristic-
based Design and Optimization of O [sHore Wind Farms Collection Systems”, in
Proceedings of the 13th IEEE PES PowerTech Conference, Milan, Italy, 23rd-27th
June 2019, https://doi.org/10.1109/PTC.2019.8810583.

[C5] J.A. Pérez-Rua, S. Lumbreras, A. Ramos, and N. A. Cutululis, “Closed-Loop Two-
Stage Stochastic Optimization of O [sHore Wind Farm Collection System”, under
review in Journal of Physics: Conference Series, EAWE TORQUE 2020, Delft,
Netherlands, https://arxiv.org/abs/2003.06598.

1.4 Contributions

The main contributions of the PhD project are:

1. Comprehensive state of the art review regarding electrical cable optimization in
OWEFs. Proposal of a general classification of the electrical network design problem,
framed in the general context of the OWFs Design and Optimization.

2. Proposal of a method to improve the calculation of power-transfer capability of
OWEFs cables, accounting for variable production of wind power, and variable
boundary conditions.

3. Proposal of a method to size optimally OWF export cables. It minimizes the
LCOE-share corresponding to this component, by balancing out investment, losses
and reliability requirements. It includes diLerent concepts, considering realistic


https://doi.org10.1049/cp.2019.0062
https://doi.org/10.1088/1742-6596/1356/1/012014
https://doi.org/10.1088/1742-6596/1356/1/012014
https://doi.org/10.1109/PTC.2019.8810583
https://arxiv.org/abs/2003.06598

1.5 Thesis Outline 7

operation conditions, such as: time varying cyclic power generation, electro-thermal
stress, among others.

4. Development, testing, and application of heuristic algorithms to design the radial
cable layout of collection system for OWFs.

5. Development, testing, and application of a metaheuristic algorithm based on a GA,
to design the radial cable layout of collection system for OWFs.

6. Development, testing, and application of a global optimization model based on
a MILP approach, to optimize the radial cable layout of collection systems for
large-scale OWFs.

7. Development, testing, and application of a global optimization model based on a
MILP approach, to optimize simultaneously the radial cable layout of collection
systems, and transmission cables for large-scale OWFs.

8. Development, testing, and application of an algorithmic framework to design
collection system with a closed-loop structure, using global optimization based on
a MILP approach, integrated with analytical methods for reliability assessment.

9. Development of a common framework to assess and compare economically topology
optimization for OWFs, namely closed-loop vs radial layouts.

1.5 Thesis Outline

The PhD thesis is organised as follows:

The PhD project has been introduced in Chapter 1. The motivation, scope, research
questions, publications, and contributions have been presented.

The state of the art is presented and discussed in Chapter 2.

The methods regarding electro-thermal analysis of cables and the optimization
framework to design export cables for OWFs is presented in Chapter 3.

The di[erknt method to design (and optimize) the radial cable layout of collection
systems for OWFs are presented and demonstrated in Chapter 4.

The global optimization program to design simultaneously the radial cable layout
of collection systems, and transmission cables for large-scale OWFs is presented
and demonstrated in Chapter 5.

The global optimization program to closed-loop network for large-scale OWFs is
presented and demonstrated in Chapter 6. In this chapter the comparison of this
topology against radial layout is also examined using several case studies.

Finally, concluding remarks and recommendations for future research are made in
Chapter 7.
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This chapter is a summary of the review article [J1].

21 Introduction

Electrical network design for OWFs is a multidisciplinary problem. A wide variety of
definitions, strategies, models, and frameworks to optimize performance metrics related
to electrical infrastructure has been detected in the literature survey. Additionally, this
is a relatively new research area, with no more than 15 years of studies by scientists from
di LCerkent fields, therefore plethora of methodologies and mathematical formulations have
been proposed; that is reflected by a relatively large pallet of objectives and requirements
identified in the scholar literature. In this sense, a literature review of the latest techniques
for optimizing electrical cables in OWFs is performed, intending to provide a classification
of the problem while underlying its most important aspects.

211 Design and Optimization of OWFs

The OWIFDO problem can be defined as the body of decisions to be made in order to
design reliable, secure, and e Lcieht OWFs, while maximizing their performance through
the evaluation of a quantifiable target. The definition of the set of modelling options,
constraints, objective function, variables and parameters, is up to the OWF developers,
according to established and particular practices. The OWIFDO is a non-linear, non-
convex problem with integer and continuous variables, laying in the category of NP class
[14].

Due to the mathematical complexity of the problem, the full picture of it can be
split following a sequential divide-and-conquer approach, such as the one illustrated in
Figure 2.1. The main inputs are: minimum and maximum number of WTs, minimum
and maximum OWF'’s total installed power, and definition of the objective, constraints,
and other parameters. The sequential steps are described as follows:

1. Macrositing (site selection): It includes the analysis of the available infrastructure
(power system capacity at OCP, logistic resources, accessibility, etc), the evaluation
of the environmental suitability (especially relevant in marine spatial planning),
the wind resource potential assessment, and the geographical adequacy (most
importantly maximum water depths). The main output of this block is the selection
of the OWF site, and the upper bound of project area. Important economic factors
such as energy regulatory framework, financing and funding must be taken into
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consideration in this stage as well, in order to assess the financial sustainability of
the project.

. Micrositing (WTs location): It involves the OWF layout design, where the ar-

rangement of the individual WTs is decided. In this sub-problem the number and
geographical locations of the WTs along with their sizing are defined.

. Infrastructures: This stage regards the design of the BoP, encompassing structural,

electrical, and civil infrastructures. Electrical infrastructure encompasses the
network design and optimum sizing of transformers and converter stations. This
PhD focuses on the electrical network design of OWFs.

. Control/Protection/Operation: In this sub-problem the control, protection and

operation schemes are designed.

Figure 2.1: Overview of the OWIiFDO problem [J1]

2.1.2 Electrical Network Design for OWFs: A classification

Since electrical power cable is the main component for the network design, the classifica-
tion of the problem around this element is depicted in Figure 2.2.

In the left branch of the Figure 2.2, the topics corresponding to optimum sizing of
electrical cables are presented, which answers the question of How to size individually
these elements. The right branch of the figure represents the combinatorial optimization
problem related to the electrical network topology optimization for OWFs; it deals with
Where to allocate power cables in such a way that the produced power by the WTs is
evacuated to the OCP. The latter problem feeds itself from the former, establishing the
complementarity between them, and the possibility to combine them for more refined
optimization.
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Figure 2.2: Electrical network design for o [SHore wind: A classification [J1]

2.2 Optimum Sizing of Cables

The definition of a cable’s nominal current must take into account the variability of
o [sHore wind power and its relatively low capacity factor [15]. This implies that a smaller
nominal value can be chosen given certain conditions. The three main techniques used in
OWGFs cable sizing from the perspective of thermo-electrical conditions are presented in
the following.

2.21 Static Rated Sizing

This is the classic technique recommended in [16], [17], and [18] (industrial technical
standards). It is a straight-forward approach, consisting only a multi-parameter static
equation for calculating the continuous current Iy, to be transmitted during infinite time,
in order to obtain a continuous conductor temperature equal to 90 C. The smallest cable
t, with I equal or greater than the total current (including capacitive currents) at hot
spot, is selected. The aforementioned IEC and CIGRE industrial standards consider
static conditions at rated operation, however OWFs are characterized by low capacity
factors and high power production variability.
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2.2.2 Dynamic Load Cycle Profile

This technique consists in finding the worst case dynamic load profiles, as presented
in [19] (CIGRE: Working Group B1.40). This approach is taking into account the
inherent variability of power production, representing a more sophisticated method that
is emerging as industrial practice, as detailed in [19]. It consists of a four-step signal,
calculated using the highest RMS values computed through di [erknt periods, sweeping
through the yearly data set by means of a rolling RMS filter starting at each singular
data point. Further details can be found in [J1].

2.2.3 Dynamic Full Time Series

This method encompasses the use of full and high resolution time series for performing
electro-thermal analysis. The previous two methods exclude reliability analysis, therefore
new advances and strategies requiring time series information, such as, generated power,
seabed surface temperature, thermal parameters, among others, are necessitated. So
far works have focused on: i) conductor temperature estimation, and ii) cables sizing
considering a maximum instantaneous temperature never exceeding 90 C (which also is
assumed in the previous two approaches).

A review of articles dealing with this aspect is available in [J1]. Important progress has
been done in this topic, however there is still room for new advancements, such as the
application of lifetime methods and probabilistic techniques for sizing these components.
The dynamics of the system must be considered holistically, being able to estimate fatigue
factors to which a real operating cable is exposed to.

2.3 Network Topology Optimization

The main objective is to achieve an optimized cable layout, in terms of length and/or
investment costs, and/or reliability (See Figure 1.3). Several variants of the problem
compose the problem classification depicted in the right branch of the Figure 2.2. They
are described as:

WTs collection system design: This is to design the cable layout considering a
single fixed OSS.

WTTs allocation to OSSs: This is to design the cable layout considering multiple
fixed OSSs.

Number and location of OSSs: This is to design the cable layout considering
multiple movable OSSs.

Interconnection of OSSs to OCPs: This is to design the export cables given fixed
or movable OSSs and OCPs.
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2.31 WTs Collection System Design

This problem resembles to historical mathematical problems such as MST and its
constrained version, the C-MST, which classifies under the category of NP-hard class
[20], and the TSP with all its variants [21], also NP-hard. Problems from other fields
map to this one, like telecommunication networks design back in the 60’s and 70’s [22],
or network planning [20]. However in the case of OWFs, Ad hoc methods are necessitated
in function of particular spatial (nature reserve or occupied areas, seabed bathymetry,
among others), planarity (no-crossing of cables, trenching requirements, and so on), and
technical (stochasticity on power generation, cables capacities, topological structure,
ancillary services support, etc) constraints. Figure 2.3 presents a decision flowchart to
design the cable layout of a collection system.

The flowchart in Figure 2.3 explains the set of decisions to be taken during the design
process; that includes the selection of the desired topology, followed by the required
objective function. The selection in both aspects depends among other things, about the
modelling approach for cables failures, i.e., deterministic (no failures) or stochastic. A
deterministic approach generally results in radial layout, which in turn can be optimized
for length, and investment with or without losses. Stochastic optimization permits to
design redundant systems including costs in the objective function due to random energy
curtailment. Some methods perform better than others for a particular topology and
objective function, and therefore must be selected accordingly.

The solution methods can be classified in four main groups: i) Heuristics (Prim, Dijkstra,
Kruskal, EW, VAM), ii) Metaheuristics (GA, PSO, SA, ACO), iii) Global optimization
or exact formulations (BIP, MILP, MIQP, MINLP) and iv) Hybrids. A detailed analysis
between them and their frequency of application in the scientific literature is presented
in [J1]. In general, heuristics seem to be very fast but weak in the sense of low solutions
quality, while metaheuristics, which are based on evolutionary operators, provide better
solutions without optimality certificate. Mathematical formulations have the enormous
advantage of being able to provide certified optimum solutions when the problem is
convex and can be solved by means of commercial solvers. Hybrids methods combine
di [erknt concepts, such as evolutionary algorithms and/or heuristic rules mixed with
exact formulations.

After selecting the solution method, the modelling choices of the physics must be carried
out, taking into account the inherent biased caused by the chosen methodology. Mainly
five aspects needs to be examined: i) wake e [edts, ii) wind stochasticity, iii) power flow,
iv) electrical losses, and v) reliability. A compromise between accuracy of the solution
method and the fidelity of physics modelling must be carried out.

Each of the di [Lerknt topology options according to the literature (radial with and without
branching, radial with splices, closed-loop, and tailored-made), are discussed in [J1],
describing the most sound solution methods, modelling choices, and spatial/planarity
constraints handling.
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Figure 2.3: OWFs collection systems design and optimization: Decision flowchart [J1]

2.3.2 WTs Allocation to OSSs

This problem is an extension of the one analyzed in Section 2.3.1 but with the added
complexity of considering a given number of multiple OSSs with fixed locations. The
problem size is thus from medium (30 to 60 WTs) to very large-scale (hundreds of WTS).
The WTs must be allocated unequivocally only to one OSS (i.e., no direct electrical
coupling from one WT to more than one OSS), while guaranteeing the OSSs capacities
(in terms of nominal power).

Three alternatives have been found out to address this problem:

Single approach: WTs allocation is solved simultaneously with the collection
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system problem. Mathematical formulations can be used transparently to leave the
optimization set up to deal with the full problem, as in [23] or [24] (hybridized with
heuristics). However, for very large OWFs this may be computationally expensive as
presented in [7] and [24], pointing out the impossibility to solve them to optimality.
Thus, scalability is the main challenge and exact methods with high tractability,
e Lciehcy and accuracy are demanded. Metaheuristics can also be designed to
handle this issue as per in [25]; which may help in shortening computing time to
obtain feasible points.

Multi-step approach: WTs allocation is firstly handled, and then followed by a
multi-thread optimization problem to design multiple collection systems using
any of the methods described in Section 2.3.1. The WTs allocation tasks can be
approached by clustering techniques such as QT (deterministic), K-means, and
FCM (both unsupervised machine learning processes). Mathematical methods such
as the one framed as a MCFP [26] is applicable as well. MCFP allows shaping the
problem with an BIP mathematical formulation, and the network simplex algorithm
can be applied to solve it to optimality by exploiting the problem structure and
the duality conditions.

Nested approach: WTs clustering is updated based on iterative calculations of
collection systems searching for a cheaper solutions [27].

2.3.3 Number and Location of OSSs

This is an extension of the problem in Section 2.3.2, adding the flexibility of the number
and location of OSSs. Two main variants for the task are identified:

Variable number and location of OSSs: This has been coped by means of a multi-step
approach in [28] (MILP formulation), [29] (GA), [30] (FCM plus Prim algorithm),
and [31] (immune GA). A nested approach has been applied in [32] and in [33]. See
more details in [J1].

Fixed number and variable position of OSSs: This has been coped with single
exact methods as in [34], and [35] for small-scale instances (maximum 30 WTs). A
multi-step approach is proposed in [36], where a CCCP and a heuristic is used to
find the OSS location. Lastly, a nested approach can be found in [27].

2.3.4 Interconnection of OSSs to OCPs

Two main variants for this task are identified:

Point-to-point interconnection between a single (or few) OSS(s) to a single (or few)
OCP(s): It basically consists on finding the proper balance between the collection
system design (including the OSS positioning), and the transmission system design
(export system to connect the OSS to the OCP), given that the shorter distance
between OSS to OCP, the more expensive the collection system, but the cheaper
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the transmission system. Most of the authors assume the influence of OSSs location
to the transmission system costs inside of a given range negligible. Nevertheless,
in works like [37] (onshore case), [38], multi-fidelity and heuristics approaches,
respectively, are considered to analyze the trade-o [hetween these two costs. Other
works taking into consideration simultaneously the collection system design (with
OSSs location), and the transmission system design are: [34] (MILP), [32] (PSO),
[39] (GA), [33] (GA and clustering techniques), and others.

Interconnection between multiple OSSs and multiple OCPs (large OWFs spread
out in a large area): The OWFs are seen in an aggregated way, disconsidering the
collection system design and calculating the total installed power of the OWF. This
problem aims to find a balance between new OWFs project and the integration
with new or reinforced interconnectors between countries, while having present
other types of electricity generation connected to OCPs [40]. Electricity markets
and power system planning aspects need to be considered.

2.4 Summary

A detailed review regarding the electrical network design for o [shore wind, based on [J1],
is carried out in this chapter. As a result, the full picture of the problem is divided in two
main branches: optimum sizing of electrical cables, and network topology optimization.

For the electrical cable sizing, the three main techniques available today in the industry
practices and scientific literature have been presented. They span from a lower to higher
level of complexity as follows: static rated sizing, dynamic load cycle profile, and dynamic
analysis with full time series. The dynamic load cycle profile is gaining popularity
nowadays, given the relative low capacity factors of OWFs (of around maximum 50%),
and the high variability of wind power.

Dynamic full time series analysis represents an attractive and important topic, which
may allow o [ind or online lifetime estimation in order to ensure the selection of smaller
cables while respecting reliability requirements. The development and application of
electro-thermal-mechanical models for cables cumulative damage estimation promise
important contributions for further OWFs cost minimization.

For the network topology optimization aspects, the wide set of di [erent methods to study
variants of the combinatorial problem to interconnect WTs to the OSSs, and these to the
OCPs, have been described. The proper balance between the method complexity and
physics modelling is one of the main task of the OWF designer. Thus, the main challenge
is the development of exact methods incorporating high fidelity models to account for:
wake e [edts, wind stochasticity, power flow, total electrical power losses, and reliability.

Additionally, since the trend for modern OWFs is to construct very large projects (in the
order of hundreds of WTs), then tractability and e [ciehcy of the solution approaches
must be prioritized. Inclusion of real-world constraints is also becoming very relevant,
like forbidden areas due to maritime restrictions, seabed bathymetry, cables bending
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moment, etc. There is also space for new global optimization formulations including a
probabilistic approach for reliability assessment to obtain closed-loop networks. Exact
methods to approach the full picture of the network topology optimization problem are
necessitated as well.

As a result of the literature review, the aforementioned scientific challenges have been
identified, and these are the main motivation for the proposed methods presented in the
next chapters. The methods seek to cover some of the identified gaps in the scientific
literature.
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Sizing of Export Power Cables

This chapter is a summary of the articles [J2], [C1] and [C2].

3.1 Introduction

The distance to shore for modern OWFs is currently in the order of hundreds of kilometers.
Inclusive, some projects with construction permit have been designed for 200 km of
connection between the OSS and the OCP [4]. This unequivocally means that more and
more export cables are needed, which in turn causes more attention towards the optimum
sizing and understanding of the electro-thermal-mechanical dynamics (in transient and
steady states) of this component.

The most prevalent types of HV AC and MV AC cables use XLPE technology for the
insulation, as presented in Figure 3.1. The low dielectric loss factor of polyethylene allows
its use at higher voltage levels than other type of insulation materials, such as PVC [41].

Figure 3.1: XLPE submarine cables for OWFs [13]
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An electrical power cable is composed by several subcomponents, mainly, in inner to
outer order: conductor, conductor shield, insulation, insulation shield, metallic screen,
plastic sheath, filling material (three-core cables), tapes for assembling (three-core cables),
armour and jacket. Optical fibers are installed for DTS.

The electrical current is transmitted through the conductor generally manufactured with
copper, which is protected by a carbon doped XLPE shield to mitigate electric fields
intensification; then the XLPE insulation is placed, useful for maintaining electrical
distance between conductor and ground. This is followed by other polymer insulated
shield to protect the insulation, and then the lead metallic screen is found, which carry
ground potential and conduct fault currents; plastic shields isolate this material. Three-
core cables require filling materials and tapes for being assembled. Finally a copper
armour layer protects the cable against mechanical stress, and a PVC layer covers
externally this component [42].

Cables’ most critical element is the insulation layer, which according to manufacturers,
has an associated lifetime with failure probability, that is described in terms of rated
temperature, 90 C, and rated electric field; since this material is in close contact to the
conductor external layer, the conductor continuous temperature and electric field, under
operation, must be fixed to the rated values.

There may be other factors fatiguing the cable, such as mechanical and environmental
stress [43]. The former is present during manufacturing, assembling, and laying processes,
but their impact is minimized considerably by following modern techniques throughout
each process. The latter is caused by oxidation, radiation, and moisture; however
submarine cables are implicitly protected against these threats, partly due to the buried
depth, and partly due to the mechanical protective inner layers of the cable itself.

Traditionally, the sizing of o[SHore export cables has been done based on the CIGRE
[18] and IEC [16]-[17] standards. The standards approach this with a classic point of
view, considering steady state conditions under constant rated operation. Recently, a
new approach as described in [19], consisting in worst case equivalent step-wise load
profiles, is being increasingly used in the industry. This represents a strategy to minimize
the cable’s cross section, going towards a more refined, realistic, and simplified approach.

The deterministic, constant rated power operation implied in the standards is intuitively
too conservative considering that OWFs have a typical capacity factor of 0.4 - 0.5 with
high variability. Additionally, the increase of length of export cables lead to more
potential failure points.

In this sense, in this chapter are proposed techniques for optimum sizing of HV export
cables for o[shHore wind. The methods allow for:

Correction of power-transfer capability. The impact of cables’ thermal and geomet-
rical parameters, site-dependent variables (wind power generation time series, soil
temperature time series, soil thermal properties variation, etc), and installation
conditions (total length, buried depth, compensation units, among others) over
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the transmissible OWF installed power o Lerkd by export cables is quantified. Real
operating conditions (thermal transients, capacitive currents, and cyclic generation)
are considered. The output is the transmissible power for a given cable in function
of the connection length. The results are fully available in [C1] and [C2].

Sizing optimally export cables through a holistic framework. This method combines
di [erknt concepts, considering operating conditions deemed realistic, such as: time
varying cyclic power generation, electro-thermal stress, thermal transients, capacity
currents, length-dependent failure probability, and variable external temperature. It
also accounts for the ultimate strength limit of the insulation material and, proposing
a holistic approach for optimizing the export cable utilization. The output is the
cable’s cross-section which presents the best balance between investment, losses,
and reliability requirements. The results are fully available in [C1] and [J2].

3.2 Methods

The set of methods are: The DTE model, the power-transfer capability correction model,
and the optimization framework for export cables. The last two use the DTE model for
their analysis.

3.21 DTE Model

Dynamic loadability techniques calculate the current which can be carried for a limited
period of time, without the physical limitations of any part of the cable being exceeded.
Dynamic loadability requires the use of DTE in order to estimate the cable temperature
either for real-time applications or for o Lind predictions given time-series of forecasted
load current.

Nowadays, there are mainly three modelling principles for estimation of the cable
temperature dynamically, those are: FEM, SR -used by CIGRE- and TEE. A comparison
between those methods has been done in the papers [44]-[45], where it is remarked that
TEE provides results which are within an acceptable range of the FEM simulations
(nearly 1 C) with a considerable computation time reduction. Additionally, SR provides
good quality results but still around six times slower than TEE and requires to solve
two set of equations for a specific calculation point, in contrast to the TEE method that
solves the system for several radial distances at once [42]. TEE model also has proved to
exhibit a correct estimation of the temperature as compared to real measured data in
experimental tests, with deviations of around 3 C. All in all, it has been concluded that
a TEE model represents the best choice for performing DTE analysis.

The TEE method is easy to be understood from an electrical engineering point of
view. It is based on a SCTEM [45], [46]. It basically consists in a direct translation
of thermodynamic variables into electrical variables, i.e., considering the heat flow as
electrical current and temperature as nodal voltages. Every subcomponent of the cable
is then represented with a thermal resistance and a thermal capacitance (also known



22 3 Sizing of Export Power Cables

as specific heat), and along with the electrical losses, the equivalent electrical circuit is
formed from them as presented in [C1]. The surroundings, which in the case of submarine
cables is the determined by the seabed where the cable is buried, can be divided into
multiple layers, in order to evenly distribute its influence over the seabed volume, at
cost of a higher computational time required. The TEE results in a system of ordinary
di Lerkntial equations. More details of the TEE model, its calibration and formulae are
in [C1] and [C2].

The DTE model is depicted in Figure 3.2. The site-dependent inputs include OWF annual
power time series [15], seabed temperature time series, and seabed thermal parameters
(thermal resistivity and thermal specific heat). Project-dependant inputs are the project’s
electrical system data, such as nominal frequency, nominal voltage at OSS, power factor
at OSS, compensation units, export cable type with all its geometrical, thermal, and
electrical information, and cable installation conditions, like buried depth and phase
spacing for single-core systems. The simulation setting is the number of layers to model
the seabed terrain, typically a value of 10 is good enough [C1].
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Figure 3.2: The DTE model [C2]

A fixed distance to analysis equal to 100% must be set in case no shunt-series compensation
units are installed, as current increases monotonously with the length. Compensation
units may alter the longitudinal current profile, shifting the instantaneous maximum
current point to an intermediate value lower than the OCP distance. Following up, the
electrical two-port model is implemented to calculate the capacitive currents [47]. Later
on, with the total current and seabed temperature time series, the TEE model is used to
calculate the temperature time series in the given interval, in this way the maximum
instantaneous temperature is obtained.

3.2.2 Power-transfer Capability Correction Model

The method for the correction of power-transfer capability curves is shown in Figure 3.3.
In addition to the previously required inputs for the DTE model, in this case, other
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setting-dependent inputs, such as the resolution for the curve calculation, must be
indicated. This includes the initial length, the step to increase the length, and the

maximum cable length.
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Figure 3.3: Power-transfer capability correction model [C2]

The method consists basically on maximizing the total installed capacity of an OWF.
To achieve so, for each point of cable length, the three technical limits are compared:
the voltage swing limit (maximum 5%), the surge impedance power limit (the stability
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limit), and the thermal limit under dynamic conditions. The minimum value of them
is obtained. To calculate the thermal limit under dynamic conditions, the power limit
calculated in steady state under constant rated conditions [16], is used as departing point
for gradually increasing the OWF installed power. The DTE model is implemented for
each annual time series. The maximum installed power under thermal restriction, is thus,
that value for which the maximum instantaneous temperature is equal to the standard
industrial limit, i.e., 90 C. At the end, a corrected transmissible power curve is produced,
which can be compared with that from the classic method. More details of this method
are available in [C2].

3.2.3 Framework for Optimum Sizing of Export Cables

For each of the available annual time series the model presented in Figure 3.4 is applied.
The simulation setting inputs include, in addition to the other parameters already
explained in the previous models, information related to the cables set lifetime. A cable
lifetime is defined by its time-to-failure at a given designed cable length and failure
probability. A set of time series for o [SHore power and seabed temperature are required.
This means that the cable providing the best balance between investment, total electrical
power losses, and lifetime, for all the temporal sets, is selected for the export system.
These three criterion are quantified by means of the LCOE-share of the export cables.

Input Data
Simulation settings/Project-speci ¢ data

Pre-processing
Selection of annual cycle

Dynamic Temperature Estimation
TEE model

Lifetime Probabilistic Estimation
Arrhenius-IPM model

Cumulative Damage Calculation
Miner Law

Performance Evaluation
Cable time-spatial discretization

Figure 3.4: Lifetime estimation method for HV AC OWF export cables [J2]

More the availability of data, higher is the confidence on the analysis. In this thesis,
35years of o[sHore wind power production time series are used simulated with CorWind
[15], [48]. Awvailability of seabed temperature time series is scarce, hence a synthetic
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annual time series based on info from the Bornholm Basic area [49] was created. The
time series vary between 1 C-10 C and takes into account the seasonal fluctuations.

The method in Figure 3.4 allows for calculating the lifetime and total electrical power
losses for a given cable type, and annual time series. In the pre-processing stage, it is
ensured that the cycle time basis selected is a natural year, because it is the typical time
horizon used for calculating DCF, NPV, and the LCOE economic metric. Continuing
with the method, at the hot stop, the DTE model is utilized, getting the time series of
conductor temperature.

With the temperature time series the cable lifetime is estimated. Many di Lerknt models
can be used for inferring the lifetime of power system components. A review of such
models obtained by means of accelerated test experiments is presented in [50]. A
benchmarking between di[erent electro-thermal stress models for power cables has been
done, such as Zurkov, Crine and Arrhenius-IPM, each within the probabilistic framework
needed for associating time-to-failure to reliability. All these models present di Lerent
analytical expressions and parameter values. However in general they all provide same
indications regarding lifetime, being the Arrhenius-IPM model the most conservative for
a wide operation range [51]. The parameters of the Arrhenius-IPM, based on accelerated
test experiments, are available in the literature [52]. The Arrhenius-IPM combines
two single-stress life models and their synergism: the so-called thermal stress model,
Arrhenius and for the electric stress, the inverse power model.

The Arrhenius-IPM is unified with the most accepted cumulative probability density
function to relate time-to-failure and failure probability for HV equipment, the Weibull
pdf [53]. This model is valid for cables specimen used in laboratory tests considering that
the probability density function and stress model is representative for the whole range of
operation [52]. To extrapolate this result to real-size cables for projects applications, the
probabilistic enlargement law is applied [54]. At the end of this procedure, a model for
the probabilistic time-to-failure of a real-size cable for a set of operative conditions is
analytically deducted.

With the probabilistic lifetime estimation model ready, the Miner’s cumulative damage
theory is implemented [55]. This law states that summing up the loss-of-life fraction
for every time slot, defines the estimated lifetime of the component under analysis
when the result is equal to one. The loss-of-life fraction is defined as the inverse of the
time-to-failure in a given time fraction. As a result, the number of cycles to fail are
estimated, in function of the e [edts of the electro-thermal cumulative damage.

Finally, the total electrical power losses are calculated in the performance evaluation
block. This consists on a spatio-temporal discretization, which allows for a holistic
calculation of joule, screen and armouring losses.

The lifetime estimation method of Figure 3.4 is embedded in an optimization framework,
ensuring the selection of the export cable to minimize the LCOE-share, subject to the
following constraints:
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Only one cable type is selected.

The calculated lifetime for all the annual cycles is equal or higher than the one
provided by the manufacturer.

The maximum instantaneous temperature for all the annual cycles is equal or lower
than the ultimate strength limit.

The stability power limit is respected.

The cable is able to support the installed power of the OWF under analysis.

The equations and mathematical formalities of this method are described in detail in
[J2].

3.3 Results

The results are presented in this section. They are split into two set of results. The first
one is for the power-transfer capability correction model [C2], and the second for the
application of the framework to optimally size export cables [J2].

3.31 Case Study 1

The histogram of power time series is illustrated in Figure 3.5, where it is appreciable
that only 40% of the time, power between 0.9 and 1 pu is produced, according to the
simulated OWF power time series. Typical values of 1 Km/W and 2 10® J/m3, for the
seabed thermal resistance and thermal specific heat, respectively, are considered. An
export system rated at 275KV using a 800 mm? cable, with unity power factor and no
compensation unit is subject to study. Other inputs are available in [C2].

Figure 3.5: Histogram for the OWF power time series [C2]
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The comparison between the curves using the traditional and the proposed method is
presented in Figure 3.6; the orange line accounts for the power fluctuation, and therefore
for each evaluated distance, its magnitude is always higher than the traditional method
(blue line), which assumes constant power under rated conditions. The crossing-point
with the abscissa is unaledted as expected; in fact, to increase the reach in terms of total
length, lower voltage levels or lower nominal frequencies should be evaluated.

The curve obtained through the traditional method was validated against other works
as [56] and [57]. Mathematically, the proposed method preserves the exponential trend
given the low-degree polynomial relation between Powr (OWF installed power) and
the maximum instantaneous temperature. Both curves are defined by the thermal limit
turning this one as the binding constraint; for these values of installed power and total
length, the voltage swing is maximum 0.9% for the traditional method, while for the
proposed method is 1%, albeit the curve is more steep throughout the distance range
(with voltage phase variation lower than 30 C). Secondly, the surge impedance power
limit is always in the order of GW, hence not representing a threat.
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Figure 3.6: Comparison between the traditional method and the proposed method [C2]

The evolution of the gain in power in function of the total length is illustrated in Figure 3.7,
the greater the distance the larger the gain. Indeed, for the greatest length (120 km), the
installed power of the OWF could be 2.1 times the power calculated using the traditional
method. This shows that for very large export route lengths, the under-use of the cable
IS increasing.

These results also indicates that high voltage AC-based solutions could be more thoroughly
assessed in front of the DC counterpart, in benefit of the first one. Further computational
experiments point out that the power gain is larger for greater values of soil thermal
resistivity, for instance, for a total length of 120 km, an additional increase of OWF
installed power of 39% can be achieved, when the soil thermal resistivity is 20% greater
than the base value of 1.
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Figure 3.7: Gain of OWF total installed power [C2]

3.3.2 Case Study 2

As a case study the OWF Arcadis Ost 1, foreseen to be constructed in the Baltic Sea in
2030, is considered. Pre-feasibility studies project a total installed capacity of 456 MW
(38 Wind Turbines of 12 MW), routing length of the export cables of d = 89 km, nominal
voltage V, = 275KV, nominal frequency T, = 50 Hz, unit power factor pf = 1, without
compensation units. It is assumed that for all the cables the designed lifetime LTges iS
30years, for a failure probability F, .. of 5%, and length dges 1km. As in the previous
case study, the nominal values for the thermal resistance and thermal specific heat of
the soil are 1 Km/W and 2 10° J/m?3, respectively. Likewise, 35years of o [shore wind
power production time series, and a seabed synthetic annual time series varying between
1 C-10 C are considered. Other inputs are available in [J2].

Employing the full temporal data set according the proposed method, the maximum
instantaneous temperature (6;,,.,) obtained for all years i and available cables t, is given
in Figure 3.8.

The results indicate that all cables -except the 500 mm? cable- do not exceed the rated
temperature limit (indicated by a red dotted line, 8ycac = 90 C). The results also show
that the 1,200 mm? cable -the size that results when using standard [16]- is significantly
underused as expected, exhibiting a maximum 6; ., of 62 C for all the years. On the
other hand, the 630 mm? cable -sized according the worst case pattern, [19] (CIGRE:
Working Group B1.40)- presents a maximum 6; ., of 88.69 C, showing that the equival-
ent step profile is on the conservative side (Bpeax, = 88.71 C), and achieves to capture
a realistic harsh windy scenario; these results confirm the validity of the equivalent
cycle for the purpose of facilitating the tendering process. Nevertheless representing
an approximation of the real time series, which provide more insight about the power
production of the OWF, and in fact, conceptually necessary to perform lifetime studies
for cumulative damage.
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Figure 3.8: Overall thermal simulation results [J2]

Furthermore, the variability of 6; ., for each cable t, in function of the year i, depends
strongly on the cable’s physical properties.

As shown in the Figure 3.8, the spread of 6; ., decreases with the size of the cables; In
fact, from other dispersion perspective, for the 630 mm? cable, the mean value is 85.47 C
with a standard deviation of 1.27 C, while for the type 800 mm?, these numbers change
to 73 C and 0.96 C, respectively. This points out that the conductor cable size has a
direct relation with the temperature variability due to the power production fluctuations,
smaller sizes leading to increased ramping.

Based on the thermal results, the cable size could be either 630 mm? or 800 mm?. The
conductor temperature time series for the cables 630 mm? (red line) and 800 mm? (blue
line), at the year with highest 6 are given in Figure 3.9.

ipeakt !

Figure 3.9: Cables conductor temperature time series [J2]
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As it is appreciable in Figure 3.9, the instantaneous conductor temperatures between
both cables types are considerable dilerent and more critical for smaller cable. For
instance, a change in power results in a larger temperature ramping for the smaller cable,
which has a lower temperature time constant (see the zoomed-in graph for the first day of
operation); the latest is consequence of the growth rate di Lerknce among both cable types,
and has as a consequence a di [erent conductor temperature frequency distribution as
shown in Figure 3.10. It is evident that the conductor temperature distribution resembles
a bimodal distribution, showing higher peaks and higher frequency for the 630 mm?.

The proposed method results in indicating the same cable as the one in [19]. However,
the deterministic nature of the latter methods does not allow assessing the reliability of
the cable in function of its length. Hence, it is beneficial to move towards a probabilistic
approach to avoid too optimistic procedures which may potentially lead to operational
failures.

(a) Cable 630 mn? (b) Cable 800 mn?

Figure 3.10: Cables conductor temperature histogram [J2]

The dilerent profile of instantaneous temperature yields to di[erent lifetime estimations,
due to the dilerknt fatigue levels induced by their electro-thermal stresses, as captured
in Figure 3.11.

Lifetime estimation is given as a ratio of calculated to design values, as expressed in
(LT = _LTaes ) 1 in order to minimize uncertainties on the probabilistic lifetime

iratiot |_TiPinc
estimation model,twhere LTi.  is the calculated lifetime for year i and cable type t. As
inct

expected, the 630 mm? cable exposed to more critical conductor temperature, exhibits a
lifetime ratio outside the bounds of the optimization model. In contrast, the 800 mm?
cable satisfies this constraint for all the simulated annual cycles while satisfying all other
constraints.

The mean and standard deviation values of LT;,,,, for selected 800 mm? cable are 0.58
and 0.06, respectively. For 8;,, these values are 73 C and 0.96 C, correspondingly,
as mentioned before. The standard deviations of these two variables are considered
acceptable to show robustness towards di [erent annual generation profiles.
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The variability dilerence for dilerknt cables on LT;,,, and 6, , can be explained
based on the fact that larger cables have larger time constants (slower dynamic response),
hence the reaction speed due to power changes is less pronounced than in smaller cables.
This is particularly important condition, since the power production is a stochastic
variable di [cullt to forecast. If the conductor temperature uncertainty can be decreased
by the physical properties of the cables itself, it can help to a more reliable operation
based on analysis using power production either simulated or measured from a set of
years.

Although the proposed framework suggests a cable one size up compared to [19], the
decision is based on a more informed and robust evaluation of the operating conditions
of the cable, thus, decreasing the likelihood of failures.

Figure 3.11: Overall lifetime simulation results [J2]

Nonetheless, going from a 1,200 mm? (criterion of [16]) to a 800 mm? cable has as direct
consequence on decrease of initial investment, but also with detriment of larger total
power losses. Consequently, the performance evaluation step is applied in order to
estimate the total electric losses and to calculate the LCOE.s (LCOE-share of export
cables).

Overall, the reduction in the cross-section of the export cable provides a reduction of 5%
-assuming the most expensive year- in the LCOE.s when considering solely the related
costs to this component.

Finally, the impact of the export cables length is investigated by means of Figure 3.12
and Figure 3.13. The following simulation considers an increase of the thermal resistance
of 0.2 Km/W, an increase of the seabed temperature of 5 C, and a cable total length of
32.5km. It is evident according to the Figure 3.12 that all the cables exhibit a 6;_,,,,
never higher than 90 C, with exception of the cable 500 mm?, which surpasses this value
for almost 50% of the cases.
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Figure 3.12: Sensitivity of overall thermal simulation results. d = 32.5km [J2]

However, when evaluating the level of exceedance in terms of frequency for that year with
the highest 8; ., , it is found out that for the temperature range between 90 C-95 C,
the accumulated probability of occurrence is lower than 1.75%.

This raises the question whether is too conservative to limit the instantaneous conductor
temperature to 90 C, value that is defined as a limit for accumulated stress when
operating continuously at this degradation rate in the insulation material [58], but not
representing the ultimate strength limit. In fact, in Figure 3.13 is shown that the 500 mm?
cable satisfies the lifetime constraint for all the generation scenarios, therefore by means
of a constraint relaxation of 8. to 95 C, this cable type could be choose under these
conditions, obtaining a LCOEgs reduction of almost 7%. Note that for this case, the
cable total length is less restricting from a lifetime estimation probabilistic point of view,
therefore improving the size not only compared to [16], but also to [19], with a reduction
of roughly 2%.

Figure 3.13: Sensitivity of overall lifetime simulation results. d = 32.5km [J2]
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3.4 Summary

A set of methods, based on [C1], [C2], and [J2] have been proposed in this chapter. The
methods are applied for optimization of the export cables in OWFs.

A model for dynamic temperature estimation (DTE) is designed and calibrated. This
model is subsequently implemented in the power-transfer capability correction model,
and in the framework for sizing export cables.

The first proposed method provides a realistic and e [cieht approach for calculating
the power-transfer capability of OWF cables, with special interest on export cables,
as the eledt of technical constraints over transmissible power, in function of the total
length, is thoroughly investigated. It has been identified that the binding constraint for
submarine cables is the thermal limit, and this restriction can be relaxed if the power
fluctuations are taken into account, consequently enlarging the search space, making
possible to obtain larger values of installable OWF power for a given cable type, under
specific operating conditions. Other techniques to maximize the utilization of AC export
cables have been proposed in the literature, including sub-synchronous systems operating
between 0Hz and 50 Hz, however, additional power electronics need to be incorporated,
increasing costs and control complexity.

The second proposed method presents a rigorous, and transparent approach for minimizing
the LCOE,s related to high voltage AC export cables for OWFs. This method supports
for lifetime estimation, enabling the transition from a deterministic to a stochastic
mindset. The main constraints are the maximum instantaneous conductor temperature
(which is related to the ultimate strength of the insulation material), the estimated
lifetime of the cable (obtained as an accumulation of stress over the cable operational
lifetime), and the electric stability limit. The method is applied systematically and in a
cyclic-fashion, for each available annual generation and seabed temperature time series,
obtaining as a final output the cable leading to the cheapest LCOE,s while evaluating
for the whole data set the abiding of security operational constraints.

Bigger cables drive to larger LCOE,s, however have the advantage of less sensitivity to
large generation changes, minimizing the uncertainty introduced by the estimation of the
expected power generation levels and variability. The distance from shore also has an
impact on the cable sizing; for larger distances the cable lifetime is the limiting factor,
while for shorter distances the ultimate thermal strength takes that role. A relaxation
of the maximum instantaneous temperature can allow for a further reduction in the
cable sizing for shorter distances, providing cost reductions even compared to the most
updated industrial practices.
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A

Deterministic Collection
System Design

This chapter is a summary of the articles [C3], [C4] and [J3].

41 Introduction

The problems of interconnecting WTs in the collection system, and the allocation of
WTs to OSSs are studied in this chapter. A deterministic approach for modelling cables
failures is adopted considering only radial layouts (with or without branching as depicted
in Figure 2.3).

The complexity of designing the radial cable layout of collection systems for large-scale
OWEFs is well-known, being studied with increased focus in the last ten years [59], [J1].
Finding the global optimum of this problem is generally NP-hard [20]. Four big clusters
of methods for approaching this problem can be established: heuristics, metaheuristics,
global optimization with mathematical formulations, and hybrids, such as matheuristics
[24].

Global optimization encompasses a large set of di Lerent alternatives to model the cable
layout problem, like BIP [60], MILP [7], [23], [24], [61], [62], MILP with decomposition
techniques for stochastic programming [34], [35], MIQP [63], [64], and MINLP [36], [65].
The problem is formulated, and then through an external/commercial solver solutions
can be found. Convex formulations bring along strong duality to assess the quality of
the best solution.

Addressing di Lerent needs, heuristic, metaheuristic and matheuristics methods for design-
ing radial cable layout of collection system for OWFs are presented in this chapter:

A framework consisting of an unified algorithm for modified versions of the well-
known graph theory algorithms, Kruskal, Prim, EW, VAM, and a metaheuristic
approach, a GA. Comparisons between all of these methods are performed through
two objective functions, NPV and LCOE, taking into consideration the particular
constraints treated for OWF practical applications. Results are fully available in
[C3] and [C4].

Development, testing, and application of a MILP mathematical model to quickly
find feasible points for large-scale OWF instances, considering the most common
engineering constraints in this context. The MILP model is embedded in an
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algorithmic framework for obtaining global optimum solution points (or near to it)
in reasonable computational time. All together constitute the global optimization
model. The linear program supports simultaneous optimization of investment and
total electrical power losses. Improvements on the complexity and fidelity for total
power losses calculation using time series and capacitive currents are incorporated.
Results are fully available in [J3].

4.2 Methods
4.21 Heuristics and GA

The framework for designing the radial cable layout by means of heuristics algorithms
and a GA is portrayed in Figure 4.1.

Figure 4.1: Framework for heuristics and the GA [C3]

All methods require the same inputs: WTs and OSS locations, cable database with costs
and electrical parameters per unit of length (resistance, capacitance, and inductance),
and the o[SHore wind power production time series. With those inputs, the five methods
run in parallel; the four modified heuristics (Prim, Kruskal, EW, and VAM) obtain either
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a feasible point (primal) or a unfeasible point; in the first case, an algorithm to assign a
cable type to each branch is executed (in order to minimize the total investment), whilst
in the second case, those solutions are dispensed, and can be useful to provide a warm
start to other solvers (for instance, using a global optimization with repair heuristic).
Unfeasible points are due to the cables no-crossing constraint, hence represented as a
forest graph; GA provides primals for the considered instances. Finally, all primals
(with cables assigned) are evaluated by means of a power flow solver for calculating the
electrical power losses. In the end, a single solution is displayed in function of the desired
economic metric, which can be: total cables length (L), total initial investment (1), and
initial investment plus electrical power losses (IP). The way of computing the objective
can vary as well, for instance, metrics similar to the LCOE or NPV can be used.

The heuristic algorithms

The heuristics algorithms are compacted into a single block of coding lines as presented
in [C3]. As demonstrated in [22] and [66], the C-MST heuristics Prim, Kruskal, EW,
and the VAM, converge to the same paradigm. In fact, if the capacity and no-crossing
constraints are not binding, then the result of all the heuristics is the same.

Let the WTs and the OSS be presented as a weighted undirected graph G(V ,E, W),
where in this case, V represents the nodes set (WTs and OSS), E the set of available
edges arranged as a pair-set, and W the associated weight for each elemente 2 E. In
general, G(V ,E,W ) is a complete graph.

The paradigm consists on associating a singular weight parameter p, 8v 2 V. By
establishing the parameter set P in function of the heuristic, the e[edt is equivalent
to changing the sequential order with a branch e 2 E is selected into the tree, or,
what it is the same, the order of integrating each WT node into the OWF collection
system. The unified code, for this case, also takes into account the two main constraints
(capacity constraint, as given by the largest available cable in number of WTs, and cables
no-crossing). One of the main advantages of having a single set of code lines is the
possibility to, in theory, have infinite variants, by selecting infinite rules for P .

For each branch ejj, two trade-o [\alues are assigned: ti; = wi;  pi ™ tji = Wi pj,
where wij; = wj; is the Euclidean distance between nodes i and j, forming the triple
set T (i, ], ;). The nodal weight parameter p 2 P, 8 v 2 V, must be initialized and
updated as the algorithm keeps running, as indicated in [C3].

A generalization of this rule would be: pj=a (b wiy+(@ b) w,) 8v 2V, where a
and b are constants witha Oand O b 1, wj; is the distance to the OSS, and w
the distance dilerknce between the first and the second shortest feasible edges. Thus, if
a and b are both equal to one, then the general equation is equivalent to the EW rule;
likewise, if a is equal to zero, Kruskal rule is obtained. Other values of a and b lead to
Prim and VAM heuristics.

There is certainty about the termination of the algorithm, but primals are not guaranteed.
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In the last case, the output graph is a forest, while when a feasible point is found,
this is a tree G (Vt,E1,W+), spanning all the vertex-set, V1 =V, and using exactly
JETj=]jV]j 1edges. If afeasible point is obtained, then a straight-forward algorithm
is run to assign the cheapest cable to each edge of the tree.

More details, formalities, and pseudocodes are presented in [C3].

The GA

The general work flow of the GA can be seen in Figure 4.2.

Figure 4.2: The GA flowchart [C4]

The GA is based on an elitist approach, each iteration represents a new population
comprised of the individuals from the previous generation (100 parents), and the new
children populations, those obtained from crossover (20 children) and from mutation
(up to five times the parents number). The individuals are then ranked according to
their fitness value. Finally, the population is truncated to the original population size
(100 members), eliminating the weakest individuals. This approach allows the algorithm
to converge faster as it does not need to re-discover solutions discarded in previous
generations.
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Each individual goes through a fitness assessment that the determines the cost of the
individual. The fitness assessment includes the system capital expenses, and penalizations
from the compliance or not of the following restrictions:

A tree connecting all WTs to the OSS is obtained.
Only one cable selected per active edge.
The capacities of the cables are not violated.

No cables crossings are allowed.

The evaluation of these constraints is carried out in a hierarchical fashion, as depicted in
Figure 4.3.

Figure 4.3: The fitness assessment flowchart [C4]

Given the chosen encoding system (binary variables), the selection of only one cable type
per active edge is achieved.

Total connectivity evaluates that all WTs are interconnected to the OSS, the implementa-
tion is achieved doing a depth-first search and checking the connectivity of all nodes. Tree
graph, checks that the graph is indeed a tree, the condition is that the number of active
edges is equal to the number of WTs. Cable capacity checks that the capacity of the
largest available cable in number of WTs is not exceeded. First the tree is transformed



40 4 Deterministic Collection System Design

into a directional tree rooted at the substation. Then a depth-first search is performed
and the number of nodes accessible from each node has to be smaller than the this
number. Cable crossings restriction is implemented by checking intersections in a set
composed of all possible pairs of active edges in the solution.

A hierarchy is established among the penalizations for the constraints through the use of
conditional functions and through the cost given to each penalization. The need for a
hierarchy is two-fold, the first reason being that in order to calculate the number of nodes
per branch the graph needs to be a tree. The second reason is that certain functions
used to analyze the cable capacity and cable no-crossings constraints use large amounts
of computational power, and it is a unproductive to run them if the solution is already
known to be unfeasible.

In terms of the order of the constraint assessment, first both the total connectivity
and tree graph constraints are determined. If both constraints are met then capacity
constraint is calculated. Again if this constraint is satisfied then the cables no-crossing
restriction constrained is analyzed. In this way time is not wasted in computational
intensive tasks.

In terms of the penalization cost they are ranked by importance, with the most important
constraints having the higher costs. Each penalization is assigned a base cost di Lerkntiated
by several orders of magnitude from the others, ensuring that, in the case of proportional
penalizations the constraints do not interfere with each other. This helps the elitist
approach for discarding low quality points.

The total connectivity penalization is assigned the highest cost to ensure that all elements
are connected. The tree constraint penalization is proportional to the number of extra
edges that impede the formation of a tree graph. The cable constraint penalization
is proportional to the number of cables that do not meet the constraint. Finally, the
cable no-crossing restriction penalization has the lowest cost and it is proportional to the
number of crossings detected.

After each of the constraint analysis the fitness cost is calculated which includes the
addition of the corresponding penalizations.

The cable selection process is a method for choosing the appropriate cable from a list for
each segment. This method is only done once the cable capacity constraint is met. The
process assigns the smallest cross-section possible to each active edge, according to the
number of WTs being supported downstream. In doing so the cost is also minimized, as
the size of the cross-section is correlated to the cost of the cable.

Finally, The GA, as presented in Figure 4.2, finishes the optimization process and outputs
a solution when either of the following conditions are met:
Iteration number: The process stops after a set number of iterations.

Stall of the fitness value: The process stops if the fitness value does not change for
a fixed amount of iterations.
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More details and formalities for the GA are in [C4].

A power flow solver is called for all the obtained primals (with the heuristics and with
the GA) to calculate the total electrical power losses; the Matpower package [67] is used
for these purposes (see Figure 4.1). The OSS is modelled as the slack bus, and the WTs
as PV busses. While in the GA the losses may be incorporated to the objective function,
this brings a notable increase of the computational burden that would slow down the
obtention of feasible points.

4.2.2 The Global Optimization Model
Modelling aspects

Let the OSSs define the set N, = f1, ,Nog. Likewise, for the WTs, let N,, =
fno+1, ,n,+nyg. In this way, each one of the OSSs and WTs (modelled as points
in the space) have associated a unique identifier i, suchasi 2N =N, [N,. The
Euclidean norm between the positions of the points i and j, is defined as d;;. The
aforementioned inputs are condensed as a weighted directed graph G(N , A, D), where
N represents the vertex set, A the set of available arcs arranged as a pair-set, and D the
set of associated weights for each element aj; 2 A, where i 2N 2 j 2 N . For instance,
for aj;; = (i,J), d = d;j, where d 2 D. In general, G(N ,A,D) is a complete directed
graph.

Additionally, a predefined list of available cable types is required to interconnect the
WTs towards the OSSs. Let the set of cables be T and let the capacity of acablet2 T
be u; measured in terms of number of supportable WTs connected downstream. Hence,
let U be the set of capacities sorted as in T.

Furthermore, each cable type t has a cost per unit of length, c,, in such a way that u;
and c., describe a positive correlation, following an exponential regression model. The set
of metric capital expenditures is defined as C.. Similarly the set of metric installation
costs is defined by C,.

After defining the graph representation of the problem, the underlying variables associated
to the calculation of the desired output, are unequivocally established. Let x;; represent
a binary variable that is one if the arc between the vertex i and j is selected in the
solution, and zero otherwise. Likewise, the binary variable y}j models the k number of
WTSs connected downstream from j, including the WT at node j (under the condition
that x;; = 1). Finally, the integer variable o; represents the number of WTs connected
to the OSS i.

The modelling choices for the calculation of cables capacity, arcs nominal power, and
power flow and total power losses are available in [J3]. In general, hyperbolic functions
and other non-linear expressions to calculate flow and losses are incorporated.
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MILP model

The proposed optimization model is able to cope with an arbitrary number of WTs, n,,
and similarly any reasonable number of OSSs, n,.

The underlying mathematical formulation is inspired by the formulations and analysis
proposed in [60] and [68] with additional constraints stemming from the nature of the
problem, and with the objective to improve its tractability.

Previously, the binary variables x;; and y!j and the integer variable o; were defined.
They refer to an active arc, the number k of WTs connect to that active arc, and the

number of WTs connected to OSS i, respectively.

To increase the computational e Lciehcy, the number of variables is reduced as follows.
The capacity of the biggest cable is calculated as U = max U, therefore the possible
maximum value of k for i 2 N4 is equal to f(i) = U, whilefori2 N, isf(i)=U 1.
This acknowledges that the biggest cable available could be only used at maximum
capacity when is connected from a OSS.

Analogously, the set of variables X, where i 2 N ,, and j 2 N, are intrinsically discarded,
considering the nature of the power flow, i.e., the OSSs collects the energy from the WTs
and not the other way around. Lastly, since the export system is outside the scope at
this point, all the arcs between OSSs are disregarded, i.e., X;j =081 2N, ™~ j 2 No.

The graph G(N ,A,D) is reduced to G,(N ,A,, D) after this stage.

Cost coe Lciehts Note that the previously defined decision variables X;; and y,'j do not
include any information related to the cable type selected in a given arc.

This is because the cable type selection process is handled in a pre-processing stage,
given that all the required data is present, and the task is totally independent to any
other part of the desired tree(s) [60].

A pre-processing strategy allows integrating more complex power flow and total electrical
power losses models, increasing the accuracy without compromising the computational
e [ciehcy. In the pre-processing stage, for the case of y,‘j the length of the arc is known
(dij), and the number of WTs connected by it is also defined (by k). No more inputs are
required for this task.

Hence, for each y,kJ the sub-problem defined by (4.1) to (4.4) is solved beforehand and
independently by enumeration.

. P PRk,
ch=min C Xir o (CotCa) it i (4.1)
s.t. " xie=1 (4.2)
t2T
xije (SK, Sp) 0 8t2T (4.3)

xij:2f0,1g 8t2T (4.4)
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In the objective function (4.1), the first term ((c., + cp,) d;;) is for capital expenditure
(cc,) and installation costs (cp,) of cable t.

The second term in the summation part of (4.1) accounts for the DCF of the economic
losses caused by the energy dissipation in the cables, the parameters m, Itj'§ (see [J3)]),
Ce, and r, represents the project lifetime (years), total power losses at year u for cable t
(MWh), cost of energy (e /MWHh), and discount rate (p.u.) respectively.

The objective function can be simplified by zeroing any of its terms, such as, if only
the total length is minimized, the first term in (4.1) has to be replaced uniquely by
dij, while the other term in the same equation is dropped. Similarly, if only the total
initial investment is targeted, only the first is kept. Therefore, the set of single objectives
available in the model are: length (L), length plus total power losses (LP)—monetizing
lengths by assuming the same capital and installation costs for all cable types, initial
investment (1), and initial investment plus total power losses (IP).

Likewise, (4.2) ensures that exactly one cable type is selected, while (4.3) guarantees
that the capacity of cable t is not exceeded, S;,; Sﬁ,t is the power through arc (i, j) when
k turbines are connected in j using cable t. The binary variable for selecting a cable type
t for arc (i, j) is defined in (4.4).

The sub-problem from (4.1) to (4.4) seeks to find the cable type t to be used for the arc
(1, ), which minimizes the objective (4.1).

Objective function After solving the multiple sub-problems related to cable selection and
cost evaluation (maximum U jN j? problems) from (4.1), a cost value cﬁj- is associated to
each y{‘j variable. The linear objective function of the main mathematical model is then
XX K
min i VYij (4.5)
i2N j2N k=1

Constraints In order to present the solution connecting all WTs between each other and
to the OSSs, the following constraint is added

X
0j = Ny (4.6)

i2N o

Constraint (4.6) models the full OWF to be divided into multiple disconnected trees
(forest) with o; being the number of WTs associated to a OSS i. Hence, the total amount
of WTs (ny,) are integrated into the electrical system.
To guarantee full connectivity in OSS i, the next constraint is added
X X )
k yi =0 8i2N, 4.7)
j2Nw k=1

Note that (4.6) and (4.7) are combined in the case of only one OSS.
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To limit the maximum number of feeders per OSS (9), it is used:
x Kb ]
yi @ 8i2N, (4.8)
J2Nw k=1

To simultaneously ensure a tree topology, ensure that only one cable type used per arc,
and to define the head-tail convention, the next expression is included into the model
x KD .
yi =1 8j 2N, (4.9
i2N k=1

The flow conservation, which also avoids disconnected solutions, is considered by means
of one linear equality per wind turbine
X X0 X XD

k v k yi=1 8j 2Ny (4.10)
i2N k=1 i2Nyw k=1

The set  stores pairs of arcs (i, j), (u, v)g, which are crossing each other. Excluding
crossing arcs in the solution is ensured by the simultaneous application of the following
linear inequalities

Xij ¥ Xji + Xov +Xou 1 8F(i,j),(u,v)g 2 (4.11)
0, o
v Xij 0 8(i,j)2A, (4.12)
k=1

The no-crossing cables restriction is a practical requirement in order to avoid hot-spots,
and potential single-points of failure caused by overlapping cables [23]. Constraint (4.11)
exhaustively lists all combinations of crossings arcs, including also the corresponding
inverse elements. The constraints in (4.12) ensure that no active arcs are crossing or
overlapping between each other. These constraints thus link the variables y}j— and Xjj.

Cables crossings are detected based on a procedure of slopes evaluation. Two arcs are
crossing if the crossing point is inside of the lines, but not if this point is located at the
extremes of the lines or beyond in the lines’ projections.

x 0% 1% x oo _
Yij + yji 0 8v=*F2, U 1g7~j2N, (413)

i2Nw k=v

i2N k=v+1 Y

Constraint (4.13) represents a set of valid inequalities, initially proposed in [60], to tighten
the mathematical model. Given an active arc y,‘j tjhe n&aximum number of active arcs
rooted in j and connecting v WTSs, is expressed by % , hence the constraint restricts

the maximum number feasible arcs, reducing the search space without excluding valid
solutions to the problem.

xij 2 10,19 y!‘j 210,198(i,)) 2A, "k 21, ,f(i)g (4.14)
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0 o n ™ 4227, 82N, (4.15)

No
Constraints (4.14) and (4.15) define the nature of the formulation by the variables
definition, a MILP.

Note that variables o; are limited in their upper bounds to avoid uneven loading of OSSs
(in case n = 1, otherwise 1 <n n,). Equally rated OSSs bring benefits like design
standardization, and decreasing of the dependency upon a single transformation unit for
transporting the generated power.

To summarize, the complete formulation of the main MILP model consists of the objective
function (4.5) and the constraints defined in (4.6) - (4.15).

The base formulation presented so far has a maximum number of binary variables
equal to jN j>+ U jN j?, integer variables number equal to jN ,j (linear in function of
n,), and constraints (excluding the no-crossing constraints and valid inequalities) of
1+2 jNoj+2 jNj. Flow formulations, such as the one proposed in [24], have more
variables (2 jN j2+U jN j?) and constraints (jN j>+2 jN.j+jNoj); integer and binary
variables are quadratic in function of the problem size. This fact along with the addition
of valid inequalities may explain why the model from (4.5) to (4.15) is often more e [cieht
to solve.

Optimization framework

Candidate arcs Given the NP-Hard nature of this problem, which is similar to a C-MST
with additional constraints [7], [69], more reductions are required. The limitations for
successfully finding feasible points and high quality solutions, using solely mathematical
models and commercial solvers, is demonstrated in [24].

For large-scale OWFs (with more than 100 WTs) the computing time for robust global
optimization solvers generally becomes notoriously long. Likewise, in general, solution
times become unpredictable, while very large memory requirements are demanded to
build the branch-and-cut tree. Besides, the constraints generation must be done with
special care (the full set of no-crossing constraints has a combinatorial nature) to increase
computational e Lciehcy.

To make the formulation more flexible and implementable, a further operation to the
graph G, is proposed. The function f(i, G, v) calculates the set ;, defined as the v-
closest WTs to 1. In other words, it is intuitively considered that a WT will be connected
to one of the WTs in its vicinity. Therefore, by systematically applying f(i, G, v) to
each i 2 N, the reduced graph G. is found. The set A, contains the candidate arcs to
the solution of the problem.

With this strategy, the maximum number of variables is reduced to jN,j + (U + 1)
JNoj JNwj+U v jNj. Additionally, the number of no-crossing constraints decreases
dramatically as well. Overall, the arcs set transformation follows A ¥ A, ¥ Af.
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The Algorithm The main algorithm defining the full framework with the mathematical
model is presented in Algorithm 1.

1. ke 1

2. for (Uf = Vs, : Uf, : Ufnay) dO

3. G, f(i,G,u) 8i2N,

4. k=0 8(i,j)2A~"k2fl,  f(i)g

5.  Formulate and solve MILP model from (4.5) to (4.15)
6. if (problem is feasible) then

7. Save initial feasible point: | = X;; [y!} 8(1,)) 2 Af ~k2f1, f(i)g
8. Break

9. else

10. K¢ ke +1

11. end if

12. end for

13. k, 1

14. for (Vo = Vo, : Uos : Uomay) dO

15. G, f(i,Gu,) 8i2N,

16.  =A,

17.  Get cf through model from (4.1) to (4.4)
18. Formulate MILP model from (4.5) to (4.15)

19.  if (ko == 1) then

20. Warm start with initial feasible point |

21. else

22. Warm start with feasible point obtained in Oy, 1
23. end if

24.  Solve MILP model from (4.5) to (4.15)
25. Zy, =F(i,j)g:x; =1 8(i,j)2A,
26. if (ko >1) then

27. if (Z Ko Ko 1) then

28. Save best feasible point: Oy, = Xij; [yikj 8(i,j) 2 Af ~k2f1, f(i)g
29. Break

30. else

31. Save feasible point: Oy, = X;j; [y}‘j 8(i,j) 2 Af ~"k2f1, f(i)g

32. end if

33. endif

4. k, ko+1

35. end for

36. Recalculate gaps

Algorithm 1: The main algorithm [J3]

From line 1 to 12 the task is to e Lciehtly solve a feasibility problem. The idea is to
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subsequently increase v from an initial value v = v¢ = vg,,, t0 a maximum value
U = Uf = Ug,,,, With steps vg,, until a feasible point is found. If this is achieved in
iteration kg, the first task is terminated with a feasible point | . Conversely, if the model
is infeasible, the candidate arcs set is augmented with v¢, units, and the process is taken
to the iteration k¢ + 1, where a new trial is attempted.

In order to formulate the MILP model, the cost coe Lciehts calculation from (4.1) to
(4.4) is omitted by setting them equal to zero, and the black-box MILP solver terminates
when the first feasible point is found.

At this point, the Algorithm 1 requires as parameters Vs, ., Uf,, and Ug,,,.. The greater
Ur,., and Ug, the less e Lcieht the feasibility problem becomes, however, increasing the
odds to defining a feasible instance of the problem promptly.

Likewise, from line 13 to 35, the global optimization task is performed. The target is to
obtain a feasible point with a given relative gap [ Jexpressed as the relative diLerence of
the best feasible point (t) minus the best achievable value objective (k), with respect to
T. These values are indexed by iteration number. Similarly to the feasibility task, the
iterative process increases the candidate arcs set from v = v, = U,,,,,, T0 U = Uy = Ug, 00
with steps Uy, .

The termination criterion is when the set Z, of active variables Xj; = 1 of the problem
defined in the iteration k,, is a subset of the arcs set Af defined in the previous iteration
Ko 1( k, 1)

In this way, it is inferred that it is not longer necessary to increase U,, as the optimum
variables have been already provided in the previous iteration.

To guarantee along the process a monotonously decreasing value of the objective function,
in iteration k,, the mathematical model is warm-started with the feasible solution found
ink, 1 (O, 1). This strategy may help in shortening the convergence time for the
sub-instance k.

Conceptually, Algorithm 1 intends to determine a reduced search space, where the global
minimum point is hopefully included. If only one reduced problem was solved given a v,
it would not be possible to infer about the quality of the solution, and the calculated gap
for that particular instance could not represent the global domain of the full problem,
potentially leading to an overestimation.

For the global optimization task, Algorithm 1 requires as parameters U, ., Uo,, and
Uomax fOr the global optimization task. Naturally, v, .. Uf,.., and it is reasonable
to consider v,, > Lf,. By proper adjustment of the previous parameter, in best case
scenario, the full Algorithm is concluded for k¢ =1 and k, = 2.

Although for every iteration the maximum required gap [is equally fixed, the equivalent
calculated gap, having as reference the full-size domain, varies. Larger values of vy, lead
to equal or lower values of Ky,. This causes that in general, 1y, is also lower, until the
ideal reduced search space is found, when equal values of 1., should be obtained.
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Therefore, after the termination of the algorithm, a gap updating procedure is performed
based on the last calculated value of ky,, to recalculate the relative diLerence for all
previous iterations respect to this value (line 36). Let the recalculated gap in the global
iteration kg, including the feasibility and global optimization problems, be L. In this
sense, an evolution of the gap in function of the iterations is available, providing further
insights and the sense of convergence, as the objective value decreases monotonically.

4.3 Results

The first case study is for the application of the framework of Figure 4.1, comparing the
heuristics and the GA [C3]. In the second one is used the MILP-based global optimization
approach of Section 4.2.2 in several large-scale real-world problems, with benchmarking
against a method previously published in the scientific literature [J3].

4.31 Case Study 1

An OWEF following a randomized micrositing is used to apply the method of Figure 4.1.
The OWF consists of 51 WTs, rated each one at 4 MW and nominal voltage 33 KV. Two
instances are considered, first, with only one cable type available (500 mm? with capacity
for nine WTs and price 497 ke /km), and later, with two types available (185 mm? with
capacity for six WTs and price 327 ke /km, and 300 mm? with capacity for seven WTs
and price 395 ke /km). Information related to electrical properties of the cables is in
[13]. Simulated OWF power time series are utilized for calculating power flow and losses.

The GA has been applied for the OWFs RBN and RBS, part of the Baltic InteGrid
Project, in [C4]. Only the case study with multiple cable types is shown here. For more
results, the reader is referred to [C3].

Multiple cables type

In the case of multiple cables types, numerous computational experiments indicate that
the initial investment results depend strongly on the capacity and unit price di [erknce
among the considered cables. In general, the larger the set of available cables and the
larger spread between cables’ prices, the greater the dilerknce between the GA and the
heuristics, in terms of capital investment; this is because, the GA tends to use longer
lengths of smaller cables, forming smaller cluster of WTs into feeders groups, giving also
higher flexibility to provide feasible solutions, secondly, the heuristics (especially EW
algorithm) prioritize forming bigger groups of WTs, requiring longer and bigger cables.
As a result of the above, the heuristics provide solutions with lower electrical power losses
in their favor.

For the OWF under study, in Table 4.1 results are presented. The GA gives the best
solution in terms of initial investment, albeit with higher electrical power losses than
all the other methods, due to the reduction of 66.46% of the cable 300 mm?, and only
an increment of 15.15% of the cable 185 mm?, compared to EW. When using the metric
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LCOE. the eledt of the electrical power losses is attenuated because this value is
compared to the AEP representing likely only 1% of it.

Table 4.1: Multiple cables results [C3]
Prim Kruskal EW VAM GA

Feasible No Yes Yes Yes Yes
AEP [GWh] 85536
Losses GWh] 7 7.3 7 799
Initial Investment [ M e] 2842 2793 2842 2790
Di . with best [%] 1:80 005 180 0
LCOE s [e/MWh] 205 201 205 201
Di . with best [%] 1:99 0 199 0
NPVEC [Me] 36842 36877 36842 36847
NPV [Me] 63298 63324 63298 63273
di . with best w.r.t BC [%)] 25 25 70
NPVZ [Me] 89754 89771 89754 89699
di . with best w.r.t BC [%)] 51 51 139

However, the NPV, metric weights out more the electrical power losses, as it can be
seen in Table 4.1 for the NPV BC the EW draws as the best option, and the energy unit
price increases this di [erknces almost linearly; in fact, in the case of NPV Z, the Kruskal
method cuts out 51% the dilerence, which indicates that for certain values of discount
rate (or weighted average capital costs), price of energy, project lifetime, this one can

become the solution with the greatest NPV value.

4.3.2 Case Study 2

The following experiments have been carried out on an Intel Core i7-6600U CPU running
at 2.50 GHz and with 16 GB of RAM. The chosen MILP solver is the branch-and-cut
solver implemented in IBM ILOG CPLEX Optimization Studio V12.7.1 [70].

The performance of the proposed algorithm is first investigated via sensitivity analysis of
the parameters v,_,,, and U,,, Which can be found in [J3].

In the following, the proposed method is benchmarked against results available in
literature and acknowledged as best practice in the area today [24]. With this aim, the
same testbed is employed, while assuming the same considerations, such as, objective
(4.1)-(4.4), and constraints embodied by the equations (4.6)-(4.15).
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Benchmarking

A testbed of real-world cases, presented in Table 4.2, is employed. Results for comparison
are available in Table 4.3.

Table 4.2: Main inputs parameters for benchmarking [J3]
OWF Obj. r[%]ce[e/MWh]Im Px[MW] nw no ValkV] T U Cc+Cp [Me/km]

=1
2

1 HR1 | - 2 80 1 10 1 33 f6;7;8g f7;11;13gf0:37;0:39;0:43g

2 HR1 | - - - 2 80 1 10 1 33 f910g f7;12g f0:44; 0:459

3 HR1 | - - - 2 80 1 10 1 33 f4,59g f10;14g f0:44; 0:62g

4 (0] | - - - 5 30 1 4 1 33 f11;12g f5;10g f0:41; 0:61g

5 (0] | 5 30 1 4 1 33 {13,149 f4;,99 f0:38;0:63g

6 DT | 3.6 80 1 10 1 33 f6;7;89 f4;6;8y f0:37;,0:39;0:43g

7 DT | 36 80 1 10 1 33 f 4; 59 f6;8g f0:44;0:629

8 TH | - 3 100 1 10 1 33 f13;14g f7;159 f0:38; 0:63g

9 TH | - 3 100 1 10 1 33 f4,59 7,109 f0:44;0:629
"10 LA iP5 40 30 36 175 2 10 1 33 f1;2;3g f7;10;13gf0:36; 0:58; 0:90g

Table 4.3: Results for benchmarking [J3]
OWF Obj.[24] [M e]Obj. [M e] Di.[M e] ,[24][%] «, [%] Di.[%] Time[24] [min]Time [min] Di .[min]

=1
n

1 HR1 19:44 1944 0 001 0.01 0 30 157 2843
2 HR1 22:61 2261 0 001 001 0 30 1 29

3 HR1 23:48 2348 0 a17 001 016 1,440 726 143274
4 (0] 8:05 805 0 0 Q01 0:01 0:42 0:46 0:04
5 0] 8:36 836 0 0 Q01 0:01 195 0:45 150
6 DT 38:98 3898 0 485 001 4:84 30 188 2812
7 DT 50:38 4983 0:55 7.36 0.01 7.35 10 265 7.35
8 TH 22:34 2231 0:03 337 07 2:67 5 62760 62260
9 TH 26:64 2664 0 251 03 2:21 1440 10702 1,33298

S0 LA - 6897 - - o5 - - 748 -

This testbed has been mostly extracted from [24], by selecting the most challenging
instances. In [24] a significantly di [erent approach (di Lerent mathematical formulation,
for instance) from the one proposed in Section 4.2.2, consisting in a matheuristic model,
has been designed, implemented, and tested.

The results in [24] where obtained with computational resources similar to those used in
these experiments (IX CPU X5550 running at 2.67GHz, CPLEX 12.6).

In order to provide a fair comparison, all practical and technical constraints are con-
ceptually equivalent, while the objective function is the initial investment, as losses are
computed di Lerently. Likewise, capacitive currents have been neglected as they are not
included in [24].

The comparison results are presented in Table 4.3 (instances 1-9). A small (O), two large
(HR1 and DT), and a very large OWFs (TH) are studied. Each instance is defined by a
OWF, and a set of cables available T .

Three aspects are compared: (i) solution quality, (ii) calculated gap, and (iii) computing
time; each of them are directly compared by inspecting the columns Di LM e], Di[.[%],
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and Di LImin], respectively. In all metrics, positive value means better performance for
the method presented in Section 4.2.2.

Regarding solution quality, it can be seen that, for all instances, the obtained solutions
are equal or lower than in the benchmark work. For instance nr. 7, around 550,000 e,
representing around 1% of the total cost, are saved. Particularly for this instance, the
gap is improved from 7.36% to 0.01%, while simultaneously reducing the computing time.

When the calculated gap in both methods is lower than 0.01%, the objective values are
essentially the same. This validates that the dual values between the two models are
also equivalent.

In any instance the proposed method provides equally tight or even tighter solutions.
The gap values reported in [24] have been recalculated in this method, using the best
feasible point as reference (instead of the best dual value obtained in 24 h), to make them
comparable with the proposed approach.

Finally, in almost all the instances, the computing time is shorter, with exception of
instance nr. 8, where a considerable di[erknce of 622 min is observed.

It is important to clarify that the reported computing times of the proposed method are
for the whole running of Algorithm 1, including in all instances the final iteration k, = 2,
necessary to confirm finding the global point; in contrast, in the benchmark work, the
reported time is when the best feasible point has been found. Similarly, as mentioned
before, 24 h is the time limit to obtain the best dual value.

For all the instances, the proposed method calculates feasible points in less than 40s,
with recalculated gap of maximum 41%.

Besides the benchmark cases, an extra instance - not implemented in [24] - is included to
show the method’s applicability to OWFs with multiple OSSs. LA OWF is the second
largest project (measured by installed power) under operation, surpassed only by Walney
Extension OWF (although with less number of WTs therefore potentially easier to solve).
For this instance, an initial feasible point is obtained in only 3min, and the best feasible
point is calculated in 12 h:28 min, with the gap being improved by 46.87%.

4.4 Summary

A set of methods, based on [C3], [C4], and [J3] have been proposed in this chapter. The
methods are applied for optimization of the radial cable layout of collection systems for
OWFs.

Standalone algorithms have been firstly proposed. This includes four heuristics and a
GA.

Modifications of graph theory based heuristics for the design of C-MST have been
proposed. These algorithms present polynomial running time, hence converge very
fast for the scale of problems represented by modern OWFs. All the heuristics follow
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essentially the same paradigm, in fact, in case the constraints are not binding, the
solutions from them are the same. Given the deterministic nature of these algorithms,
it is very hard in general the compliance of cable no-crossing constraints; in this case,
unfeasible points are obtained in form of a forest graph. If valid solutions are resulted,
the results point out their high quality when only a single cable is available. This means
that the heuristics provide solutions very close to the global minimum when optimizing
solely for length.

Meanwhile, the designed GA allows for overcoming the hard no-crossing constraints, as it
is able to evaluate more design alternatives through evolutionary operators, to combine
and modify individuals. As a consequence, the required computing time is in the order
of hours, and increase dramatically for larger instances. The GA follows a learning
procedure, so infeasible points are eliminated progressively in function of the iterations.
In comparison to the heuristics, the GA provides cheaper solutions when multiple cables
are available, since heuristics can not choice cables in advance. This also results with
heuristics, especially EW, to come up with designs with lower electrical losses, as the
total length is less.

Metaheuristics support the inclusion of di[erent levels of complexity to model the system,
such as power flow and losses calculation. Nevertheless, it is impossible to quantify the
solution quality for specific problems.

A MILP-based global optimization model has also been proposed. A black-box solver
is required, and the challenge is to provide tight formulations, which can be solved
e [ciehtly and e [edtively by them. Likewise, an algorithm framework is necessitated to
further increase the tractability. This gives place to a hybrid method, which combines an
exact formulation and heuristic rules, together forming the global optimization model.
Linear formulations are noticeably more e [cieht than quadratic or in general non-linear;
therefore, very large problems may be solved more likely with them, but there is also a
challenge for adapting complex factors, such as losses and capacitive currents, under the
framework of a MILP model.

The proposed matheuristic method has been benchmarked against a state-of-the art
method with significantly di [erent approach (diLerent MILP model, and application of
up to four distinctive heuristics); with all practical and technical constraints conceptually
equivalent.

Ten real-world problem instances have been considered in the benchmark. The numerical
results indicate that (i) the proposed algorithm provides, in general, at least equally good
solutions, and in some cases, sizeable cheaper ones than the benchmark work, (ii) tighter
gaps are calculated, in shorter computing times.

The proposed algorithm also performs satisfactorily for large OWFs with multiple OSSs,
where the clustering is intrinsically defined in the mathematical formulation. It does not
require predecessor algorithms to group WTs into OSSs, avoiding in this way artificially
biased solutions.



5

Deterministic Collection and
Transmission System Design

This chapter is a summary of the article [J4].

51 Introduction

In Chapter 3 and Chapter 4 the problems of optimizing the transmission and collection
systems cables have been studied, respectively. The economic and technical challenges
for addressing these problems have been highlighted individually.

In this chapter, all the problems related to network topology optimization of OWFs are
addressed simultaneously, as portrayed in Figure 2.2. This encompasses the optimization
of the WTs collection system with WTs allocation to OSSs, while allowing the OSSs to
have a set of candidate locations; the export cables are sized as well. A point-to-point
connection scheme between OSSs and a OCP is assumed.

For the export cables, the classic technique of [16] is followed in this chapter. However,
the probabilistic method proposed in Section 3.2.3 can also be adapted to this method.
For the cable layout of the collection systems, only radial layouts are considered, meaning
that cables failures are deemed negligible.

In this sense, the deterministic collection and transmission system design is at least as
hard as the hardest problem of Chapter 4.

It has been identified that only the following works have studied the full integrated
design of the network topology for OWFs using global optimization. A MILP model
combined with Benders decomposition is presented in [34], a MILP model [28] solved by
branch-and-cut method, a MILP model with progressive contingence incorporation [35],
and finally a MIQP model is proposed in [64].

The papers [34], [35], [64] provide remarkable advances on stochastic optimization for
problems in this context. Dilerknt stochastic scenarios are supported, accounting for
wind power variability and cables failure. Distinctive theoretical strategies to accelerate
convergence are applied and compared. While in [28] a single MILP model is formulated
and later solved by branch-and-cut method. The model optimizes uniquely for initial
investment, while also disregards important practical constraints, such as, cables crossings,
and forbidden areas.
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Nevertheless, the application of those methods did not focus on large-scale OWFs with
multiple OSSs, as the case studies were defined by real projects with maximum 30 WTs.
Modern OWFs can encompass WTs in the order of hundreds.

Other papers propose the use of metaheuristic for providing feasible points to approach
large-scale instances. This includes [32] where PSO is employed and, [71] in which a GA
is proposed. Given the intrinsic features of the used metaheuristics, there is no possibility
to infer about the quality of the obtained solutions.

In virtue of the above, in this chapter is proposed a MILP model embedded in an e [cieht
algorithmic framework, able to compute global optimum solution points (or near to it)
in reasonable computational time, for the full network topology optimization problem
in OWFs. Additionally, the model quickly finds feasible points. Likewise, the proposed
model supports a combined objective function defined by total system costs, i.e. initial
investment and total electrical power losses of both the collection and transmission
systems simultaneously. High complex models for losses calculation using time series and
capacitive currents are incorporated. Finally, since OWFs are deployed in relatively large
areas, forbidden areas due to maritime planning constraints usually appear; hence, they
are included also. Results are fully available in [J4].

5.2 Method
5.21 Modelling Aspects

The developed model supports any reasonable number of WTs, n,,, and any number of
OSSs, n,. Define the set N, = TNy, , Non, 9, Where an element Ny; is, in turn, an
index sgt representing candidate locations for the ith OSS with i  n,. In this way,
Bt = . JNo;j defines the total number of potential locations to place OSSs (denoted

I No

Ng, = f1, ,B:09), given a required number n,, and individual candidate set, N;, for
each i 2 N, = T1, , Nog.

Likewise, let N, = f3+1, ,B;+ n,g denote the index set representing the WTs.
Hence, the whole set of points including both OSSs candidate locations and WTs locations
is given as, N = f0g [ Ng, [ Nw, where the node 0 represents the OCP.

As OWFs cover a relatively large area, it is common that they include forbidden zones -
defined as spaces where no WTs or cables can be placed - which must be considered as
well. The distance between two points i and j, is defined as d;.

The complete directed graph G(N, A, D) comprises the input sets, where N represents
the vertex set, A the set of available arcs arranged as a pair-set, and D the set of
associated weights for each element a 2 A.

The diLerknt types of cables being considered are stored in T, and T, for the collection
and export systems, respectively. The set T, relates to the attribute sets U, and C,
representing the capacity (in terms of maximum number of supported WTs), and total
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capital expenditures per unit of length, respectively. In general, the greater the cable
capacity, the greater the capital cost.

The first set of variables in the model are binary: z;; x;j, and y,'j Choosing the candidate
location | for the OSS i is done through the variable z;,, which is equal to one if selected.
and zero otherwise. If the arc connecting 1, and j is active (i 2 N nf0g ™ j 2 N n f0g),
then x;; = 1. Finally, in case x;; = 1, the number of WTs connected is defined by ytj
where k models the number of WTs rooted at i, including the one at j. A set of positive
integer variables is required as well; oj, and g;, represents the number of WTs connected
to the OSS i, and at the corresponding candidate location I, respectively.

The modelling choices for the calculation of cables capacity, arcs nominal power, and
power flow and total power losses are available in [J4]. In general, hyperbolic functions
and other non-linear expressions to calculate flow and losses are incorporated.

5.2.2 MILP model

The number of x;;, and y{‘j variables scale quadratically with the number of WTs.
Therefore, reduction strategies are important to limit the size of the model in terms of
variables and constraints.

The procedure proposed in Section 4.2.2 is used. The largest individual cable capacity is
found as U, = max Uc; consequently, the maximum attributable value of k for i 2 Ng, is
equal to (i) = U, in contrast, for elements i 2 N, is f(i) = U, 1. This is because,
intuitively, a cable only can be used at maximum capacity if connected to a OSS. Finally,
all redundant arcs are suppressed, along with those interconnecting OSSs, as only the
common industry practice of point-to-point connections from o [SHore to onshore points
is considered. Overall, the original graph G(N, A, D) is reduced to G,(N, A, Dy).

Cost coe Lciénts

Designing the electrical cables system in OWFs is manifold: not only arcs must be
selected while also choosing the cable type to do so, but total electrical power losses must
be considered as they may impact the design. Total electrical power losses are function
of the selected arc, cable type, and generated power.

Hence, the straight-forward way to include simultaneously all these aspects is to incor-
porate in the variable y{‘j the cable type, as for instance transforming the variable to yikj't.

Variable y!}’t would model whether the arc a, = (i, j) is selected or not, connecting k
WTs through cable type t. Secondly, losses would have to be mathematically explicitly
expressed in the objective function. This raises two issues: (i) the number of variables
increase linearly with the number of cable types jT.j, and (ii) ohmic losses are non-linear,
therefore simplifications must be assumed for expressing it in a linear model.

A body of actions to circumvent these limitations, while being able to solve the defined
problem, are implemented. The approach basically decouples the arc selection and losses
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minimization from the cable assignment decision-making problem. These techniques are
explained as follows for both the collection system (radial cable layout), and transmission
system (point-to-point connection).

Collection system cables The reduced graph G,(N, A, D;) contains all required inform-
ation for the cable layout. For y,‘j the length of arc (i,j) is known, along with the
number of WTs connected; this makes possible to evaluate the whole set of available
cables in polynomial running time for each of the arcs (such as i & 0 ™ j & 0), to select
that which minimizes the objective function. All cost coe [ciehts are non-negative.

Let the term (c., dij) represent the capital expenditures plus installation costs (per
metric unit) of cable t, to join points i and j (cost per metric unit). The parameters
Cc, 2 C are obtained from the exponential regression function given in [72] (excluding
installation costs).

To incorporate the cost of total electrical power losses, a DCF metric is considered. The
required parameters are jMj, Ig‘;jkt, Cp, and r, meaning the project lifetime (years), total

power losses at year p for cable t, when k WTs are connected (in MWh), cost of energy
(e /MWh), and discount rate (p.u.), respectively.

Bearing this in mind, for each (i,J) such asi & 0 ™ j & 0, the following optimization
model is formulated and solved independently by enumeration as in [J3].

|
Mgk cp

C=<j = min t:TC Xcij,t Ceq du + -1 a+nn (51)
sit. " Xey =1 (5.2)
t2Tc
XCij,t (S<l:(ut Srct) 0 8t2Tc (53)
Xe;;0 2 F0,1g 8t 2T, (5.4)

Note that this set of problems are always feasible as k is limited by U.. Equation (5.2)
ensures that exactly one cable type is selected. Equation (5.3) guarantees that the
capacity of cable t is not violated; where Sé(ijt is the power through arc (i,J), when
k turbines are connected in j using cable t, and S, is the rated power of t. Lastly,
Equation (5.4) defines the nature of the problem’s variables.

After solving the model from (5.1) to (5.4) (maximum U, jN j? times), the cost coe [ciehts
c'i‘j are calculated, and the corresponding cable type t is unequivocally determined as per

Xcij,t'

Transmission system cables Arcs (i, ) such as i 2 fO0g ™ j 2 Npg, are also definable
beforehand. The cost of the transmission cables is function of the total length and installed
power; the former is known, but the latter is also output of the main optimization model.
Likewise, in contrast to the collection system cable layout, there are no binary variables
explicitly representing whether certain number of WTs are connected to a OSS or not. In
this case, the variables o;, are used to estimate the cost for a specific candidate location
| 2 Ng,, associated to the OSS i 2 N,,.
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Let the variable XB’J-“ represent if arc (0, J) is active using n cables t in parallel or not (a
limit of n = 3 is a reasonable practical constraint to ensure feasibility). The method uses
the following optimization model, where the target is to obtain a linear cost function in

terms of the WTs connected to a OSS:
|

min rzlt;e Xeyen  Cen doj +izli 'é‘((sfi,:):e (5.5)
s.t. nit;e oy =1 (5.6)
F: Xeyon SK. .. Swe, 0 8t2T, (5.7)
nx_eij,t,n 20,1y 8t2T.~n2fL 2 3g (5.8)

The mathematical program from (5.5) to (5.8) resembles that described from (5.1) to
(5.4). In fact, each equation is mirrored by the order of appearance. Nevertheless, in
the case of the transmission cables, most of the parameters and variables are re-indexed
accounting for n, which is the number of cables per connection. Contrary to collection
system cables, in transmission level parallel cables are installed in practice.

Figure 5.1 presents the basic algorithm for calculating the transmission cables linear cost
function.

Figure 5.1: Flowchart for calculating the transmission cables linear cost function [J4]

The idea behind this flowchart is to sequentially increase the number k of turbines
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connected to a specific OSS location, solving (5.5) to (5.8), and gathering all results to
finally obtain the best linear function fitting the data by least squares method.

The procedure is performed for each OSS candidate location. Thus, B¢ linear functions
are obtained, each characterized by a independent cp, and non-negative linear c; term,
where | 2 Ng,.

By adaptations on the costs coe Lciehts in (5.1) and (5.5), the following objective functions
are supported for the global model: L, LP, I, and IP.

Objective function

After solving the collection and transmission systems sub-problems, the linear objective
function of the main mathematical model is formulated as:

P P ) P P
_ _ KOVE T+ @ zip+c oiy) (5.9)
i2N nfog j2Nw k=1 i2Nng 12N,

min

Constraints

For a given set of candidate locations N,; for the OSS i, exactly one of them must be

chosen. This is modelled through

X
zii=1 8i2Np, (5.10)

I2N0i

Note that in constraint (5.10), if an inequality (less than or equal to) replaces the equality,
not only multiple locations would be supported, but also multiple number of OSSs.

In order to cluster the WTs (n,,) into n, OSSs, the following constraint is required:
X
0i = ny (5.11)

i2Nng
In (5.11), o; represents the number of WTs associated to the OSS i, its definition is:
X
i1 = Oj 8i 2 Nno (512)

12Noj
Correspondingly, a;j; counts the number of WTs connected to the OSS i at location |
and is computed through
x Koo )
K yjj =01 8i2Np, M 2Ny, (5.13)
J2Nw k=1
The variables o;, are for linearization, while gj is for the model readability. The following
equation, for both selecting an OSS location z;, and limiting the number of feeders out
from them to @, is added:
x Koo )
Yij @ zip 81 2Np, N2 Ny; (5.14)
j2Nw k=1
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The tree topology, i.e. only one cable type used per arc, and the definition of the head-tail
convention, are simultaneously ensured by:

X XD
yi =1 8j 2N, (5.15)
i2N nfog k=1

The flow conservation, which also avoids the formation of cycles (loops), is considered by
means of one linear equality per wind turbine

X D x XD
k vy k yi=1 8j 2Ny (5.16)
i2N nf0g k=1 i2Nw k=1

The set 1 stores pairs of arcs f(i, j), (u, v)g, which are crossing each other. Excluding
crossing arcs in the solution is ensured by the linear inequalities

Xij + Xji ¥+ Xov +Xu 1 8F(i,J), (u,v)g2 1 :fi,j,uvg&0 (5.17)
50

ys xi 0 8(i,j) 2 A fijg&0 (5.18)
k=1

Constraint (5.17) also includes the inverse arcs of those elements.

The following constraints represent a set of valid inequalities to tighten up the mathem-
atical model [68]:

x % 47 XK :
— Y5t yii 0 8v2f2, ,U. 1g7j2N, (519)
i2Nnfog k=v+1 v i2Ny k=v
xij 20,19 ;5 2 70, 1g (5.20)

8Gi,j) 2 A fi,jg&6 0~k 21, f(i)g

Nw

ziy210,1g 0 o n -
(o]

0;i N 0iy 2 Z48i 2 Np, A1 2 N, (5.21)

Constraints (5.20) and (5.21) define the nature of the formulation by the variables
definition, a MILP. Note that variables g; are limited in their upper bounds to avoid
unbalanced OSSs, in terms of connected WTs (in case n = 1, if unbalancing is permitted
then 1 <n ny), which implicitly also bounds a; .

To summarize, the complete formulation of the main MILP model consists of the objective
function (5.9) and constraints defined in (5.10) - (5.21).
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Forbidden areas

A restricted set of regions (inside a OWF) for excavation and cable trenching is supported
in this model, as presented in Figure 5.2.

Figure 5.2: Flowchart for incorporating forbidden areas in the model [J4]

Those regions can be modelled as convex polygons [73], non-convex polygons [24], [74], or
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closed curves [36]. A convex hull based bypassing algorithm which may incorrectly delimit
areas as forbidden, if they are non-convex polygons, is proposed in [73]. Any polygonal
shape can be defined using Steiner nodes explicitly in the model as in [74], where the
aim is not only to model the area, but also to refine arcs with shortest path. However,
bending moments in the cables may be compromised as a result of unrealistic routing.
Finally, more accurate computational algorithms to represent more precisely defined
shapes is implemented in [36], by means of Delaunay Triangulation Based Navigational
Mesh Path-finding. Despite this, unrealistic routing can result as well.

Any polygonal shape is modelled, while simultaneously decreasing the number of variables.
By means of this approach, the explicit creation of variables and constraints in the main
model to cope with forbidden areas is avoided, while allowing only straight arcs between
WTs. On the other hand, the strategy is flexible as any number of shapes are supported.

Let the set of forbidden areas be L. An area [2 L, in turn, is defined as a set of arcs A
where b 2 A5 b = (i, J). The set of arcs Adefines a sequence of vertices enveloping the
points representing a forbidden area | (the sequence fi, j, v, ig represents, for example,
a triangle with A—+= f(i,}), (J, V), (v,1)g). The procedure for incorporating these zones
into the model is depicted in Figure 5.2, where graph Gi is obtained from graph G,, by
excluding from the new arcs set A°r all the arcs crossing with at least one arc h 2 A5

5.2.3 Optimization Framework

For large OWFs, i.e. in the range of 100s of WTs, the cable layout problem is generally
unsolvable for gaps lower than 1% [7]. This is also the computational experience acquired
during the experiments. Therefore the graph Gf needs further reduction to make the
model tractable.

The framework proposed in Section 4.2.2 is generalized in this chapter. Let the function
f(i, G,, ) obtain the set Y; defined as maximum the v-closest WTs to i; the term
maximum accounts for vertices which have less than v arcs available due to prior
elimination for crossings with forbidden areas. By systematically applying f (i, G?, L) to
each i 2 N,,, the reduced graph G, is found. The set A} contains the candidate arcs
to the solution of the problem. The outcoming arcs from OSSs are also limited to the
nearest 50 WTs. An imposed gap of [is an input of the method.

The flowchart is displayed in Figure 5.3; as a first step a feasibility problem is solved,
characterized by (i) an objective function equal to zero, (ii) a low v is set to speed up the
process, and (iii) fixed locations of OSSs by choosing arbitrarily one per each i available
in No;.

Following the solution of the feasibility problem, the obtained solution is used to warm
start the main model given Gio for a specific value of v. The next step is to compare if
the best feasible point found so far, is included in the domain of the previously defined
problem (A(:f). If this is the case, the process is stopped, since most likely the global
minimum has been calculated. Otherwise, the domain is further increased until that



62 5 Deterministic Collection and Transmission System Design

condition is satisfied. In Section 4.3.2, it has been found out that for the feasibility
problem v =5, and for the main problem an initial value of v = 15, and increasing steps
equal to 5, represent good parameters to find a proper compromise between computing
time, and solution quality.

Figure 5.3: Flowchart of the main optimization framework [J4]

5.3 Results

The following case studies have been carried out on an Intel Core i7-6600U CPU running
at 2.50 GHz and with 16 GB of RAM. The chosen MILP solver is the branch-and-cut
solver implemented in IBM ILOG CPLEX Optimization Studio V12.7.1 [70].

A synthetic OWF (SY) with three forbidden areas is used to test the validity of the
model. The real project LA which is the second largest (measured by installed power)
project under operation [75], is used to illustrate the ability of the model to solve very
large instances. Both cases have more than 100 WTs and several OSSs, representing very
challenges instances to solve.

The main high-level parameters for both case studies are given in Table 5.1. The objective
function is defined by a combined total economic cost including the initial investment,
and the total electrical power losses of the cables systems (see (5.1) and (5.5)). Three
forbidden areas are considered in SY, with four candidate locations per OSS, and distance
to OCP of roughly 100 km. In LA three possible locations are supported for each OSS,
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with length to OCP close to 20km. In all cases, a maximum number of 10 feeders
is allowed per OSS (see (5.14)), in addition to a balanced allocation of WTs to OSSs.
Balancing of OSSs is accounted by means of n = 1, see (5.21).

Table 5.1: Main high-level parameters for the problem instances [J4]
OWF Objective r [%] C [e/MWh]  jMj jLj

SY 3

LA IP 5 40 30 0 1
OWF Pp [MW] No Nw No

SY ) 1,2,3;4 ; 5,6,7;8 120

LA 36 1,2,3; 4,56 175 2 10

The technical and economic parameters for both medium and high voltage cables are
presented in Table 5.2. Further technical cable information is available in [13]. For
the collection system, the set of cable dimensions is 240 mm?, 500 mm?, and 1,000 mm?,
while for transmission, ten di [erknt cables types are considered, ranging from 300 mm? to
2,000 mm?. All the cross-sections are commercially standards by manufacturers. Cable
capacities and costs are displayed for reproducibility as well in Table 5.2.

Table 5.2: Cables main parameters [J4]
Collection system

OWF V. [KV] jT¢| Uc Ce [M e/ km]
SY
LA 33 3 7,10,13g T:36; :58;:90g
Transmission system
OWF  Vp, [KV] |Tej Ue Ce [M e/ km]
sy 132 34; 38,42, 46; 49 :50;:56;:63;:73;:84
10 53,56, 59; 62,69 :96;1:11; 1:28; 1:51; 2:16
LA 150 38,43, 47,52, 56 :57,:66;:78;:93;,1:13

60,63, 67,7179 1:33,1:59 1:91; 2:34; 3:60

The graphical result of applying the integrated global optimization model in SY OWF is
presented in Figure 5.4. Candidate locations are indicated with red numbers. All hard
constraints are satisfied, along with the non crossing of forbidden areas. Only cables with
240 and 500 mm? are used in the collection system. For the OSSs, the locations closest
to the OCP are chosen, hence minimizing the transmission cable length. Each OSS is
being connected with two 500 mm? cables.

Numerical results are available in Table 5.3. For SY OWF (= 0.5%) an optimality gap
of 0.49% is achieved in 3h, and 31 min. An initial feasible solution is found in 81s, with
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optimality gap equal to 13.42%. In order to assess if the solver is able to take advantage
of the problem’s structure, an instance of SY, called as SYs, where only one candidate
location is fixed per OSS (number 1 and 6 in Figure 5.4), is solved by the model. An
equal solution is obtained in 1 h, and 28 min. The total number of combinations in terms
of OSSs pairs is 16. If one assumes this an average running time, then a total of 23 h,
and 31 min would be required following an enumeration approach. By means of the
integrated model a reduction of 85% of running time is obtained.

Finally, the very large instance of LA OWF is studied. The two previously described
instances have been solved using the default settings o[erkd by CPLEX. However, out-
of-memory problems were faced when evaluating the LA instance. To cope with this
limitation, strong variable selection is used. This means that CPLEX invests considerable
e [ort in analyzing potential branches of the nodes tree in the hope of drastically reducing
the number of nodes that are explored. The strategy compromises the running time
but generally allows for less memory requirements. The LA OWF is solved with a gap
of 0.75% in slightly more than 23 h. In this case, the optimal solution results in OSSs
located around the center of the OWF. This is intuitively valid, as the shorter length
to shore (around 20 km) moves the weight towards minimizing the total length of the
collector system cables

Figure 5.4: SY OWF designed cable layout [J4]

Table 5.3: Main results summary [J4]
Model Best solution [Me] Gap [%] Total computation time [ h]

SY 48747 049 353
SYs 48776 050 148
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5.4 Summary

A method, based on [J4] has been proposed in this chapter. The proposed method
provides an integrated global optimization approach to design electrical cable systems
of OWFs, particularly the collection and transmission systems. This is the full network
topology optimization problem for OWFs.

This method is able to: (i) harmonize and design both systems through a MILP model,
(it) provide fast computing time, and (ii) integrate realistic and high-fidelity physical
models for power flow and losses calculation.

The method has been validated against large-scale instances of OWFs projects. Several
numerical results prove the validity and accuracy of the approach in terms of abiding
hard constraints within reasonable computation time, considering the complexity of the
problems. A synthetic OWF (SY), and the second largest project in operation today, the
London Array (LA), considering three candidate locations per OSS, have been used as
case studies. The SY OWEF is solved in around 3.5h with an optimality gap of 0.49%.
The integrated model is roughly 85% faster than an enumeration approach. In the case
of LA OWF, strong variable selection is used in the branch-and-cut method, achieving
an optimality gap of 0.75% in slightly more than 23h. The results indicate that the
physical optimal locations of the OSSs are strongly aledted by the distance to shore, as
the export cables total costs start becoming predominant for larger distances.
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6

Stochastic Collection System
Design

This chapter is a summary of the articles [C5] and [J5].

6.1 Introduction

In Chapter 4 and Chapter 5 the problems of optimizing the radial cable layout of the
collection systems for OWFs, and the full network topology optimization problem are
addressed, respectively. In both chapters, a deterministic approach is adopted, meaning
that the impact of cable failures is not considered.

However, as explained in Figure 2.3, cable layouts with redundancy may help to include
in the minimization the energy curtailment due to random cables failures. In order to
do so, such stochasticity must be incorporated into the mathematical program, while
forcing the layout to provide alternative path for each WT towards the OSS.

This means that in contrast to Chapter 4, in this chapter a stochastic approach is
considered, attributing a failure probability to cables.

Stochastic optimization for OWFs electrical cable optimization has been addressed
previously [64], [35], and [34]. Nonetheless, the focus of these articles is the holistic
design for small-scale farms, while excluding practical engineering constraints such as
no-crossing of cables, among others. The first work in the field [64] proposed a MIQP
model using exhaustive uncertainty enumeration. This work is continued in [35] and [34],
where the contribution is the development of techniques to accelerate the convergence to
obtain solution through decomposition techniques.

In virtue of the above, an algorithmic framework for design collection system with a
closed-loop structure, using global optimization, integrated with analytical methods for
reliability assessment is presented in this chapter. Additionally, a common framework
developed to assess and compare -in economic terms- closed-loop vs radial topology
optimization for OWFs is presented. The algorithm is based upon a MILP model solved
using a commercial solver, able to account for the three main optimization criteria in
electrical network planning: investment, total electrical power losses, and reliability
(IRL). For the second point, a recourse problem is solved using the radial design and
the same underlying stochastic considerations utilized for the closed-loop design. It is
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important to remark that strategies for approaching large instances are quantitatively
analyzed and discussed as well.

6.2 Method
6.2.1 Modelling Aspects

The aim of the optimization is to design a closed-loop cable layout of the collection system
for an OWF, i.e., to interconnect through power cables the n,, WTs to the available OSS,
while providing a redundant power evacuation route.

Let N, = f2, ,1+n,0. Besides, let the points set be N = flg [ N,, where the
elementi 2 N, such as i =1 is the OSS.

The Euclidean distance between the positions of the points i and j, is denoted by
dij. These inputs are gathered in a weighted undirected graph G(N ,E,D ), where N
is the vertex set, E the set of available edges arranged as a pair-set, and D the set
of associated euclidean distances for each element [ij] 2 E, where i 2 N ~j 2 N.
In general, G(N ,E,D) is a complete un-

directed graph. It may be bounded by

defining uniquely those edges connecting

the v < n, closest WTs to each WT, and

by the o0 < n,, edges directly reaching the

OSS from the WTs.

Likewise, let T be a predefined list of avail-
able cable types, and U be the set of cable
capacities sorted in non-decreasing order
as in T, being measured in Amperes (A),
such that u¢ is the capacity of cable t2 T.
Furthermore, each cable type t2 T has a
cost per unit of length, ¢; (including cap-
ital and installation costs), in such a way
that U and T are both comonotonic. The
set of expenditures per meter is defined as
C.

The problem is formulated as a stochastic

optimization program modelled with two

stages: investment (construction) and op-

eration. In Figure 6.1 is presented a graph- Figure 6.1: Scenario tree, Y [C5]

ical representation of the two stages of the

model. In this figure it can be seen that

uncertainty is represented by means of a scenario tree (), expressing simultaneously
how the stochasticity is developing over time (at the moment of the investment decision,
uncertainties of the random parameters are present), the dilerknt states of the random
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parameters (the instances of the random process multiply in function of the generation
scenarios and installed cables), and the definition of the non-anticipative decisions in the
present (in real-time operation the investment decision can not be changed).

The set of wind power generation scenarios is  (blue lines in Figure 6.1), they represent
power states for bins of wind speed, while the representative system states are K (red
lines in Figure Figure 6.1). The nominal generation scenario is w,, and the base system
state (ko) represents the case of no failures. The base case is therefore represented by the
scenario fw,, kog. A wind power generation scenario w has associated a duration time
% (in hours), and power magnitude ¢ (in per unit, p.u.), and each system state k, a
system probability X,

The system probability (* is calculated using a discrete Markov model to define the
cables’ complementary states: available, and unavailable. Through this, it is possible to
calculate y* given the failure statistical parameters MTBF and MTTR [76]. In the same
way, given the low failure rates of these components a N-1 criterion must be considered in
each system state [77]; this means that elements remaining in operation in a contingency
are capable of accommodating the new operational situation, and it is very unlikely that
other element would fail simultaneously.

The first stage variables are the binary variables x;j ¢, and y;;; where X;j is equal to
one if active edge [ij] (yij = 1) uses cable type t 2 T. The second stage variables are
the continuous variables 15, 6%, and 8;"¥. The electrical current in edge [ij] in wind
power generation scenario 2 , and system state k 2 K is represented by I“’ . While
the voltage phase at each WT busbar is 87 . The curtailed current at wind turblnej

in wind power generation scenario w 2 , and system state k 2 K is 6}*”". Note that
6‘*"‘ (in A) is bounded by the current generated at j in the same scenario, 1, where

I‘*’ = Png 100 heing Py, the nominal power of an individual WT, and V,, the line-to-line
nomlnal vortage of the system.

6.2.2 MILP model and PCI Algorithm
Cost coe Lcigénts and objective function

Total electrical power losses are non-linear in function of the current. In that event, two
distinctive mathematical expressions to support simultaneous optimization of investment
and operation, and simultaneous optimization of investment, operation and losses are
deployed. Both objective functions keep the linear structure of the model and must be
selected exclusively.

Neglecting total electrical power losses The objective function in this case consists of a
simultaneous valuation of the total initial investment plus reliability. The investment is
intuitively computed as the sum of cables costs installed in each edge [ij]; on the other
hand, reliability is quantified through the estimation of the economic losses due to cables
failures, as the result of undispatched current (i.e. energy) from each WT. In this way,
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the objective function is formalized as:

5 Inveiﬁment { 5 Operatlonéll?ehablhty {
SR AR 0k s0k
min Ct dij Xijt+Ce ™ Y o (6.1)
[ij]2E t2T i2Ny 02 k2K

Here c. is the cost of energy in e/AB (equivalent to e /MWh). The sum of system states
probabilities must be equal to one, .,k X = 1, given the mutually exclusive nature of
the considered events (at most one cable is subject to failure, N-1 criterion). A system
state k represents the failure of a single cable in an active edge e 2 E, therefore the
system probability for the state ¥ is considered equal to this failure probability. This
implies that the availability probability of the other installed cables is considered to be
equal to one in this scenario [64], representing a conservative approach as the value of
the parameter ¥ is slightly overestimated (the system probability is the multiplication
of each installed cable state probability).

Considering total electrical power losses Total electrical power losses are non-linear in
function of the current, cable type, and total length. The designer must try to find
a proper balance between modelling fidelity and optimization program complexity. A
pre-processing strategy is proposed in order to incorporate this factor into the objective
function. p

§ Vn Ut
f= —— 0t 27T 2
t P, 1000 8t (6.2)

The set of cable capacities in terms of number of supportable WTs is defined in Eq. (6.2).
Let the new cable type set be:
8 9
2
{Z af§1 f2 + 11 ,-lroj 1 + {::LZ’ 1fJTﬁB (63)

t

3
T°=_1,2,  ,f,fi+1
_ail z j12
1

trj

This implies that T ©is the discretized form of the maximum capacity U = max U . Note
that this is translated into the creation of additional variables Xij o : t* 2 TO Likewise, if
the floor function in Eq. (6.2) is replaced by a decimal round down function, and T %is
also discretized using the same decimal steps, then the number of variables will increase
accordingly, to the benefit of gaining in accuracy for the cable capacities.

In T%is contained the non-dominated cable sub-types from T; this means that each
cable sub-type t’ 2 T?is related to a cable type t 2 T, inheriting physical properties
such as cost per meter (c;), electrical resistance per meter (R), and electrical reactance
per meter (Xy); as shown in Eq. (6.3).

Acknowledging that the investment cost of a cable t exceeds the electrical power losses
costs, then the selected cable sub-type to connect n WTs will always be the cheapest
(smallest) cable with su [cieht capacity, rather than a bigger one with lower electrical
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power losses as the electrical resistance decreases with size. As a consequence of the
aforementioned, let a new cable capacities set be:

n ° P, 1000
UO: 1121 !flyfl +11 1f21f2+ 1! lijj 1 + l) 1ijj AéW (6'4)
n

Let the functions f(t"), g(t"), and h(t") calculate cost, electrical resistance, and electrical
reactance per meter for cable sub-type t, respectively, which are inherited from a cable
type t. Whereby, the objective function for simultaneous optimization of investment,
electrical losses, and reliability is:

The factor (3 1.5) in Eqg. (6.5) accounts the joule, screen and armouring losses for the
three-phase system. The whole term for total electrical power losses (h(t')) is calculated
for each t 2 T 9, before launching the MILP model into the external solver. Therefore,
the objective function is a linear weighting of the desired targets: investment, electrical
losses, and reliability.

As discussed previously, one of the tasks of the designer is to balance out modelling
fidelity and optimization program complexity. The objective function in Eq. (6.5) is a
linear function, thus the following simplifications are assumed: (i) integer discretization in
Eqg. (6.3) which restricts the capacity of cables, and may cause overestimation of electrical
losses. This can be diminished by decimal round down, and by increasing discretization
steps in Eq. (6.4) at the expense of incrementing the number of variables correspondingly.
(i) Neglection of system states (cables failures) apart of the base state (no failures);
however, this is the state with highest probability. (iii) Power flow estimation in a
conservative fashion, i.e., overestimating the incoming power flow by neglecting the total
power losses downstream. All those simplifications may impact the final layout, however
their conservative nature means rather over-designing than impacting the robustness.

Investment plus total ﬂectrical power losses
Z & T {
!
. X X 0 0 Ce X 0 0\2 W
min f(t)+3 15 gt) pP=—"— (Uto )y T dij Xijt T+
[iJ]2E t02TO | 3 Vn {:EOOO w2 }
=h(t9. Pre-processing for total electrical power losses
(6.5)
Operation/Reliability
vt {
Ce @ gk &
i2Nyw w2 k2K

Constraints

The first stage constraints are first presented. These constraints are only defined by the
first stage variables.
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In case edge [ij] is active in the solution, then one and only one cable type t 2 T or
t' 2 T9must be chosen as in

X X
Xije =Vij 8[iJ]2E _ Xijo =VYij 8lij]2E (6.6)

2T 10270

Note that in case total electrical power losses are considered, then the cable types set is
T otherwise T ; same logic for U/U°% t/t’, and u¢/ul. This applies for the forthcoming
mathematical expressions.

A closed-loop (sunflower petals) collection system topology is forced through

yi=2 8I2N,:l=i_l=j (6.7)
j2N
j&i

Limiting the number of feeders (upper limit of ¢ feeders) connected to the OSS is carried

out by means of X

vij ¢ j=1 (6.8)

i2N

The set  stores pairs of edges f[ij], [uv]g, which are crossing each other. Excluding
crossing edges in the solution is ensured by the simultaneous application of the next
linear inequalities along with (6.6)

Yij +Yw 1 8ffij],[uv]g 2 (6.9)

The second stage constraints are now deployed. These constraints are only defined by
the second stage variables. They are defined by the flow conservation, which also avoids
disconnected solutions, as per

X X X

ke =12 8j2N, 802  8k2K (6.10)
i_Z&N_ w2 k2K
JEI

The set of tender constraints, useful to link first and second stage constraints, are lastly
presented.

A DC power flow model is applied in order to calculate the power flow distribution along
the resultant electrical network. This model assumes no active power losses, nominal
voltage at each bar, and no reactive power flow [47]. The DC power flow is forced with
the following equations

1000 Vi o 8
T3 X dij
8lij]2E t2T 8w2 8k2K

i M 1 xj0) Mr§ 0 (6.11)
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1000 V, (8°F 9@k
oo G i) M (1 Xj) M r§ 0 (6.12)

0k n
L T3 X dy
8lij]2E t2T 802 8k2K

Where er is a parameter equal to one if edge [ij] is failed, or zero if otherwise, and M s
a big enough number to guarantee feasibility for those inactive or failed components.

The cable capacities are not exceeded by including the next bilateral constraints.

Ue Xije (1 rﬁ]) Ii‘]?'k 8[ij]2E 8w 2 8k 2K (6.13)
t2T
X
ue Xie (1 rK) 19° 8lij]2E 8w2  8k2K (6.14)
t2T
The current Ii‘]?"‘ may circulate either from i to j or viceversa. In case total electrical
power losses are considered, for all scenarios, except the ones linked to ko, the capacity
ul, is inherited from the cable type t. This is to avoid unnecessary energy curtailment.

For the base system state, k,, capacity ul, must be taken from Eq. (6.4).

Finally, constraints in Eq. (6.15) to Eqg. (6.19) define the nature of the formulation by
the variables definition, a MILP program.

xijc 270,19 8t2T 8ij]2E (6.15)
yij 2 0,19 8[ij]2E (6.16)

01 6°% 01 82N 8w2 8k2K (6.17)
U I9% U 8glij]2E 802  8k2K (6.18)
0 &k 1% 8i2N, 8w2 8k2K (6.19)

Algorithmic framework for the stochastic optimization model:
Determining the representative system states

Since the two-stage variables scale-up exponentially as a function of the scenario tree
size, the representative systems states must be limited [C5]. The basic version of the
stochastic optimization program presented in Section 6.2.2 encompasses the full set E;
each element [ij] gives place to a system state k to form the system states set K .

Nevertheless, the actual selected edges in a solution (i.e. a feasible point satisfying the
optimality criteria) is only a subset E® E; let the complement set E ®contain the
unused elements from E, and let define the subset E%° E % Hereafter, it is proved
that any representative system states set containing at least the scenarios linked to E°
(K go = ®(E9), using the transformation function ® which maps from edges set to system
states set), is necessary and su Lcieht to obtain the optimum in P K.

Let the necessary and su Lcieht set K ° encompass:

K%=ko [Kgo[K gowo (6.20)
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Where K gonis the system states linked to the subset of unused edges E °®°

Axiom 1 The second stage variables linked to unused elements are equal to the base
system state
8i2N, 8k2Kgow 8w2 , 3k =gwk

An intuitive proposition is reflected in Axiom 1: The curtailed currents in the system
state of unused edges are the same than in the base system state. This basically means
that the failures of unused elements will not deteriorate the operation of the system.

From Eq. (6.1) it follows:

X X X X X K sok
Ct dij Xij t + Ce ™ llJ 6i B (621)
ij]2E t2T i2Nw w2 k2K Onfk
[ij] 0 ! ® n a_g
X X X
Ce ™ @ PrA gk
i2Ny w2 k2K Onf kog

Eq. (6.21) with Eq. (6.20) becomes:

X X X X X K sk
Ct dij Xijt + Ce ™ l.|J 5i e (622)
[ij]2E t2T i2Nw 02 k2K o
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Eqg. (6.22) with Axiom 1 becomes:
X X X X X K sok
Ct dij Xij,t + Ce ™ l.|J 6i B (623)
lij]2E t2T i2Nw 02 k2K co L
X X X X X X
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Equation (6.23) is analogous to Eqg. (6.21) but with K °nf k,g = K go. This proves
that any set K © containing at least the system states associated to all selected edges is
su Ccieht and necessary to find the global optimum of the full problem P ‘K. Conversely,
any instantiation for which K © K go would lead to an underestimation of operational
costs, ultimately causing falling into suboptimal. The proof also applies when including
total electrical power losses (6.5).
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This contingency structure opens the door for a PCI strategy, aiming to find a proper
set K % An improved PCI algorithm based on [35] is proposed in the Algorithm 2.

In the first line of Algorithm 2 a deterministic instance of the full problem is addressed.
This means considering uniquely the scenario fw,, ko,g. For this problem a valid as-
sumption is to consider zero curtailed power. After this, the active edges of interest
corresponding to the first stage optimization variables are stored as E°, along with
the obtained solution variables in X s (where X 4 and Y4 contains the solution sets
corresponding to X;j, and y;;j for the deterministic case, respectively). As no previous
iteration has been conducted, cumulative solution variables are unavailable (E?). Since
the second stage variables express contingency scenarios of the components delimited
by the first stage variables, the tree Y uniquely considers the failure states associated
to those components. For the case presented in Algorithm 2, solely those feeders which
satisfy the reliability level r¢, are subject to fail.

Parameter r. defines the degree of connection towards the OSS, so for example, r, =1
brings along the main feeders (rooted at i = 1), and r. = 2 includes the last ones together
with the feeders connected to the main ones, and so on for r. > 2, as shown in Figure
6.2. By means of this parameter, the model can be further relaxed for large instances.
A reliability level equal to one according to Figure 6.2 would still represent at a large
extent the consequences of all cables failures, as those main feeders are the one carrying
the vast amount of energy compared to downstream connections. Thus, an important
computational burden is avoided, while having a good representation of the system. This
is backed up by the fact that cables under higher levels of electro-thermal stress present
shorter lifetime [J2].

Figure 6.2: Reliabilty level definition [J5]

The PCI routine for stochastic analysis is started at line 4 of Algorithm 2. The opening
step is to intersect the current active edges set E % and the cumulative set EQ. If the
intersection set is equal to the current active edges E°, then the process is terminated,
otherwise more iterations are attempted. For the former case, the algorithm is stopped,
with solution [X ,Y]; for the latter case, the iterative process is continued to the
subsequent iteration K. Trivially, for Kk =1, A = ;. Therefore, in line 9 the union set is
obtained to update E 2. A new instance of the main problem is solved in line 10, using the
initial point X s (warm-start point), while considering the full wind power generation
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scenarios indicated by the user Q, and the system states related to edges cumulatively
installed in all iterations, (K °= ®(E))).

When the Algorithm 2 converges, the scenario criterion is met: obtention of the proper
set K % meaning that all representative systems states have been already considered.

1. [Xq, Ya argP K°:Q=uw, K=k, with gap [

2. E® Yq=flijlg:y;; =1 8[ij] 2 E :[ij] satisfies reliability level r;

3. E§ i Xws XalVYa

4. for (K=1:1:Knax) do

5. A  EON\E?

6. if (E°==A) then

7. Break

8. endif

9. EO E°[E?

10. [X,Y] argP K°:Q,K°=d(ED) [k, with initial point X s and gap [l
Y =fQ,K %

11. E° Y =flijlg:y;; =1 8[ij] 2 E : [ij] satisfies reliability level r;

12. Xws X LY

13. end for

Algorithm 2: PCI Algorithm [J5]

6.2.3 Optimization Framework

The full optimization framework is presented in Figure 6.3. The main inputs for the
framework can be divided as:

Project-specific data, such as WTs and OSS location, rated power, wind power
generation scenarios, MTBF for cables (in years kilometres per failure), and MTTR
for failed cables (in hours).

Simulation settings, like cables’ technical and economic parameters, macroeconomic
information, including lifetime and price of energy, and required gap for the
deterministic case ([a) and the stochastic phase (Ls).

Modelling choices, as reliability level (r.), total electrical power losses incorporation
(1 or 0), and DC power flow model (1 or 0).

A Markov Chain method is applied to calculate the probability for the unavailable state
of a cable [76]:
MTTR

" MTTR+MTBT o

YK (6.24)

Where dj; (in kilometres) is the edge length where the component is installed, and k the
associated system state.
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Continuing with the flowchart of Figure 6.3, two dilerent models are formulated to
develop independently the stochastic closed-loop and the deterministic radial designs.
As discussed previously, the closed-loop optimization program is based on a flow MILP
model, in contrast to the hop-indexed optimization program dedicated for the non-looped
layout, chosen such as to enable comparison of topologies for large-scale problems utilizing
the state-of-the-art approaches.

The closed-loop stochastic model is formulated in function of the required inputs, especially
Losses and DC.

The objective function and constraints are properly adapted to whether losses must
be incorporated or not, by means of parameter Losses. Similarly, two options for
power flow are supported, transportation model (DC == False) and a DC power flow
(DC ==True).

A transportation model is fundamentally the simplest of the ways to calculate the
distribution of power in an electrical network. It abides the kirchho [CslIfirst law by
keeping the current balance at each node. Contrarily, a DC power flow model includes
in addition the Kirchho [’slsecond law, approximating the voltage magnitude to 1 p.u.,
and ignoring the reactive power flow [47]. The mathematical optimization program is
notably relaxed by disregarding the DC power flow, which stress the model by creating
additional variables. Finally, after the optimization program is formulated, this is sent
to the Algorithm 2, obtaining the layout with linked investment and operation costs.

On the right branch of the flowchart, the radial model is formulated and solved accordingly
to [J3]. The obtained solution sets (X (4,Yq, cOnserving the adopted nomenclature as in
Section 6.2.2), are used to fix values of the flow model binary variables; simultaneously,
Eq. (6.7) are modified as inequalities to allow up to three connections for each WT.
With this, a tree topology is converted into a feasible point of the model. Lastly, the
flow model is reassembled after all these changes, and sent to the Algorithm 2. In other
words, a recourse problem is formulated Q([X 4, Yq]), defined as minimization of the
expected costs (operation costs) given the scenario tree (YY) obtained from the wind
power generation scenarios Q, and the system states linked to Y,y . This recourse problem
Is inexpensive computationally given that the binary values are provided in advance. The
recourse problem related to the radial layout is always solved to optimality.

In the last step of the flowchart, the two solutions (closed-loop and radial) are compared
in terms of total expenses, investment and operation costs. This flow of tasks guarantee
a fair comparison between them, since firstly, the same stochastic reference frame is
maintained after the reformulation blocks depicted in Figure 6.3, and, secondly, the PCI
algorithm is utilized equally.
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Figure 6.3: Optimization framework for comparing collection system topology [J5]
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6.3 Results

The computational experiments presented in this section have been carried out on an
Intel Core i7-6600U CPU running at 2.50 GHz and with 16 GB of RAM. The chosen
solver is IBM ILOG CPLEX Optimization Studio V12.7.1 [70]. The experiments consist
of three real-world cases aiming to test the proposed method for dilerknt problem
sizes (small, large and very large), and WTs topological distribution (grid-based and
coordinate-based).

For all the following studies a MTTR of 30days (720 h) is considered [78]. The price of
energy is assumed to be fixed along the project lifetime with a value of 50 e /MWh (2.86
e /Ah), which is the average price as per [79].

The wind power generation scenarios are also equally fixed as per Table 6.1. Scenario 1
accounts for the nominal power (w,). The time duration of all the scenarios correspond
to a project lifetime of 30 years. The magnitude and duration values lead to a capacity
factor of 0.49, which is a reasonable value for modern o [SHore wind farms.

In general, the simulation results are dependant on several parameters, like the utilization
of a discrete Markov model to calculate the failure probabilities given the failure statistical
parameters MTBF and MTTR, and the considered price of energy, financial valuation
method, project lifetime, cables set, cost functions, among others.

Table 6.1: Wind power generation scenarios [J5]
Scenario Magnitude [p.u.] Duration [h]

1 1 65,700
2 0.5 91,980
3 0.2 91,980
4 0 13,140

Other electrical information related to the power cables, such as electrical resistance per
meter (R¢) and electrical reactance per meter (Xy), is available in [13].

6.31 Small OWF: Ormonde

As a first case study the Ormonde OWF is analyzed [80]. This OWF presents a closed-
loop layout in the collection system. Specific inputs for this case study are shown in
Table 6.2.

Table 6.2: Data inputs for Ormonde OWF [J5]
Pn Vn U C nW d S
5MW 33kV 1530 655775 A 450510570y ke/km 30 6 10 4 0.2% 0.2%
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To better understand the influence of di[erent modelling choices for the model included
Algorithm 2, several simulations and parametric sensitivities are carried out. They target
power flow model, reliability level, and total electrical power losses.

Trough these case studies, the complexity of di Lerent modules of the model is understood,
along with the gains obtained by them.

Power flow model

For this study, only the left branch of Figure 6.3 is executed without considering losses.
This means that results focus on closed-loop topology in this section. The objective
is to compare a full version of the model (with DC == True), and a relaxed version
(DC == False) employing a simple transportation power flow model. Besides this,
the MTBF is varied from 10 to 178 years kilometres per failure, with the latter value
being typical for OWFs medium voltage cables under operation today [81], aiming at
quantifying the parametric impact of MTBF value. To reduce computational burden
when evaluating low values of MTBF, a reliability level of r. = 1 is considered. See
Figure 6.2.

Results are presented in Table 6.3. For each MTBF value, the diLerknce of total costs
between the DC power flow model and the transportation model is presented. Percentage
values are calculated with respect to the power flow relaxation model. Furthermore, total
expenses are split into investment and operations costs to analyze their behaviour in
function of the MTBF value.

Table 6.3: Power flow models comparison for Ormonde OWF [J5]

MTBE Total expenses Eq. (6.1) Investment Operation
Di[ e] Di. [%] Di.[ e] Di.[%] Di.[ e] Di. [%]

10 0 0 0 0 0 0
20 8,000 0.08 32,200 0.37 -24,200 -1.79
30 16,090 0.17 32,200 0.37 -16,110 -1.79
40 23,920 0.25 64,200 0.74 -40,280  -5.52
50 31,970 0.34 64,200 0.74 -32,230  -5.27
178 55,140 0.62 64,200 0.74 -9,060 -5.27

Naturally, the total expenses for the relaxed solutions is lower than the full model (DC
power flow), but what it is important to see is the rather limited impact of this relaxation
in terms of the objective function value. In the worst case, the DC power flow model
provides a solution only 0.62% more expensive than the transportation model. The latter
result corresponds for the typical value of MTBF reported for OWFs (MTBF of 178).
The cost di[erknce among the power flow models can be explained by inspecting the
investment and operation costs. The transportation model results in cheaper designs,
but this precisely causes higher operation costs.
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When considering a full reliability level, for a MTBF of 178, the solution obtained with a
DC power flow model is only 0.25% more expensive than the one from a transportation
model. While the di[erence on investment costs is more or less the same as in Table
6.3 (0.77%), it is observed an increase in the operation costs di[erknce (-7.37%), which
balances out the capital investment disparity among both models. The increment of
undispatched energy allows for reducing the total expenses di Lerknce; this is also expected
to happen for lower MTBF values.

The possibility to neglect DC power flow allows for reducing the complexity of the model
while still generating dual solutions (by neglecting the DC flow) close to a primal (feasible
point for the full model). In closed-loop and meshed topologies the current follows the
path with shortest electrical length, i.e., smallest equivalent electrical reactance. Thus,
DC power flow requires extra variables modelling voltage phases as in Eqg. (6.11) and Eq.
(6.12). The strong similarity between radial and closed-loop topologies is due to, in the
latter, only a single cable per circuit (interconnected chain of WTs) alters the radiality
of the former.

The main benefit behind this relaxation is towards the application of the model for
large-scale problem instances, or even for small ones with low optimality gap values
(ldJ 1 0.2%). In this work, the comparison between closed-loop and radial designs
lies in the relative economic dilerence, while not in the concrete solutions (construction
designs). The dual solutions can be fixed a posteriori by changing a subset of the installed
cables. The latter is out of the scope of this work.

Reliability level

The full Algorithm 2 is now implemented. Based on the previous results, the DC power
flow model is discarded. In the same manner, total electrical power losses are deactivated
and attention is concentrated to a simultaneous minimization of investment plus operation
costs. Results for the lowest reliability level (r. = 1), and for full reliability, are displayed
in Figure 6.4 and in Figure 6.5, respectively.

A reliability level value equal to r. = 1 is basically a relaxation of the full model. The
latest being understood as an instantiation of Algorithm 2 with a large enough value of
rc, such as all installed cables of the OWF are included in the system states set, i.e., full
reliability. See Figure 6.2 for a graphical description of this concept.

For the reliability relaxation, in Figure 6.4(a) the total cost comparison between the
closed-loop and radial designs with increasing MTBF is illustrated. Meanwhile, the
Figure 6.4(b) displays the investment and operation costs di Lerence. From Figure 6.4(a),
it can be observed that there is break-even point, for a MTBF of around 35, where the
total cost of closed-loop and radial designs match.
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(a) Comparison of objective function (6.1) between closed-loop and radial designs. (Positive
percentages mean savings from closed-loop design)

(b) Comparison of investment and operations costs between closed-loop and radial designs.
(Positive percentages mean savings from closed-loop design)

Figure 6.4: Sensitivity analysis with reliability level r, = 1 for Ormonde OWF [J5]

To the left of the break-even point in Figure 6.4(a), the closed-loop layout always results
as the overall cheapest solution, because despite a higher investment cost- See Figure
6.4(b) (radial design is invariable to MTBF variations)-, it provides a redundant path
for each WT, therefore the operation cost savings surpasses that increase (the installed
cables for the main feeders are usually bigger as well). Additionally, in Figure 6.4(b) one
can see that the non-increasing trend of the investment costs is developed in a discrete
manner, as for some consecutive values of MTBF the closed-loop design investment is
maintained. The associated percentage dilerence of operation costs for not modified
designs is also kept, as the failures frequency is equally diminished.
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On the other hand, for MTBF larger than 35, the radial layout is the best alternative.
After a large enough MTBF (in this case at around 50 years kilometres per failure),
the failures probabilities drop considerably, meaning that the operation costs become
trivial, and hence the focus is merely on the investment costs reduction, which by its
part has reached the minimum in the closed-loop alternative. The break-even point may
be marginally aledted by neglecting the DC power flow in the conservative side, as this
value would move to the left. At MTBF of 178, the radial design is 6.62% cheaper than
the closed-loop design as shown in Figure 6.4(a).

(a) Comparison of objective function (6.1) between closed-loop and radial designs. (Positive
percentages mean savings from closed-loop design)

(b) Comparison of investment and operations costs between closed-loop and radial designs.
(Positive percentages mean savings from closed-loop design)

Figure 6.5: Computing times for Ormonde OWF stochastic closed-loop design [J5]



84 6 Stochastic Collection System Design

A new set of experiments is conducted for full reliability of the Ormonde OWF. The main
diLerknce compared to r. = 1 is reflected in Figure 6.5(a), where the break-even point is
moved towards the right of the plot to a value roughly equal to 130 years kilometres per
failure.

By allowing the whole set of installed cables to fail, the impact over the project economic
performance is considerably augmented. In this case, for the worst reported value of
MTBF (178 years kilometres per failure), the radial design is only 1.98% cheaper than the
closed-loop layout, due to the increase of operation costs with almost the same required
investment expense when compared to r. = 1.

The impact of the reliability level on the computing time is presented in Figure 6.6.
The dilerknce is of an order of magnitude, moving from seconds for r, = 1 to (tens
of) minutes for full reliability. The exponential complexity of the stochastic closed-loop
model in function of the parameter MTBF is also noticeable. For MTBF inferior to
40, the computational resources become insu [cieht to approach the problem for full
reliability, as computing time and memory requirements escalate rapidly.

For large values of MTBF, the Algorithm 2 takes advantage of the deterministic solution
to feed up the stochastic model with a good starting point. This, together with low failure
probability (as MTBF increases), helps conspicuously to accelerate the convergence of
the model for optimum gaps. The PCI algorithm takes away a very important share of
computational burden by simplifying the full problem. The savings on computing time
are more evident for greater values of r; as the number of candidate edges become larger.

Figure 6.6: Reliabilty level definition [J5]

Total electrical power losses

The left branch of Figure 6.3 is implemented, in this case, activating the total electrical
power losses (Losses == True) integrated into the objective function Eq. (6.5). A



6.3 Results 85

MTBF of 178 years kilometres per failure is considered, and the transportation power
flow mode is enabled (DC == False).

Results are displayed in Figure 6.7. Particularly, Figure 6.7(a) is associated to objective
function Eqg. (6.1) (investment plus reliability, IR), and Figure 6.7(b) to Eq. (6.5)
(investment plus reliability plus losses, IRL). There are no significant di Lerences between
the two layouts.

(a) IR objective

(b) IRL objective

Figure 6.7: Sensitivity analysis for objective function in Ormonde OWF. MTBF=178
[J5]

A visual inspection of the layouts shows that the only diLerkence is the swap of cables
connected from WT 1 to WT 11 with those from WT 1 to WT 2. This alteration in
the design can be explained given the conservative approach for losses calculation, and
simultaneously, the degree of flexibility linked to a transportation model. In Figure
6.7(b), which graph the base case, the current through WTs 9-16 and 30-31 is set to
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zero in the solution. This means that the calculated losses are an approximation in the
conservative side, compared to a layout with splittable current through a DC power flow.

The main takeaway is that the total expenses of the layout in Figure 6.7(a) (including
total electrical power losses) is nearly the same as that from Figure 6.7(b). The required
computing time, however, is 16 times higher when including losses compared to a
sole optimization of investment and operation costs. The proposed formulation is still
more e [cieht than a MIQP. The demonstration is out of the scope of this work, but
computational experiments from the literature validate the e [ciehcy of MILP compared
to MIQP [64].

6.3.2 Large OWF: HR1

The second case study is HR1 OWF [82]. Inputs are shown in Table 6.4. The number
of WTs for this case is equal to 80. HR1 OWF presents a regular or grid-based layout,
since WTs units are uniformly arranged in rows and columns without empty areas inside
of the farm; as shown previously in [J3], this type of layouts show a favorable condition
in terms of computational complexity when designing the collection system, hence low
values v = 6 and 0 = 10 are most likely good enough to cover the global minimum.
Larger values of these parameters may compromise the convergence of general purpose
solvers. No losses and a transportation power flow mode are used.

Table 6.4: Data inputs for HR1 OWF [J5]
Pn Vn U C nW d S
2MW 33kV 420,530y A 4104500 ke/km 80 6 10 10 0.2% 0.2%/4%

Results for the lowest reliability level, i.e. ro =1, are shown in Table 6.5. The optimality
gap for both deterministic and stochastic phases of Algorithm 2 are equal [41= [c1= 0.2%.
Further experiments were done, intending to evaluate lower values of MTBF at these
gaps, but computing time increased steeply (note that for MTBF of 90, required time is
almost 360 min).

Going back to Figure 6.4, the results of Table 6.5 indicate that the break-even point has
been already crossed for MTBF of 90. This is because of the nearly equal percentage of
di Lerence in investment for MTBF of 90 in comparison to MTBF of 178. At this point,
the radial layout is 0.80% cheaper than the closed-loop design. One can see that for
MTBF of 178, the savings diLerence for HR1 (-2.01%) has decreased substantially when
compared to Ormonde, Figure 6.4(a) (-6.62%), and being closer to Ormonde with full
reliability, Figure 6.5(a) (-1.98%). Performance cutback of the radial layout is due to the
boost of curtailed energy as there are more WTs connected to a single feeder.
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Table 6.5: Results with reliability level ro = 1 for HR1 OWF [J5]

MTBE Di. in total [%] Di . Di . Computing time
expenses Eg. (6.1) ininvestment [%)] in operation [%] closed-loopmin]
90 -0.80 -3.34 91.14 359
178 -2.01 -3.31 90.90 43

For full reliability analysis, the value of [glis fixed to 0.2% while [Jis loose up to 4%. This
IS necessary as symmetric tight gaps lead to failed convergence due to lack of memory.
Providing the optimal solution of the deterministic phase of Algorithm 2 helps to shorten
to stochastic phase, taking into account that the base case is the scenario with the largest
probability. Results are shown in Table 6.6 where it can be seen that the closed-loop
design is a more cost-e [edtive option than the radial layout, even with a rather high
optimality gap of up to 4%.

Two important aspects must be highlighted: (i) the transportation model allows for
optimizing large OWFs at the expense of an slight underestimation of design costs, but
even given this uncertainty, both topologies would be still very close in terms of financial
performance. Slightly lower values of MTBF would mean the closed-loop gains more
and more value. (ii) A gap of 4% means that the closed-loop layout could be possibly
cheaper, increasing then its margin compared to the radial counterpart.

Table 6.6: Results with full reliability level for HR1 OWF [J5]

MTBE Di. in total [%] Di . Di . Computing time
expenses Eq. (6.1) ininvestment [%] in operation [%] closed-loopmin]
178 1.13 -3.43 83.01 2.47

6.3.3 Very large OWF: WDS

Last real-world case study is WDS OWF [83]. This OWF has an irregular distribution
of its 108 WTs (3.6 MW individual power) due to abnormal soil conditions. Given this
particular features, larger values of v and o are set, as indicated in Table 6.7, in order to
cover the global minimum according to the hop-indexed model for radial layout design
(right branch of Figure 6.3). The presented optimality gaps ([aland [g) represent the
technical border considering the lowest reliability level, to obtain solutions within the
computational limits. No losses and a transportation power flow mode are used.

Table 6.7: Data inputs for WDS OWF [J5]
PI’I Vn U C Ny d S
36MW 33kv f875105@ A 630,770y ke/km 108 10 25 10 5% 6%
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The numerical results are given in Table 6.8, while graphical results are portrayed in
Figure 6.8.

Table 6.8: Results with reliability level ro =1 for WDS OWF [J5]

Di. in total [%] Di. Di. Computing time
expenses Eq. (6.1) ininvestment [%] in operation [%] closed-looprin]

MTBF

178 -0.67 -1.65 96.46 0.90

(a) Closed-loop design for WDS with MTBF=178

(b) Radial design for WDS

Figure 6.8: Collection system designs for WDS with objective function (6.1) [J5]

Similarly to HR1 (Table 6.5 and Table 6.6), with MTBF of 178, the results in Table 6.8
indicate that a closed-loop design for WDS would most likely pay o Cunder full reliability,
since for the lowest redundancy level the radial layout is only 0.67% cheaper. This is
understandable based on the greater number of WTs and individual power, leading to
more curtailed energy for the same failure. This comparison is upon the condition that
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the relative dilerknce between the solutions is maintained, if a zero optimality gap is
achieved simultaneously.

The resulted closed-loop and radial layouts are given in Figure 6.8. As aforementioned,
this wind farm presents empty areas in between the locations of the generation units,
which seems to impact considerably the mathematical complexity of finding a solution
for the collection system as studied in Section 4.3.2. This fact is also reflected in this case
study, where for the same gap (5%), the flow-based model requires almost double time
than the full binary (0.45h). For Ormonde and HR1 the radial layouts were obtained
almost instantaneously.

In addition, the hop-indexed model does not escalate nor with the size of cable set,
neither with inclusion of total electrical power losses. However, the flow formulation
provides important flexibility to the model such as energy curtailment (used in this case)
or other aspects like, e.g. dilerent WTs types (in terms of power rating).

6.4 Summary

A method, based on [C5] and [J4] has been proposed in this chapter. The proposed
method provides a global optimization model to solve the OWFs collection system,
supporting a simultaneous minimization of investment, operational, and total electrical
power costs, including contingencies due to cables failures.

In spite of the currently rather low failure rates of collector cables failures, early stage in
o [shore projects maturity and the consequent scarcity of available data may mean that
future very large OWF projects may face larger level of contingencies.

This method proposes a framework to compare, in economic terms, closed-loop and
radial layouts for modern OWFs. Several strategies are incorporated in the algorithmic
scheme, in order to be able to study very large real-world problems, such as the use of a
transportation power flow model instead of DC power flow or diLerknt reliability levels.

Stochastic optimization with scenario numeration brings along a comprehensive consider-
ation of the three main criteria for designing electrical networks; investment, electrical
losses, and reliability. However, it also implies a lack a tractability which hardens the
applicability for a larger set of problem types. Overall, the impact of medium voltage
collector system cables failures is quantified in this chapter, showing the importance of
developing methods which enable reliability analysis in the context of computational
optimization. A PCI has been proposed in this direction.

The proposed method has been applied to three dilerknt real-world OWFs, from small
to very large-scale. Results indicate that layouts with single redundancy may bring
economic benefits when compared to non-redundant ones, in function of the instance
size. For a small OWF the radial topology results as the best option, in contrast to large
projects, where the closed-loop is seemingly a better techno-economic solution, when
using failures rates available in literature.
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Conclusions and
Future Research

71 Conclusions

Several optimization methods for the electrical network design of OWFs have been
proposed in this PhD thesis. The methods can be classified in three topics: (i) Optimum
sizing of export power cables, (ii) Deterministic computational optimization of the
cable layout of collection systems and the transmission systems, and (iii) Stochastic
computational optimization of the cable layout of collection systems.

The optimum sizing of export power cables has been studied in this work by exploiting
the high variability and relatively low capacity factor of modern OWFs. While the classic
methods consider static rated conditions of generated power and boundary conditions,
wind power is a stochastic variable which depends on wind random behaviour. Since
detailed information about wind rose are available in the early stages of OWFs develop-
ment, o [SHore wind power time series can be simulated in consistent and coherent way
accounting for realistic fluctuations.

A deterministic approach for calculating the power-transfer capability of OWF cables has
been firstly proposed. The method focuses on the maximum instantaneous temperature
limit of 90 C. The results corroborate the possibility to calculate larger values of
installable OWF power for a given cable type, under specific operating conditions.

Nevertheless, reliability assessment applying probabilistic techniques is an essential aspect
that is missing in the classic and newer industrial standards, when it comes to sizing the
export cables. In trying to obtain the cable which provides the best trade-o [bletween
investment, losses and reliability, an optimization framework for sizing has been proposed.
These three factors are modelled by means of a LCOE-share metric for export cables.

The reliability requirement is translated into a lifetime estimation value. In the proposed
method, loss-of-life fractions in the insulation materials are estimated o Lind through a
probabilistic lifetime model, known as Arrhenius-1PM; the simulated o [SHore wind power
time series are used for this purpose. The lifetime estimation takes into consideration
the e[edts of cable total length: the high capacitive currents and the statistical volume
enlargement law. Furthermore, the cable lifetime is inferred based on the accumulated
ageing e [edts previously quantified.

Results show the potential of this method in terms of the LCOE-share reduction. Ac-
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cording to the simulations, a reduction up to 5% can be achieved, while guaranteeing all
the operational security constraints. An uncertainty analysis of the parameters deemed
to be the least available: soil thermal resistivity and seabed temperature, showed that
their the impact on cable sizing can be significant.

The distance from shore also has an impact on the cable sizing; for larger distances the
cables lifetime is the limiting factor, while for shorter distances the ultimate thermal
strength takes that role. A relaxation of the maximum instantaneous temperature can
allow for a further reduction in the cable sizing for shorter distances, providing cost
reductions even compared to the newer industrial practices.

Regarding the second topic, the deterministic design of the cable layout of collection
systems for OWFs appears as a very hard computational problem in this context.
Four big clusters of methods exist: heuristics, metaheuristics, global optimization with
mathematical formulations, and hybrids.

While heuristics have polynomial running time, the specific characteristics of the problem
for o [sHore wind makes it very hard to obtain high quality solutions. This is accentuated
when a large set of available cables is presented, where also a decision of choosing a cable
type must be done.

Metaheuristics are a flexible approach which provides a great degree of versatility for
modelling the problem, and they are particularly useful for non-convex problems where
it is very hard to get feasible points. However, there is barely any theory about running
time (generally very resource consuming) and solution quality. An algorithmic framework
supporting both well-know modified versions of graph theory heuristics and a GA has
been proposed.

The EW shapes itself as the best performer in the set of heuristics. When the EW is
able to provide feasible points and there is only a single cable available, it provides
strong solutions almost instantaneously for problem sizes in the order of modern OWFs.
Contrarily, the designed GA results generally in feasible points, showing its ability to
incorporate the planarity constraints. The GA is also able to choose among di Lerknt
cable types with the encoding approach. When electrical power losses have a sizeable
weight in the desired objective, heuristics inherently come up with lower losses when
compared to the GA (without losses encoded), given that they obtain solutions with
shorter length.

An approach combining global optimization (i.e. exact formulation) and heuristics have
also been proposed in this PhD thesis. The algorithm is based on a MILP model using a
hop-index formulation with pre-processing, in order to manage in advance the inclusion
of cable type selection and losses calculation.

The proposed global optimization model has been benchmarked against another available
hybrid method. It shows a superiority in terms of: (i) Computing time to obtain feasible
points, (ii) Computing time to provide high quality solutions with tight optimality gaps,
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and (iii) Capacity to incorporate high fidelity models to calculate total electrical power
losses and capacitive currents.

Finally, the algorithmic framework has been generalized for the simultaneous optimization
of the radial cable layout of collection systems, with the location of OSSs, and sizing of
the export cables. This is an extension of the previous problem. Results indicate the
ability to solve very large problem, providing very good solutions with tight optimality
certificates in reasonable computing time.

In the last topic, a stochastic model to quantify the economic suitability of building
closed-loop collection system for OWFs has been proposed. This is accompanied by an
optimization framework where radial layout is compared to the designed closed-loop
layout.

The decision of whether design radial or looped layouts for the collection systems lies in
the availability of methods to perform computational optimization under uncertainty.
The attributed significance to the cables failures frequency may play a role as well.
Applying a deterministic optimization model in this work means that cables will operate
continuously along the project lifetime. A probabilistic approach implies associating to
each cable of the layout a failure probability that will impact the operation performance
of the OWF.

In this PhD work, on the one hand, it has been shown that with a deterministic approach,
very large problems can be addressed with the proposed method and formulation. An
extended version of the collection system problem is studied, including OSSs location,
export cables, and forbidden areas. This is achieved by means of the modelling strategy
of the problem. On the other hand, stochastic optimization presents a less tractable
structure, which causes that the capacity to approach dilLerent problems is reduced.

In this regard, in this PhD thesis some strategies to apply the stochastic optimization
model for closed-loop designs have been proposed. These strategies include: (i) Reduction
of the variables number and system states, (ii) Relaxation of the power flow model, (iii)
Relaxation of the optimality gaps, and (iv) Relaxation of the reliability level.

The applicability of the full method is demonstrated by studying three di[lerkently sized
real-world OWFs. Results show that the profitability of either topology type depends
strongly on the project size and WT rating. Closed-loop may be a competitive solution
for large scale projects where large amounts of energy are potentially curtailed. The
particular geometrical characteristics of the OWF also aledt these results, in particular
the separation distance between WTSs.

Concluding, the research presented in this thesis indicates that, to support the very
ambitious targets of o [sHore wind deployment, the paradigm of the electrical network
design of (very large) OWFs needs to become more tailored upon the stochastic nature of
wind speed. As optimization is by its own nature moving the design towards the limits,
aspects such as lifetime and reliability should be incorporated, resulting in probabilistic
approaches. Intrinsic engineering constraints, such as design demands, geometrical and
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spatial aspects, and physical modelling of the installation conditions, emerge as the most
important parameters in the context of OWFs electrical network design.

7.2 Recommendations for Future Research

Future research e [arts could be directed to the following points:

Elaboration of case studies applying the proposed optimization framework for
export cables, comparing DC cables, AC single-core cables, and AC three-core
cables.

Extension of the proposed optimization framework for export cables to other HV
power components used in OWFs, such as, transformers and converters.

Development of heuristics with possibility to choose between cable types and ability
to overcome planarity constraints.

Development of other metaheuristics methods, such as PSO or ACO, with compar-
ison to the GA. Quantitative evaluation using statistical analysis of the solution
quality obtained by them.

Inclusion of dynamic cable rating techniques in the optimization of the collection
systems of OWFs.

Development of algorithmic frameworks based on global optimization methods, to
optimize simultaneously the WTs location and the deterministic cable layout of
collection systems for large-scale OWFs.

Development of more complex computational models for the seabed bathymetry
and forbidden areas (with non-polygonal shapes). Study the impact of those models
on the optimum layout.

Development of stochastic optimization models for very large OWFs with multiple
0OSSs, and simultaneous optimization of export cables.

Extension of the simultaneous optimization model for collection and transmission
systems, supporting meshed interconnections between OSSs and OCPs.

Integration of OWF optimization with other generation technologies, such as solar
energy and hydrogen production plants.
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