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Abstract: One key directive to realize the global transition towards net-zero emission goals is

to integrate more renewable energy resources into the generation mix. Due to higher and more

consistent wind speeds, offshore wind farms (OWFs) have the potential to generate more energy at a

steadier rate than their onshore counterpart. However, at the collection system level, all the OWFs

use alternating current (AC) technology at present. Nonetheless, with an increasing capacity of the

single wind turbine (WT) and larger distances to the shore, the use of direct current (DC) technology

at the collection system level is beneficial. To select a suitable DC collection system topology, this

paper proposes a comprehensive analytical reliability evaluation method, based on the Universal

Generating Function technique, together with associated economic factors. Four candidates DC

collection system options were evaluated with different WT capacities for a 400 MW OWF. The

availability indices such as Generation Ratio Availability and Expected Energy Not Supplied were

used to assess their reliability levels. The results show that the radial topology with a single platform

DC/DC converter is more reliable and economical than the other candidate options.

Keywords: DC collection system; economic; offshore wind power; reliability; universal generat-

ing function

1. Introduction

1.1. Background

Power generation that utilizes naturally replenishing resources shows significant
advantages over coal- and fossil fuel-based power plants. Greenhouse gas emissions,
depletion of resources over time, and emission of harmful substances are some of the major
drawbacks of these thermal power plants. To minimize these impacts, various policy goals
have been set by different nations across the globe. The UK’s ambition to be net-zero by
2050 [1] and the European Union’s target to become carbon neutral by 2050 [2] are some of
the strategic decisions already established. Further, China also devised aspiring targets to
become carbon neutral before 2060 and plans to reduce its emissions within the next ten
years [3]. All these goals will catalyze renewable energy (RE) development further.

Among the different state-of-the-art RE technologies, energy generation via wind
resource accounts for a significant portion of the global RE mix. For instance, the energy
generated by wind in 2019 was 1417.05 TWh [4]. Compared to onshore wind power,
offshore wind power has advantages, such as richer wind resources, no land restrictions,
and a higher capacity factor. Therefore, it has shown broader sustainable development
prospects [5]. In 2019, the newly installed capacity of global offshore wind power exceeded
6 GW, with a cumulative installed capacity of 29.1 GW [6]. Notably, in the same year, China
achieved a new record, installing 2.4 GW offshore wind [7].

With the significant advancements in offshore wind turbine (WT) technology, the rated
capacity of a single unit has been increased over the last few years. In early 2021, Vestas
announced a 15 MW wind turbine—V236-15.0 MW [8]. It is currently the largest WT in
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the world, with a prototype installation expected in 2022, and serial production scheduled
for 2024. Further, the GE 14 MW Haliade-X—an upscaled version of the 13 MW unit—to
be installed during phase three of the Dogger Bank offshore wind project (130 km off the
North East coast of England), is considered the largest WT to secure a supplier contract at
present [9].

Among the transmission options available for bulk power transfer, both the high
voltage direct current (HVDC) and high voltage alternating current (HVAC) technologies
are being used to export offshore wind energy to the onshore grid. However, with the
increasing distances to the mainland grid, it is always beneficial to use HVDC technology
over its counterpart HVAC technology. The 400 MW BorWin1 project (located 125 km
off-the-shore) is one of the first large-scale OWFs to use voltage source converter (VSC)
HVDC technology. It has been feeding electricity into the German electrical network since
December 2010 [10]. Both these technologies are used at the transmission level, while to
date, only the medium voltage AC (MVAC) technology has been used at the collection
system level.

1.2. Different Collection System Options

The selection of a pertinent network structure is one of the important preliminary
studies performed at the early stage of an OWF development. Different offshore wind AC
collection system topologies were well analyzed in the literature to obtain the optimized
configuration with a consideration of system losses and associated life-cycle costs [11–15].
It was shown [16] that closed-loop network configuration (i.e., ring configuration) is more
economically viable than the typical radial OWF collection system configuration. However,
due to concerns such as (a) additional control complexity, and (b) the requirement to
over-rate some cable sections (which incurs additional investment), the radial topology
has only been deployed in commercially operating OWFs at present. One of the main
advantages of radial topology is its control and operational flexibility. However, the main
drawback of the radial connection is that, upon failure of an upstream cable connection
of the network, all healthy WTs are required to implement a forced-shutdown. With
the uncertainties associated with severe weather conditions prevailing in the offshore
environment, component repair times could be much longer than anticipated.

As discussed above, with the increasing capacity of a single WT unit, more energy
could be extracted with fewer units. However, electrical losses also increase propor-
tionately. In this regard, the use of DC technology at the collection system level will
help minimize network losses. Different DC collection system topologies were proposed in
the literature, such as different variants of radial topology, DC-series, and series–parallel
structures [17–20]. Topologies such as series and series–parallel, do not require an interme-
diate collection system platform. This leads to a lower capital investment over topologies
that use intermediate collection platforms. Unlike the AC technology, DC technology does
not require bulky power frequency transformers. This helps to increase the power density
of intermediate collection platforms in some DC collection system topologies. Further,
the use of a pure DC system eliminates the reactive compensation issue, which always
encounters with long-distance AC transmission.

1.3. The Requirement of Reliability and Economic Assessment

Although the OWFs yield higher energy, operational and maintenance costs are
much higher than those of the onshore counterpart, due to the poor accessibility under
harsh marine weather conditions. In such environments, it is crucial to ensure that all
components are reliable in order to maintain higher availability levels. Thus, overall
reliability assessment is important when selecting a suitable collection system topology.

Various studies were conducted on the reliability evaluation of AC collection systems
in the open literature. In [21], a multi-objective optimization model, based on the redun-
dancy of the power collector system was used to evaluate several AC collection system
options. However, the main objective of this study was to identify the optimal redundant



Energies 2021, 14, 2922 3 of 24

structure and a detailed availability analysis, as the stochastic behavior of components has
not yet considered. A genetic algorithm-based optimization technique was used in [22] to
evaluate the investment cost and reliability of different AC collection system topologies. It
demonstrated that the number of collection system platforms and their geographical loca-
tions influence the overall system reliability. The results show that the ring-type collection
system with a single collection system platform is more reliable than a radial configuration
with two intermediate collection system platforms. In [23], an efficient methodology based
on the genetic algorithm and minimum spanning tree was used to identify the optimal
OWF grid layout to minimize the total cost, which is a sum of construction, power losses,
maintenance, and costs of reliability. However, all of the above studies only focused
on identifying the optimal AC collection system configuration and very few works are
conducted on the reliability assessment of DC collection system configurations.

In [24], a comparison was made between the reliability and cost of the OWF DC-series
collection system and those of the AC-radial collection system. The results highlighted that
the candidate DC series topology becomes comparable with the AC-radial design, as the
single WT capacity increases. However, other DC collection system options are not yet
investigated. A reliability block diagram (RBD)-based approach was used to assess the
reliability of the DC series and series–parallel topologies in [25] and the same approach
was used to identify the best converter topology in [26]. However, the variability of the
wind speed or multiple component failures was not considered. In this regard, a detailed
evaluation of the reliability of candidate DC collection system topologies considering
associate economic factors is yet to exploit.

In view of the shortcomings of the above works, this study proposes an analytical
reliability evaluation model, based on universal generating function (UGF) to evaluate
different OWF DC collection system topologies [27]. This strategy combines with the
stochasticity of wind with multiple power output states of a single WT. The corresponding
state probabilities for a finite number of output states were obtained using Jenks natural
breaks clustering algorithm. The relationship between the output states and corresponding
state probabilities of WTs were combined using the UGF technique considering the network
structure. Twelve different case studies were performed using four DC collection system
options with three different WT capacities (10 MW, 8 MW, and 5 MW) for a 400 MW OWF.
The system availability indices such as Energy Expectation Not Supplied (EENS) and
Generation Ratio Availability (GRA) were used to assess their reliability performances.
Finally, the investment cost and operating costs (which includes network losses) were
incorporated to identify the best topology.

This paper is organized as follows. In Section 2, the proposed network topologies
for DC collection systems with their unique advantages and disadvantages are discussed.
Then, Section 3 provides a detailed description of the methodology used to identify the
most suitable DC collection system configuration, in terms of reliability and other economic
factors. In Section 4, a case study was performed for a 400 MW OWF, according to
the methodology discussed in Section 3. Finally, the general conclusions of this study
are presented.

2. Network Topologies for DC Collection Systems

The proposed DC collection system topologies for OWFs include different config-
urations of radial topology, series topology, series–parallel (SP) topology, and matrix
topology [17,19,28]. As shown in Figures 1–4, the availability levels of three different
configurations of radial topology and SP topology are first analyzed. In this analysis, the
MVDC and HVDC pole-to-pole voltage levels were set to ±10 kV and ±100 kV, respectively.
The matrix topology is an improved version of the SP topology [28]. However, it uses
additional switchgear, which is more complex to control, and the investment is also higher
as compared to SP topology, hence opt from this analysis.
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2.1. DC Radial Collection Systems

In any radial configuration, at least one centralized DC/DC converter is required to
boost the voltage to the HVDC transmission voltage level. The configuration in Figure 1
uses a single collection system platform. The number of WTs connected to each feeder
is decided by the optimized network layout under multiple factors, such as the current
carrying capacity of cables, network losses, etc. In the radial configuration, the use of a
reduced number of voltage conversion stages is beneficial to minimize the capital cost. To
improve the reliability of the centralized DC/DC converter station, modular designs can
be used [29].

Among the candidate DC/DC converters available for high power applications, the
Dual Active Bridge (DAB) converter looks promising in terms of flexibility in power flow
control [30,31]. One drawback of this configuration is that it requires a higher voltage gain
to boost the voltage from the MVDC level to the HVDC level. However, to overcome this
issue, modular designs, such as modular multi-level converter (MMC) with input-parallel,
and output-series (IPOS) connections with a lower transformation ratio, can be used at the
expense of capital investment [30].

Figure 2 shows a radial configuration that comprises an individual collection system
platform per feeder (Radial-2). This topology is more suitable for OWFs, where the
centralized collection system platform is located far away from the OWF collection system.
Another advantage of this topology is the ability to use lower voltage transformation
ratios. The DC output voltage of WTs is first boosted by the intermediate DC/DC converter
and then a higher MVDC voltage level than the voltage in Radial-1 topology is used, at
the centralized collection system. However, due to the utilization of multiple DC/DC
converters, the capital cost is higher than the Radial-1 topology.

The feeder configuration of the Radial-3 topology is shown in Figure 3. This configu-
ration is almost the same as Radial-2, except for the intermediate DC/DC converter voltage
levels. In this configuration, the intermediate platforms are connected in series to build up
the required HVDC voltage level. One advantage of this topology is the elimination of the
platform converter platform, which enables reducing the capital investment. However, the
inherent drawbacks of SP topology, which are discussed in Section 2.2, are also associated
with this topology.

2.2. Series–Parallel Collection System

In the series or SP topology (Figure 4), the WTs are connected in series to build
up the HVDC transmission voltage. However, in the series topology, there is only one
feeder/branch and it has a lower wind farm output capacity than the SP topology, hence, it
was eliminated from the analysis. The main advantage of SP topology is that it requires no
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intermediate platforms to boost the voltage to the transmission level. This helps to minimize
capital investment.

The main drawback of this topology is that, upon failure of multiple WTs, the healthy
units are required to maintain the pole-to-pole HVDC voltage level [32]. However, if
the allowable voltage limits are exceeded by individual units (typically 10% of the rated
voltage), the entire string is required to implement a forced-shutdown. Further, additional
requirements such as (a) proper insulation coordination between each series-connected
WT, and (b) special insulation designs for each unit are some other drawbacks of this
SP topology.

3. Methodology

The OWF reliability assessment uses two basic techniques—(a) analytical methods,
and (b) chronological simulation methods. The analytical methods such as Reliability
Block Diagrams (RBDs) [33], Markov processes [34], capacity outage probability tables
(COPT) [35], and methods, based on the minimal spanning tree technique [23] were used
to evaluate the reliability of OWFs in the literature. The chronological simulation technique
called Monte Carlo simulation (MCM) is also a widely used method in the literature [36,37].
The MCM method relies on repeated random samples to obtain numerical results that are
computationally inefficient, as compared to analytical methods.

In general, a physical component operates with binary states, i.e., working or failed
state, with their associated probabilities. However, due to the stochastic nature of wind
speed, the WT power output is always coupled with the probability distribution of the
wind. Although the WT is in a healthy operational condition (with a certain probability), its
power output always correlates with the corresponding state probabilities of wind speed.
Thus, this can be considered to be a multi-state system that is driven by a single source,
i.e., wind. In the OWF reliability assessment, the variability of wind speed is required
to be incorporated. The established methods based on RBDs or COPT tables to evaluate
such systems with a large number of components is inherently complex. To overcome
this computational complexity with different network structures and their dependency
on external constraints, the proposed UGF technique can be easily adapted. Compared
with other analytic methods, the required reliability results can be obtained with a fewer
calculation step.

Section 3.1 first introduces the clustering method used to quantify the finite number of
wind turbine power output states, with their associated state probabilities. Then, Section 3.2
presents the mathematical representation of the UGF technique as the basis for reliability
evaluation. Next, the UGF model is applied to different DC collection system options to
evaluate their availability levels, using indices such as GRA and EENS. Finally, a detailed
cost model is presented to perform economic analysis.

3.1. Clustering of Wind Turbine Power Output

To evaluate OWF reliability, first, it is required to obtain corresponding state probabili-
ties of WT power output from the measured time-series wind speed data (typically between
1–10 min sampling interval) for a certain period (typically 1 year). However, accounting for
all state probabilities of time-series data (e.g., 52,560 state probabilities in 10 min average)
with very low probabilities, only increases the computational time. Therefore, as shown in
Figure 5, the clustering of WT power output into a finite number of states will enhance the
computational efficiency when analytical techniques are used.
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The intermittent and randomness of wind speed result in different states of WT power
output. To obtain the corresponding WT power output for a certain wind speed, it is
required to refer to the WT power curve provided by the manufacturer’s datasheet. This is
given by:

Pw(vw) =























0 vw < vci

Pr·
(vw−vci)
(vr−vci)

vci ≤ vw < vr

Pr vr ≤ vw < vco

0 vco ≤ vw

(1)

where Pw(vw) is the power generated at wind speed vw (m/s), vci is the cut-in wind speed,
and vco is the cut-out wind speed. Pr is the rated power of the wind turbine, and vr is
the rated wind speed. It can be seen from Equation (1) that the relationship between the
instantaneous wind speed and instantaneous power output of WT is non-linear.

Among the different clustering techniques available in the literature, this study used
the Jenks Natural Breaks method to quantify the time-series wind power output data into
a finite number of states [38,39]. The classification principle of this method is based on
grouping similar sized data. The variance of the data is used to measure the classification
effect, i.e., to determine the number of clusters. First, it calculates the variance of each
category, and then the sum of the variances of all categories are calculated. The smaller
the sum of variance, the better the classification effect. Therefore, first, the number of
clusters K must be determined. The calculation process for obtaining the objective function
i.e., Goodness of Variance Fit (GVF) is mathematically represented by Equations (2)–(4),
as follows:

SDAM =
1

N

N

∑
i=1

(zi − z)

2

(2)

SDCM =
K

∑
j=1

1

Nj

Nj

∑
i=1

(zij − zj)

2

(3)

GVF = 1 −
SDCM

SDAM
(4)

where SDAM (Sum of Squared Deviations from the Array Mean) is the variance of all data,
which is a fixed value. N is the number of data, zi is the ith data point, z is the average
value of the data set, SDCM (Sum of Squared Deviations about Class Mean) is the sum of
the variances when data are divided into K categories, Nj is the number of data in the jth
category, zij is the ith data in the jth category, and z is the average value of the jth category.
SDCM is related to the value of K. SDCM decreases with an increase in K. When K = n,
SDCM = 0 and GVF = 1. The larger the GVF, the better the classification effect.
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3.2. Reliability Modelling

3.2.1. Failure Rate Calculation of dcWT

The dcWT used in this analysis can be considered to be an extension of Type-4 acWT,
which replaces the grid side converter (GSC) with a DAB DC/DC converter [19]. The
operating status of the WT is determined by the availability of each sub-system, such as the
generator, converter, gearbox, etc. It was assumed that all components were independent
and hold Markov properties [40]. In the Markovian context, the status of a component/sub-
system was represented by the binary state-space model, as shown in Figure 6.

Working Failed

λi

µi
 

1


1

1


 

λ μ

=
+

=
+

 

,1 ,2 ,3 ,

,1 ,2 ,3 ,

{ , , , , }

{ , , , , }





Figure 6. State transition diagram of a wind turbine ith component.

The average failure λ and repair rate µ of the dcWT can be calculated using
Equations (5) and (6), with the knowledge of its subsystems as follows:

λ =
r

∑
i=1

λi (5)

µ =
λ

r

∑
i=1

λiµ
−1
i

(6)

where λi and µi are the failure and repair rates of the dcWT ith sub-system, which has r
number of total sub-systems. The availability AWT of the whole system, i.e., the probability
of being in the working state can be calculated as Equation (7), and the unavailability level
UWT is defined as Equation (8):

AWT =
µ

λ + µ
(7)

UWT =
λ

λ + µ
(8)

3.2.2. The Universal Generating Function

Suppose there are n discrete random vectors G1, G2, G3, . . . , Gn, where the probability
distribution of Gi can be represented by two vectors gi and pi. The vector gi represents the
possible value of Gi and the vector pi represents the probability corresponding to the value
of Gi:

gi =
{

gi,1, gi,2, gi,3, · · · , gi,mi

}

pi =
{

pi,1, pi,2, pi,3, · · · , pi,mi

}

(9)

where:
pi,j = Pr

{

Gi = gi,j

}

j= 1, 2, · · · , mi (10)

For a random variable Gi, the polynomial form of its z-transformation is defined as:

Ui(z) = pi,1zqi,1 + pi,2zqi,2 + · · ·+ pi,mi
zqi,mi =

mi

∑
j=1

pi,jz
qi ,j (11)
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where z is just a symbolic notation. The index qi,j represents the value of the variable, and
the coefficient pi,j represents the probability when the variable value is qi,j. Therefore, the z-
transformation for the system consisting of n random variables can be represented as:

U(z) = ⊗
f
(U1(z), U2(z), · · · , Un(z))

= ⊗
f

(

m1

∑
j1=1

p1,j1 zq1,j1 ,
m2

∑
j2=1

p2,j2 zq2,j2 , · · · ,
mn

∑
jn=1

pn,jn zqn ,jn

)

=
m1

∑
j1=1

m2

∑
j2=1

· · ·
mn

∑
jn=1

(

n

∏
i=1

pi,ji z
f (q1,j1

,q2,j2
,··· ,qn,jn )

)

(12)

where U(z) is the UGF of the function and ⊗
f

is the combination operator of UGF. For

instance, if the system contains two components in series, the UGF of the system is given by:

U(z) = ⊗
f
(U1(z), U2(z)) =

m1

∑
j1=1

m2

∑
j2=1

(

n

∏
i=1

pi,ji z
min(q1,j1

,q2,j2
)

)

(13)

Thus, the ⊗
f

combination operator is the minimum value of (q1 and q2) of system variables

under the governing constraints. Similarly, for a system with two components in parallel,
the UGF can be represented as Equation (14), where the combination operator is the
addition of (q1 and q2).

U(z) = ⊗
f
(U1(z), U2(z)) =

m1

∑
j1=1

m2

∑
j2=1

(

n

∏
i=1

pi,ji z
q1,j1

+q2,j2

)

(14)

UGF Model for Radial Topology

In the radial topologies presented in Figures 1–3, assume that there are n WTs per
feeder and m total number of feeders. Consider the states of the WT as operating at power
level Px MW or failed state, i.e., 0 MW with corresponding state probabilities p1 and p2

(=1 − p1), respectively. For the time being, assume that the probability of power output
level Px is px = 1. The UGF of the ith WT Ui(z, x) can then be represented by:

Ui(z, x) = p1zPx + p2z0 (15)

For n WTs in parallel, the UGF function for kth feeder UFk is represented by:

UFk(z, x) = ⊗
⊕
(U1(z), U2(z), · · · , Ui(z), · · · , Un(z))

=
n

∏
i=1

(p1zPx + p2z0)
i
= (p1zPx + p2z0)

n

= a0z0 + a1zPx + a2z2Px + · · ·+ aiz
iPx + · · ·+ anznPx

(16)

Define the UGF of the platform DC/DC converter C1 with the corresponding state proba-
bilities of perfect functioning as pc1 and failure as pc2 by:

UC1 = pc1znmPx + pc2z0 (17)

Similarly, the UGF of the kth centralized DC/DC converter CFk (k = 1,2, . . . k, . . . , m)
with corresponding state probabilities of perfect functioning as pcf1 and failure as pcf2 is
defined as:

UCFk
= pc f 1znPx + pc f 2z0 (18)

• Radial-1 Topology
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As shown in Figure 1, all MVDC feeders are aggregated at the platform DC/DC
converter in Radial-1 topology. The UGF of the OWF collection system Ur1, which has
n × m number of WTs can be defined as:

Ur1(z, x) = ⊗
⊕
(UF1(z), UF2(z), · · · , UFk(z), · · · , UFm(z))

= (
m

∏
k=1

(p1zPx + p2z0)
nk

= b0z0 + b1zPx + b2z2Px + · · ·+ bikzikPx + · · ·+ bnmznmPx

(19)

Next, to obtain the UGF of the Radial-1 topology, the UGFs of the collection system
and the platform DC/DC converter is combined using the formula:

URadial−1(z, x) = ⊗
min

(Ur1(z, x), UC1(z, x))

= (b0z0 + b1zPx + b2z2Px + · · ·+ bikzikPx + · · ·+ bnmznmPx )× (pc1znmPx + pc2z0)

= (pc1b0zmin(0,nmPx) + pc2b0zmin(0,0) + pc1b1zmin(Px ,nmPx) + pc2b1zmin(Px ,0) + pc1b2zmin(2Px ,nmPx) + pc2b2zmin(2Px ,0)

+ · · ·+ pc1bikzmin(ikPx ,nmPx) + pc2bikzmin(ikPx ,0) + · · ·+ pc1bnmzmin(nmPx ,nmPx) + pc2bnmzmin(nmPx ,0))

= (c0z0 + c1zPx + c2z2Px + · · ·+ cikzikPx + · · ·+ cnmznmPx )

(20)

In Equation (20) the combination operator ⊗
f

is the minimum value of corresponding

to the state variables. Finally, the UGF of the Radial-1 topology for Px power, which
corresponds to cluster x with the state probability of pwt_x can be obtained as:

URadial−1(z, x) = pwt_x × (c0z0 + c1zPx + c2z2Px + · · ·+ cikzikPx + · · ·+ cnmznmPx ) (21)

Considering that all ncl WT power output clusters, the UGF of the Radial-1 topology is
given by:

UGFOWF−Radial−1 =
ncl

∑
x=1

UGFRadial−1(z, x) (22)

• Radial-2 Topology

Similarly, using Equations (16) and (18), the UGF of a feeder in Radial-2 topology
which combines the n parallel WTs, and the centralized DC/DC converter could be repre-
sented as:

UCFk
(z, x) = ⊗

min
(UFk(z, x), UCFk

(z, x))

= (a0z0 + a1zPx + a2z2Px + · · ·+ aiz
iPx + · · ·+ anznPx )× (pc f 1znPx + pc f 2z0)

= (pc f 1a0zmin(0,nPx) + pc f 2a0zmin(0,0) + pc f 1a1zmin(Px ,nPx) + pc f 2a1zmin(Px ,0) + pc f 1a2zmin(2Px ,nPx) + pc f 2a2zmin(2Px ,0)

+ · · ·+ pc f 1aiz
min(iPx ,nPx) + pc f 2aiz

min(iPx ,0) + · · ·+ pc f 1anzmin(nPx ,nPx) + pc f 2anzmin(nPx ,0))

= (d0z0 + d1zPx + d2z2Px + · · ·+ diz
iPx + · · ·+ dnznPx )

(23)

Following Equation (19), m-feeders of the Radial-2 topology can be combined as follows:

Ur2(z, x) = ⊗
⊕
(UF1(z), UF2(z), · · · , UFk(z), · · · , UFm(z))

= (
m

∏
k=1

(d0z0 + d1zPx + d2z2Px + · · ·+ dikziPx + · · ·+ dnmznPx )
k

= e0z0 + e1zPx + e2z2Px + · · ·+ eikzikPx + · · ·+ enmznmPx

(24)

Finally, to obtain the UGF of the Radial-2 topology, the UGFs of the collection system and
the platform DC/DC converter could be can using Equation (20). The final UGF is obtained
using Equations (21) and (22).

• Radial-3 Topology
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In Radial-3 topology, the UGF of the OWF collection system is the same as in the
Radial-2 topology defined in Equation (23). However, the feeders are connected in series, in
which its topology reliability can be considered as a k-out-of-n(G) system. The OWF remains
connected to the grid until n – k + 1 feeder DC/DC converters fail. The value of k is decided
by the allowable over-voltage limit of each DC/DC converter. The technique used to obtain
the UGF of a general k-out-of-n(G) system in [27] was adapted with necessary modifications.

1. Determine the UGF (UCFk) of each feeder DC/DC converter as in Equation (18)
2. Obtain the UGF of all m feeders (k = 1,2, . . . ,m)

UCF(z, x) = ⊗
⊕
(UCF1(z), UCF2(z), · · · , UCFk(z), · · · , UCFm(z))

= (
m

∏
k=1

(pc f 1znPx + pc f 2z0)
k

= f0z0 + f1znPx + f2z2nPx + · · ·+ fk−1z(k−1)nPx + fkzknPx + · · ·+ fmzmnPx

(25)

3. Define the value of kmin, i.e., the minimum number of centralized DC/DC converters
required for a successful operation of the OWF collection system.

4. Obtain the new UGF by replacing all zknPx with z0 for k < kmin in Equation (25)

U′
CF(z, x) = f0z0 + f1z0 + f2z0 + · · ·+ fk−1z0 + fkzknPx + · · ·+ fmzmnPx

= ( f0 + f1 + f2 + · · ·+ fk−1)z
0 + fkzknPx + · · ·+ fmzmnPx

(26)

5. Finally, combine Equation (26) with the UGF of the OWF collection system Ur1, which
comprises m-feeders and n-WTs per feeder, as defined in Equation (19).

Ur3(z, x) = ⊗
min

(U′
CF(z, x), Ur1(z, x))

= (( f0 + f1 + f2 + · · ·+ fk−1)z
0 + fkzknPx + · · ·+ fmzmnPx )×

(b0z0 + b1zPx + b2z2Px + · · ·+ bikzikPx + · · ·+ bnmznmPx )

= g0z0 + g1zPx + g2z2Px + · · ·+ gikzikPx + · · ·+ gnmznmPx

(27)

6. The final UGF for ncl states can be obtained by referring to Equations (21) and (22).

UGF Model for Series-Parallel Structure

In SP topology, WTs are connected in series to build up a feeder and then the feeders
are connected in parallel. Consider a feeder as a subsystem here. In this subsystem, when a
single WT fails and is by-passed, the pole-to-pole voltage of the feeder must still be within
the allowable voltage limits. However, the terminal voltages of healthy WTs increase to
match the pole-to-pole voltage of the entire string. In this situation, if multiple WTs trip,
healthy units experience overvoltages at their terminals beyond their maximum limits.
Thus, as a safety measure, the entire feeder is required to implement a forced shutdown.
Therefore, a feeder in the SP topology can be considered as a k-out-of-n(G) system.

Consider the feeder-F1 in Figure 4 where n WTs are connected in series per feeder and
there are m feeders in parallel. Assuming the power output of WTs is aggregated into ncl

clusters, the UGF of the feeder at the xth state can be represented as:

UGFF1(z, x) =
n−k

∑
i=0

Ci
n p

(n−i)
1 pi

2zPx×(n−i) +
n

∑
i=n−k+1

Ci
n pn−i

1 pi
2z0

x = 1, 2, · · · , ncl

(28)
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where all variables are denoted as in Section 3.2.2. Assuming the negligible impact of the
wake effect, the UGF of SP topology with m-parallel feeders can be defined as:

UGFSP(z, x) = pwt_x ×⊗
f
(UGFF1(z, x), UGFF2(z, x), · · · , UGFFm(z, x))

= pwt_x × UGFF1(z, x)× UGFF2(z, x)× · · · × UGFFm(z, x)

= a0z0 + a1zPx + a2z2Px + · · ·+ anmznmPx

(29)

where pwt_x is the probability of Px being in the xth state. Finally, considering all ncl cluster
states, the UGF of SP topology can be obtained as follows.

UGFOWF_SP(z, x) =
ncl

∑
x=1

UGFSP(z, x) (30)

3.2.3. Reliability Indices

To evaluate the associated availability levels of different DC collection systems, the
Expected Energy Not Supplied (EENS) and Generation Ratio Availability (GRA) [41] are
used. The EENS is the energy the system that is not able to export to the point of connection
due to probabilistic uncertainties of the system. This can be expressed as:

EENS =
N

∑
i=1

pi × (POWFmax − POWFi)× 8760 (31)

where pi is the probability that the whole system is in the ith power output state, POWFmax

is the rated capacity of the OWF, POWFi is the power output of the whole system in the ith
state. The total number of states N is the product of the number of WTs nwt and the number
of WT power output clusters ncl.

The GRA refers to the probability of at least a certain percentage (defined as Generation
Ratio Criterion-GRc) of electrical energy that could be delivered to the grid. Let the column
matrix V be defined by:

V =





















V1

V2
...

Vx
...

Vncl





















ncl×1

; x = 1, 2, · · · , ncl (32)

where Vx = [a0, a1, a2,..., anm] is a row matrix with a0, a1, a2,..., anm that denotes the corre-
sponding state probabilities of the respective collection system and remains in a certain
power output level Px. GRA(GRc) represents the ratio of power generation availability
under the condition of at least i working wind turbines:

GRA(GRc) =
ncl

∑
j=2

nm

∑
h=i

V(j, h); GRc =
i

n × m
× 100% (33)

3.3. Lifetime Cost Estimation

When identifying a suitable DC collection system option for an OWF, life-cycle costs
of candidate topologies are required to be considered. Cost estimation is as important as
reliability evaluation. To fully reflect the economics of different topologies, both the initial
investment costs and costs incurred due to network losses during its operational lifecycle
is incorporated. The initial investment cost mainly includes the cost of WTs, cables, and
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converters, while the costs associated with operational losses mainly include the cables
and converter losses.

3.3.1. Capital Investment

• WT Cost

The dcWT concept is still at the research and development stage. Therefore, the capital
cost was estimated, based on the available prices for acWTs of the same rated capacity,
with required modifications. A detailed cost-breakdown of different components for a
fully-rated, power-converter-based offshore acWT (Type-4) could be found in [42]. As
discussed in Section 2.1, a DAB-based dcWT topology was considered in this analysis. This
could be considered as an addition of an AC/DC converter to the acWT front-end, and the
cost of AC/DC converter was 8667.4 £/MW. The required capital costs of 10 MW, 8 MW,
and 5 MW dcWTs are shown in Table 1.

Table 1. Cost of DC WT with Different Capacities.

WT Capacity (MW) Cost per WT (£)

10 1,366,674
8 1,149,339
5 823,337

• DC/DC Converter Costs

The capital cost per unit capacity (£/MW) of a centralized DC/DC converter and
platform DC/DC converter was different, due to various techno-economic factors. The
cost of the centralized and the platform DC/DC converters were taken as 120 £/kVA [43],
and 0.22 M£/MW [44], respectively.

• DC Cable Cost

To calculate the capital cost of DC cables with different current carry capacities, the
following formula was considered, as discussed in [44,45]:

Ccable = Rate × (A + BPn)× lcable

Pn = Un In

(34)

where Pn is the rated power of the cable (W), Un is the rated pole-to-pole DC voltage of the
cable (V), and In is the rated current of the cable (A). The term Rate is the exchange rate of
Swedish krona to the British pound, lcable is the cable section length (km), and A and B are
coefficients shown in Table 2.

Table 2. Coefficients for the DC Cables.

Voltage Levels (kV) A (×106) B

±10.0 −0.32 0.0850
±12.5 −0.32 0.0850
±20.0 −0.314 0.0618
±25.0 −0.314 0.0618
±40.0 0 0.0280
±100.0 0.079 0.0120

3.3.2. Costs Associated with Energy Losses

• Cable Losses (Radial Topology)

The current flow of a radial WT feeder is shown in Figure 7. Notably, the upstream
cable sections were required to carry more currents than the downstream sections.
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Figure 7. Current flow in a radial topology.

The total power loss for a certain rated current I (kA) can be obtained as follows [46]:

Ploss−cable = (I2 + (2I)2 + (3I)2 + · · ·+ (nI)2)Rcable

I = Pw(vw)
Ucable

Rcable = Rlcable

(35)

where R is the cable resistance for a unit length (Ω/km), and lcable is the cable length (km),
as shown in Figure 7. The distance between the wind turbines in the same feeder and
adjacent feeders were set to 9D, where D denotes respective rotor diameters of WTs [47,48].

• Cable Losses (SP Topology)

In SP topology, the current flowing through each section along the feeder was the
same. Therefore, to obtain the cable losses of the SP topology Equation (35), the following
modification could be used:

Ploss−cable = (I2 + I2 + · · ·+ I2)Rcable (36)

• Converter Losses

Converter losses include both the centralized DC/DC converter and platform DC/DC
converters. The required converter losses with different MVDC voltage levels and power
levels were obtained using the PLECS simulations. The work in [49] could be used to
calculate these losses.

• Cost of Losses

The total annual energy losses of each DC collection system Eloss can be obtained by:

Eloss =
T

∑
ts

(Ploss−cable + Ploss−converter)ts (37)

where Ploss-cable is the time-varying losses of DC cables that changes with wind speed and ts

is the corresponding sampling time, i.e., wind speed measurement interval. The term T is
the total period considered (typically one year). Finally, the cost of losses during the life
cycle Closs can be obtained as follows:

Closs =
Eloss × energy price

i

(

1 −
1

(1 + i)Tli f e

)

(38)

where i denotes the annual interest rate and Tlife is the average life of an OWFs.

4. Case Study

4.1. Obtaining Optimal Number of Wind Power Output Clusters and Other Parameters

As discussed in Section 3, first it is required to obtain an optimal number of wind
power output clusters with their corresponding state probabilities. Initially, the time series
wind speed data is converted to corresponding power output using Equation (1). In



Energies 2021, 14, 2922 15 of 24

this analysis, 10-min average wind speed data available with FINO2 offshore weather
station is used [50]. Table 3 summarizes the nameplate data for selected WTs, with their
capacities for three scenarios 10 MW (S1), 8 MW (S2), and 5 MW (S3). It is worth noting
that the nameplate data provided in Table 3 were obtained from commercially available
acWTs. They were used to refer to the corresponding power curves of dcWTs with the
same capacity and to define the inter-turbine distances.

Table 3. Wind Turbine Nameplate Data.

Capacity
(MW)

Model
Rated Wind
Speed (m/s)

Cut-In
Speed (m/s)

Cut-Out
Speed (m/s)

Rotor Diameter
(m)

10 (S1) V164-9.5 [51] 14 3.5 25 164
8 (S2) V164-8.0 [52] 13 4.0 25 164

5 (S3)
HTW5.0-126

[53]
13 4.0 25 126

Using the Jenks Natural Breaks clustering method, the WT power output for each
rated capacity was clustered into a finite number of states. The optimum number of clusters
were selected with the objective function value, which is defined as GVF in Equation (4).
Figure 8 illustrates the corresponding GVF values for different number of clusters for
10 MW dcWT.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Number of Clusters

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

G
VF

1.0

 

Figure 8. Objective function value with the number of clusters for 10 MW wind turbine.

Notably, for this time-series data set, the GVF difference between adjacent clusters
was less significant after 11 clusters. Therefore, 11 clusters were selected to represent the
stochastic behavior of the WT output. Table 4 summarizes the cluster center values with
their corresponding state probabilities for 10 MW dcWT.

The failure and repair rates of different sub-assemblies of typical offshore WT is
considered and summarized in Table 5 [54]. The failure rate of the DC/DC converter
was obtained using the methodology presented in [49]. Notably, compared to other sub-
assemblies, the failure rates of power converters were relatively higher due to the greater
intrinsic failures of semiconductor devices. The availability level of 98% was considered
for the platform DC/DC converters in complying with the specified availability levels of
Crown Estate licensed offshore wind farms around the UK [55].
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Table 4. 10 MW Wind Turbine Clusters.

Cluster Number Cluster Center (MW) State Probability

1 0.000 0.0700773
2 0.474 0.0422715
3 1.572 0.0756075
4 2.796 0.0811175
5 3.967 0.0929224
6 5.113 0.0934911
7 6.267 0.0968191
8 7.390 0.0924218
9 8.506 0.0869786
10 9.540 0.0664654
11 10.000 0.2018278

Table 5. Failure and Repair Rates of different dcWT sub-assemblies.

WT Component Failure Rate (occ/yr) Repair Time (h)

Generator 0.1000

240

Transformer 0.0131
AC breaker 0.0250
DC breaker 0.0250

Full power converter 0.2000
AC/DC converter 0.1000
DC/DC converter 0.6132

To calculate the accumulated energy losses for different topologies, losses of DC/DC
converters are required to be considered, as they are one of the key building blocks of the
DC collection systems. The total switching and conduction losses of the DC/DC converters
at different MVDC voltage levels and power levels are required to be first calculated. The
accumulated energy losses of different topologies were obtained through PLECS simulation
and are shown in Table 6. The notations R-1,2,3 denote the radial topologies shown in
Figures 1–3, with their corresponding DC/DC converters C1 and Cf1.

Table 6. DC/DC Converter Parameters.

Rated Power (MW)
Converter Type and

Scenario
Input and Output

Voltage Levels (kV)
Percentage Losses

40 R-3 (Cf1); S2 ±10/±20 1.79%
40 R-2 (Cf1); S2 ±10/±40 1.88%
50 R-3 (Cf1); S3 ±10/±12.5 1.53%
50 R-3 (Cf1); S1 ±10/±25 1.68%
50 R-2 (Cf1); S2 ±10/±40 1.65%

400 R-2 (C1); S1, S2, S3 ±40/±100 1.31%
400 R-1 (C1); S1, S2, S3 ±10/±100 1.44%

4.2. Reliability of DC Collection Systems

In general, EENS and GRA indices are used to evaluate reliabilities for different DC
collection system options, which do not depend on load demand at the point of common
coupling. It can be seen from Figure 9 that irrespective of the topology, the larger the
WT capacity, the larger the EENS. This is because the failure of a single WT with a higher
rated power loses more energy as compared to a smaller WT that has the same failure
probability. Among all four topologies, the Radial-3 configuration accounts for the largest
EENS, whereas the Radial-1 topology shows the lowest for all the three WT scenarios.
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Figure 9. Energy Expectation Not Supplied (EENS) for different DC collection system options.

Notably, for the 8 MW and 5 MW cases for Radial-1,2, and SP topologies, the EENS
difference was about 0.1%. In this analysis, the same number of WTs (i.e., 10 WTs per
feeder) was used for all scenarios, irrespective of the WT capacity. Therefore, the use of the
same failure rates for each case results in lower EENS for lower WT capacity. This is one
possible reason for this negligible EENS difference between the 8 MW and 5 MW cases.

The GRA for the whole range of GRc (from 1% to 100%) for all topologies of 10 MW
(S1) is shown in Figure 10. At higher GRc levels, the Radial-1 topology provides higher
availability levels than the other three topologies. For instance, at GRc (90%), the Radial-
1 topology shows a 90.6% availability level, followed by Radial-3 with 85.3%. The SP
topology shows the lowest with an 81.8% availability level. It is worth noting that for
the same GRc, different topologies represent different GRA levels. This is because, at the
same GRc of 90%, S1, S2, S3 requires at least 36, 45, and 72 WTs to be in healthy operating
conditions, respectively. Thus, their state probabilities are different, and the availability
levels vary, depending on the configuration.

Although the Radial-3 topology shows the second-highest availability level at GRc of
90%, until GRc of 75.4%, it shows the lowest availability level among the four topologies,
making it the least reliable.

Figure 11 illustrates the GRA variation for different availability criterion related to
8 MW (S2) and 5 MW (S3) WT Cases. Similar to the previous case (S1), the GRA variation of
S2 in Figure 11a shows a similar pattern. However, the GRA of Radial-3 topology remained
the lowest at GRA of 82.3%, until GRc up to 79.9%. At GRc of 90%, Radial-1 topology
showed an availability level of 89.1%, which was 1.5% lower compared to S1.

Notably, for the S3 case until GRc of 73%, all the DC collection system options showed
a similar GRA of about 90%, as shown in Figure 11b. This is because when the number of
system components increases, it requires a relatively higher number of WTs to remain in a
healthy operation condition at lower availability levels, as compared to cases S1 and S2.
However, at higher GRc levels, failure of multiple WTs (to maintain the same availability
ratio) will result in lower GRA values under the same WT failure rates. In this case, at GRc
of 90%, Radial-1, 2, and 3 topologies showed 89.3%, 75.9%, and 77.5% GRA levels. Similar
to other cases, SP topology showed the lowest availability level with 70.4%.
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Figure 10. GRA of candidate DC collection system options for the 10 MW WT Case.
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Figure 11. GRA of candidate the DC collection system options for (a) 8 MW and (b) 5 MW WT Cases.

To observe the variation of GRA with different WT capacities with the available data,
this study considered the same WT failure rate for all cases. As shown in Figure 12 when
all DC/DC converters were failure-free, the GRA variation of Radial-1, 2, 3 was the same,
since the collection system configuration was radial. This also highlighted the importance
of maintaining higher availability levels of DC/DC converters located at different positions,
for each radial configuration. However, the SP topology showed a different variation, since
the WT connection was different.

4.3. Economic Evaluation of Candidate DC Collection Systems

To assess the economies of scale of different candidate DC collection systems, the
capital and operational costs of each topology were calculated, based on the methodology
discussed in Section 3.3. As shown in Figure 13, the capital cost included WT cost, cable cost,
and converter cost, and the operational losses included cable- and converter-losses. For
this analysis, the average lifetime of the offshore wind farm was considered as 25 years [56]
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and for electrical energy losses calculations, the energy price of 75 £/MWh [18] with a
discount rate of 5% was considered [49].
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Figure 12. GRA of different topologies with all DC/DC converters working perfectly.

Among the four topologies, the total cost of SP topology was significantly lower than
other topologies, due to the elimination of the centralized DC/DC converter. For instance,
this cost was about 34% of the lifetime cost of the Radial-1 configuration (S1), which showed
better availability. The Radial-2 configuration showed the highest lifetime cost due to the
higher capital cost of converters and system losses. For 10 MW and 8 MW dcWT capacities
of Radial-1 configuration, the lifetime cost difference was about 11.2 M£.
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Figure 13. Cost of 12 DC Collection System Schemes.
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4.4. Overall Assessment of DC Collection System Options

As discussed above, reliability and lifecycle costs need to be considered to identify a
suitable DC collection system option. Figure 14 below summarizes the three functional
factors used to determine the reliable and cost-effective DC collection system option,
according to the methodology presented. The ideal topology should be the one with the
highest GRA, as well as the lowest EENS and lifecycle cost. However, identifying the best
topology is not straightforward, due to the inherent characteristics of different topologies.
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Figure 14. Evaluation of 12 DC Collection System Schemes.

For example, in SP topology, although the capital investment is lower, its GRA is
relatively low, as compared to other radial configurations. Among the three radial config-
urations, Radial-1 shows the highest GRA with lower EENS for different WT capacities.
Hence, it could be considered to be a suitable option for future DC collection systems.

4.5. Impact of the DC Voltage Level for the Reliability of Series–Parallel Topology

Although the SP topology does not qualify as a suitable option with the parameters
used in the analysis, a sensitivity analysis was performed to assess its GRA variation and
EENS with different terminal voltage levels. As summarized in Table 7, the dcWT terminal
voltage was changed from ±2.5 kV to ±25 kV. This resulted in a different number of series-
connected dcWTs per feeder. However, the HVDC pole-to-pole voltage level remained
unchanged at ±100 kV. Notably, the ±2.5 kV with 40 WTs connected in series was a special
case, as it contained a single feeder. This could be considered as the series topology.

Table 7. EENS of SP Topology with different dcWT voltage.

WT Capacity Terminal Voltage (kV) WTs per Feeder EENS (MWhr/yr)

10 MW

±2.5 40 1.4980 × 106

±5.0 20 1.5015 × 106

±10.0 10 1.5496 × 106

±12.5 8 1.5292 × 106

±20.0 5 1.7179 × 106

±25.0 4 1.6653 × 106
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According to Table 7, the EENS increased as the terminal DC voltage level increased,
which is not favorable. However, in some cases, the use of a higher DC voltage level results
in relatively lower EENS than the use of a lower DC voltage level. For instance, consider
the ±20 kV and ±25 kV cases that connects 5 and 4 WTs in series. In this case, the use
of ±25 kV was economical, since it had a lower EENS of 52,600 MWhr/yr, as compared
to ±20 kV case. This was because, for both cases, if a single WT failed, the entire feeder
was forced into shut-down; whereas in the ±25 kV case, it contained 10 parallel feeders,
making it more reliable than the ±20 kV case with 8 feeders.

Similarly, the GRA variations illustrated in Figure 15 shows better availability levels
at higher DC voltage levels, for the same reason as discussed above. However, the use of a
lower DC voltage level with a higher number of series-connected dcWTs could provide
higher availability levels. For instance, at GRc of 90%, the GRA of ±2.5 kV, ±10 kV, and
±12.5 kV were 92.5%, 81.8%, and 83.8%, respectively.
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Figure 15. Variation of GRA with the terminal voltage level of SP topology.

4.6. Discussion of the Results

In the case study presented above, three different WT capacities were used to observe
the variation of reliability and economic factors with different DC collection systems.
The results suggest that with an increase in dcWT capacity, the GRA of the collection
systems increased. Although SP topology showed a significantly lower lifecycle cost, the
reliability was relatively low due to its series-connected network structure over the other
radial topologies. Since there are no DC collection systems under operation at present,
several assumptions were made when conducting this study. For instance, the failure rates
and costs of components such as dcWT, platform DC/DC converters were calculated by
referring to the relevant literature. The sensitivity analysis conducted to observe the impact
of the reliability of DC/DC converters on the overall availability levels of the collection
systems, revealed the requirement to pay higher attention to improve their reliability
levels. However, with field experience and technology advancements, the reliability can be
improved, although the high-power DC/DC converter technology is still not mature.

5. Conclusions

A potential option in future offshore wind power development is to use DC technology
at the collection system. To make the correct investment decision, the selection of a suitable
offshore wind farm collection system topology is vital at its initial planning phase. This
study aimed to evaluate the reliability and associated lifecycle costs of DC collection system
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options. Three radial and series–parallel DC collection system configurations were assessed
for a 400 MW offshore wind farm. Each had three different DC wind turbine capacity sizes.

An analytical reliability evaluation method called universal generating function (UGF)
is proposed to evaluate different reliability indices for these DC collection system options.
The use of the UGF technique can greatly improve calculation efficiency for larger systems.
An economic model was also accounted for, to consider the initial investment cost and cost
of network losses during the operational life.

The results showed that the Radial-1 topology is more reliable than the other three
topologies, with the smallest EENS and the largest GRA. On the other hand, the Radial-3
topology is the least reliable option, although it eliminates the centralized collection system
platform. Notably, with an increase of DC wind turbine capacity, the GRA (which used to
measure the availability levels of these candidate collection system options) increases. In
terms of lifecycle cost, the series–parallel topology is the optimal choice, and its lifecycle
cost decreases with the increase of the WT capacity. Nonetheless, at higher availability
criterion, its reliability is less competitive than the radial topologies.
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