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Comprehensive Reliability Analysis of Fractional 

Frequency Offshore Wind Power Systems Con-

sidering Environmental Impact and Overall 

Structure: a Case Study in China 

Zhongqi Cai, Chengxiao Wei, Sui Peng, and Xiuli Wang 

Abstract—The rapid expansion of offshore wind power 

plays a crucial role in China’s pursuit of its ‘dual carbon 

goals’. Fractional frequency transmission, an emerging 

technology for delivering large-scale offshore wind power, 

currently lacks extensive research attention. This paper 

addresses this gap by proposing a reliability assessment 

model for fractional frequency systems, encompassing 

generation, boosting, transmission, and conversion pro-

cesses. Additionally, the study conducts a quantitative 

analysis of severe weather impacts on offshore component 

maintenance. With a focus on China’s offshore wind 

power development, the research includes comparative 

analyses of various offshore regions, system topologies, 

and transmission methods to evaluate system reliability. 

This comprehensive analysis serves as a valuable refer-

ence for the strategic planning and large-scale deployment 

of grid-connected offshore wind power systems. 

Index Terms—Fractional frequency transmission sys-

tem, offshore wind power, reliability assessment, envi-

ronmental impact. 

 

NOMENCLATURE 

A. Abbreviations 

HVAC high-voltage AC transmission 

HVDC high-voltage DC transmission 

FFTS fractional frequency transmission system 
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M3C modular multilevel matric converter 

SM sub-module 

IGBT insulate-gate bipolar transistor 

MTTF mean time to failure 

MMC modular multilevel converter 

B. Variables  

*

ijV  

wind speed of the turbine at row i  and 

column j considering the effect of multiple 

wind turbines 

ijV  
wind speed at row i  and column j  consider-

ing single turbine wake effects  

0V  initial wind speed of the wind farm 

rowN  total rows of wind farm 

colN  total columns of wind farm 

ijS  
area of overlap with the wind turbine wake at 

row i , column j  

S  area of the turbine 

PZ1P  
exact probability of “first-order protection 

zone failure” 

0

PZ1P  
probability of “non circuit breaker failure in 

the protection zone” 

*

PZ1P  

probability of “all circuit breakers and 

components outside the protection zone are 

working” 

cp  
probability of single collection cable work-

ing properly 

bp  probability of single breaker working properly 

cN  total number of collection cables 

bN  total number of breakers 

sx  fault state number of collection system 

sn  total number of fault states 

SM  failure rate of SM 

IGBT  failure rate of IGBT 

cap  failure rate of capacitor 

SW  failure rate of switching control module 

arm  failure rate of bridge arm 

rac  failure rate of series reactor 
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armR  reliability function for the bridge arm 

k  
number of SMs in a bridge arm without 

redundancy 

n  
number of SMs in a bridge arm considering 

redundancy 

armt  MTTF of the bridge arm 

M3C  failure rate of M3C station 

con  failure rate of control element 

M3CA  availability of M3C station 

conA  availability of control element 

o  output power of FFTS 

sp  
probability distribution of available capacity 

for offshore wind systems 

wp  normalized turbine output distribution 

s  available capacity for offshore wind systems 
O  system outage status set 

iD  
the number of days required to complete a 

sub-task i  
RHT  operating time required for maintenance 

WHT  
work time of one working day including 

travel time 
THT  travel time to the failure site 

nsD  non-sailable days during maintenance 

  severe weather arrival rate 
R

iT  mean repair time for task i  

A  probability of good weather 
  repair rate considering severe weather 

Ⅰ.   INTRODUCTION 

n September 2020, Chinese President Xi Jinping 

announced at the United Nations General Assembly 

that China aims to peak its carbon dioxide emissions 

before 2030 and achieve carbon neutrality before 2060. 

Against this backdrop, the generation of renewable 

energy, such as wind power, has been increasing. 

Compared with onshore wind power, offshore wind 

power has various advantages, such as stable wind en-

ergy, no land occupation, and proximity to the con-

sumer market, which makes it suitable for large-scale 

development with enormous potential. China has 

abundant offshore wind energy resources [1] with an 

average annual wind speed of 78.5 meters per second 

at a height of 90 m in most nearshore areas, providing 

favorable conditions for the construction of large-scale 

offshore wind farms.  

The grid connection difficulty of large-scale offshore 

wind power is typically higher than that of onshore wind 

power. Currently, there are three main grid-connection 

technologies for offshore wind power: high-voltage AC 

transmission (HVAC), high-voltage DC transmission 

(HVDC), and fractional frequency transmission systems 

(FFTS) [2]. The FFTS was first proposed in 1994 for 

long-distance hydropower development [3]. The FFTS 

reduces the transmission frequency, shortens the elec-

trical distance of the line, and enhances the transmission 

capacity, which has the advantage of being more eco-

nomical and reliable [4]. The FFTS has several practical 

projects in China and runs well. Among these, the 

220 kV Hangzhou flexible low-frequency transmission 

project in Zhejiang Province has played an experimental 

role in offshore wind power systems. 

Comparing the three transmission methods, the 

HVAC system has a simple structure, low cost, and rich 

operation experience; however, with an increase in the 

transmission distance and capacity, the capacitive 

charging current increases sharply, and the line loss 

increases, which is only suitable for the transmission of 

small-capacity wind power in the near distance. The 

HVDC system avoids the influence of the capacitive 

charging current and adopts a modular multilevel con-

verter to reduce the output voltage harmonic content and 

switching loss. However, it needs to build two converter 

stations onshore and offshore, which is technically dif-

ficult, expensive, and less reliable. In the FFTS system, 

owing to the frequency reduction, the cable capacitive 

charging current is significantly reduced compared to 

that of the HVAC. Unlike HVDC, it only needs to build 

one converter station onshore. Therefore, FFTS has the 

advantages of being more economical and reliable and 

is suitable for large-scale, long-distance offshore wind 

power transmission [5]. 

Offshore wind-power systems primarily consist of 

wind turbines, collection systems, and transmission 

systems. Owing to the harsh environment, the failure 

rate and maintenance time of the components are sig-

nificantly higher than those of onshore wind farms. 

Additionally, wind power generation exhibits charac-

teristics such as randomness and fluctuations. 

Large-scale wind power integration causes greater un-

certainty in power system planning and is increasingly 

becoming a major cause of system loss of load risk [6]. 

However, the reliability analysis of offshore wind 

power systems faces difficulties. For example, there are 

many internal components in the converter and the 

failure mechanism is complicated [7]. The wind farm 

output and maintenance process are greatly affected by 

the harsh offshore environment [8]. There is no clear 

meaning of load in grid connection research on offshore 

wind power systems, and reliability analysis focuses on 

studying the level at which offshore wind power sys-

tems provide output to the main grid [9], [10]. Currently, 

there is relatively little research on the grid-connected 

power capacity of fractional-frequency transmission 

systems, and there is a lack of detailed system-wide 

reliability assessments. 

Considering the impact of topology and severe 

weather, this study conducts a comprehensive analysis 

of a grid-connected offshore wind power system based 

on a reliability assessment. The main conclusions of this 

study are as follows: 

I 
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1) Establishing reliability models for each subsystem 

of a fractional-frequency offshore wind power system. 
2) Impact of severe weather on system reliability. 

3) Perform a reliability analysis on case studies to 

compare the grid integration capacity of offshore wind 

power in different regions, system topologies, and 
transmission methods. 

The main innovations of this study are as follows: 

1) Conducting a system-wide reliability assessment 

that covers the “generation-collection-transmission- 

conversion” process. 
2) Based on meteorological statistics, we quantita-

tively analyzes the impact of severe weather on the 

reliability from the perspective of offshore component 

maintenance processes. 

3) Comprehensively describe reliability in terms of 

available capacity and output level, considering system 

reliability and wind resource enrichment. 

The remainder of this paper is organized as follows. 
Section Ⅱ presents the reliability model of an offshore 

wind power system. Section Ⅲ analyses the impact of 

severe weather conditions. The reliability of the 900 MW 

offshore wind farm case is evaluated in Section Ⅳ. 

Different sea areas, system topologies, and transmission 
methods are also compared. Finally, conclusions are 

presented in Section Ⅴ. 

Ⅱ.   RELIABILITY MODEL FOR FFTS 

The power system on the fractional side can be di-
vided into subsystems, including a generation system, 
collection system, boosting station, submarine cables, 
and a converter station. In this section, a reliability as-
sessment is conducted for these critical subsystems by 
analyzing their constituent components and structures. 
Subsequently, the overall system reliability is analyzed. 

A. Model of Wind Turbine 

In large-scale wind farms, the wake effect is a sig-
nificant factor contributing to power generation loss 
[11]. The upstream turbines extract a portion of the 
wind energy, creating a wake area that reduces the ef-
ficiency of the downstream turbines. The closer the 
proximity between the two turbines, the more pro-
nounces the wake effect. Figure 1 shows a general de-
piction of the wake impact. 

The area of overlap between the wake circle and the 
downstream turbine is calculated using geometric 
analysis. Building on the Jensen model, the superposi-
tion effect of multiple turbines and incomplete bypass-
ing of the wake are considered to derive the actual wind 
speed at any given turbine location in a wind farm [12], 

[13]. The wind speed of the turbine in the row i and 

column j of the wind farm can be calculated as follows: 

 
row col

2

*
0

01 1

1 1
N N

ij ij

ij

i j

V S
V V

V S 

                    

           (1) 

where *

ijV is wind speed of the turbine at row i  and 

column j  considering the effect of multiple wind tur-

bines; ijV is wind speed considering single turbine wake 

effects at row i  and column j ; 0V  is initial wind speed 

of the wind farm; rowN , colN  is total rows and columns 

respectively of wind farm; ijS  is area of overlap with 

the wind turbine wake at row i , column j ; S  is area of 

the turbine. 
By combining the turbine power curves [14], we de-

rive a turbine power output model that considers the 

wake effect. 

 

Fig. 1.  Influence of wake effects. 

B. Model of Collection System 

The collection system transports and gathers elec-

tricity generated by the wind turbines to the main col-

lection bus. The failure and unavailability rates of 

components in the collector system are low, but their 

impact on system reliability is high [15]. Common 

collection system topologies include linear, large-loop, 

single-sided, and double-sided loops. Depending on the 

breaker configuration strategy, collection systems can 

be classified into three types: conventional, partial, and 

complete [16], [17]. 

By analyzing the minimum blackout area as a unit, 

each unit is referred to as a protection zone, and the fault 

state of the protection zone reflects the fault state of the 

collection system. As shown in the Fig. 2, the protection 

zones form connected regions, and the protection zones 

are connected by breakers. 

When only one protection zone is out-of-operation, it 

is referred to as a first-order protection zone failure. In 

this case, the out-of-operation protection zone contains 

at least one component failure that is not a breaker, 

whereas the breakers and components outside the faulty 

zone remain functional. The exact probability of this 

occurrence is as follows: 

 0 *

PZ1 PZ1 PZ1( ) ( ) ( )P i P i P i  (2) 
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where PZ1P  is exact probability of “first-order protection 

zone failure”; 0

PZ1P is exact probability of “non circuit 

breaker failure in the protection zone”; *

PZ1P is exact 

probability of “all circuit breakers and components out-
side the protection zone are working”; i  is the number of 

the protected zone where the failure occurred. The values 

of 0

PZ1( )P i  and *

PZ1( )P i  are calculated as follows: 

  
c,

c,

c,

0

PZ1 c c

1

( ) (1 )
i

i

i

N
N kk k

N

k

P i C p p




   (3) 

 c c, b*

PZ1 c b( ) iN N N
P i p p


  (4) 

where cp and bp are the probabilities of a single col-

lection cable and breaker working properly, respec-

tively; 
c,iN and 

b,iN  is the number of collection cables 

and breakers in protection zone i ; cN and bN  is the 

total number of collection cables and breakers. 

 

Fig. 2.  Schematic of the protection zone. 

The analysis method for second-order protection 

zone failures is similar to that for first-order protection 

zone failures and will not be elaborated upon here. In 

practice, the probability of three or more protection 

zones experiencing simultaneous failures is extremely 

low. Therefore, only first- and second-order protection 

zone failures are enumerated and analyzed. Once the 

status of the upper-level collection system is determined, 

the reliability models of the various turbine components 

are simplified and equivalently represented. 

In the current fault state, the out-of-operation protec-

tion zone and the connected turbines are removed from 

the original topology, resulting in the topology shown in 

Fig. 3(a). The turbines shown in the diagram are classi-

fied into three categories.  

1) Turbines that export power through their own se-

rial cables and do not provide backup for other units. 

2) Turbines that cannot export power through their 

own serial cables and require power transmission 

through other cables. 

3) Turbines whose serial cables are not faulty and 

provide backup for other units. 

To obtain the equivalent turbines G1G5 shown in 

Fig. 3(b), the turbines of each category are connected in 

parallel. The “capacity component” is used to describe 

the upper limit of the cable’s transmission capacity and 

is connected in series between the main collection bus 

and the equivalent turbines. 

 

 

Fig. 3.  Simplification and unit equivalence of the collection 

system. (a) Removal of the faulty zone. (b) Equivalent unit. 

By connecting the turbines and capacity components, 

a simplified fault state of the collection system that no 

longer contains a loop structure is obtained. The condi-

tional outage table of the system under this fault condi-

tion is derived using the series-parallel analysis method. 

The fault states of each protection zone are enumer-

ated, an equivalent turbine simplification is employed, 

and the conditional outage tables for each fault state are 

calculated. Using the total probability theorem, the 

overall outage table of the collection system is com-

puted as follows: 

 
s

s

s s

1

( ) ( | ) ( )
n

x

p c p c x p x


  (5) 

where s( | )p c x is the probability that the capacity at 

fault state sx  is c ; ( )p c  is the probability that fault 

state sx  occurs; sn  is the total number of fault states. 

Compared to the simple enumeration assessment of 

component failure states, the hierarchical analysis of 

collection system reliability using protection zone 

models and equivalent turbine models offers several 

advantages, including reduced fault state space, de-

creased computational complexity, consideration of a 

greater number of system states, and higher accuracy. 

C. Model of Converter Station 

Frequency conversion is the core segment of FFTS, 

modular multilevel matric converter (M3C) is a kind of 

AC to AC converter based on fully controlled devices 



PROTECTION AND CONTROL OF MODERN POWER SYSTEMS, VOL. 10, NO. 1, JANUARY 2025 68 

[18], [19]. M3C has nine bridge arms connecting the 

two sides of the industrial frequency and fractional 

frequency systems. It can independently control active 

and reactive powers, has more flexible and complex 

switching modes, and its modularized structure makes it 

suitable for high-voltage and high-power applications. 

The topology of the M3C converter is illustrated in 

Fig. 4. Each bridge arm is composed of several sub-

modules (SMs) in series with a reactor. 

 

Fig. 4.  Topology of M3C. 

Redundancy is typically provided to the bridge arm 

submodules to enhance the reliability of converter sta-

tions [20]. The operation of a bridge arm typically re-

quires a minimum number of SMs. When the available 

number of SMs is greater than the minimum require-

ment, the bridge arm can function properly [21]. 

The structure of the full-bridge submodule is illus-

trated in Fig. 5. One submodule consists of four insu-

late-gate bipolar transistor (IGBT) modules, capacitors, 

parallel thyristors, bypass switches, and submodule 

control drive systems. All components must be in a 

functional state for the submodule to operate properly. 

 

Fig. 5.  Structure of the full-bridge SM. 

The reliability analysis begins with submodules 

based on the structural characteristics of the converter. 

Assuming that the lifetimes of all the components fol-

low an exponential distribution, their failure rates are 

constant. The full-bridge submodule can be abstracted 

as a series connection of the IGBTs, capacitors, and 

switching control modules, as shown in Fig. 6. 

 
Fig. 6.  Reliability diagram of the SM. 

The components are connected in series, and the 

failure rate of the submodules is given by 

 
SM IGBT cap SW4       (6) 

where SM , IGBT , cap , and SW  are the failure rates of 

the SM, IGBT, capacitor, and switching control mod-

ules, respectively. 

Without redundancy, the bridge arm consists of a se-

ries of k  submodules and one reactor. The reliability 

parameters of the bridge arm are as follows: 

 arm SM rack     (7) 

where arm  and rac  are the failure rates of the bridge 

arm and series reactor, respectively. 

Considering the redundancy, we assume that the 

number of redundant submodules is n . When the bridge 

arm operates normally, the redundant submodules are 

not active. They are engaged only as replacements when 

a submodule fails. This strategy is referred to as the 

cold-standby strategy for the submodules. The reliabil-

ity function for the bridge arm with cold-standby, de-

noted as arm ( )R t , can be expressed as: 

  M rac SM

arm

0

( )
( ) e

!

S

in
k t

i

k t
R t

i

   



   (8) 

If the redundant submodules are activated and oper-

ate alongside the other submodules in the bridge arm, 

with any failed submodule automatically removed, it is 

referred to as the hot-standby strategy for the submod-

ules. The reliability function for the bridge arm with hot 

standby can be expressed as 

 rac SM SM

arm ( ) e e (1 e )
k n

t i t ti n k i

k n

i k

R t C
  


    





   (9) 

In this case, the lifetime of the bridge-arm model no 

longer follows an exponential distribution. The mean 

time to failure (MTTF) for the bridge arm can be cal-

culated using the following equation: 

 
arm arm

0

( )dt R t t



   (10) 

The failure rate of the bridge arm is 

 arm

arm

1

t
   (11) 

In addition to considering the faults of the submod-

ules and other components, the reliability analysis of the 

converter station also considers the failures of auxiliary 
systems, such as control protection, valve cooling, 

power supply, and insulation [22]. By abstracting the 

aforementioned systems as control elements, the relia-
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bility model of the converter station is composed of nine 

bridge arms in series with one control element. The 

failure rate and availability of the converter station are 

expressed as follows: 

 M3C arm con9     (12) 

 9

M3C con armA A A  (13) 

where M3C and con are the failure rates of the M3C 

station and the control element; M3CA and conA are the 

availability of the M3C station and the control element. 

It should be noted that the topology of the M3C had 

no influence on the overall reliability assessment pro-

cess because each subsystem is modeled independently. 

The M3C used in this study has a 9-bridge arm structure, 

which is the mainstream topology. If other types of 

converters are used, such as thyristor-based cyclocon-

verters or hexverters, a reliability model must be estab-

lished for the internal structure of the converter to obtain 

the subsystem shutdown table to participate in subse-

quent full-system calculations [23], [24].  

D. Model of Overall System 

The main components of an offshore boosting station 

are parallel transformers and buses. A reasonable sim-

plification can be applied by considering both the 

transformers and buses as binary elements while re-

taining their main wiring configuration and disregarding 

the post-transformer structure for reliability analysis. 

The reliability of submarine cables is influenced by 

various internal and external factors, including material 

aging, harsh environments, and human activity [25], 

[26]. This study suggests that the average repair time of 

submarine cables is approximately linearly correlated 

with cable length. When the cable length is relatively 

short, the failure rate remains constant; however, for 

longer cable lengths, the failure rate exhibits a linear 

relationship with the cable length. A fitting function is 

used to describe the reliability parameters of submarine 

cables [27]. 

A series of operations of the outage tables of the 

collection system, offshore booster station, submarine 

cable, and M3C station is conducted to obtain the 

overall available capacity table of the fractional fre-

quency system. The raw wind speed data are subjected 

to clustering analysis. The power output distribution of 

the wind farm is calculated using a wind turbine 

wake-effect model. The convolution operation is per-

formed between the output table and the overall capac-

ity table, resulting in the distribution of the 

grid-connected output on the fractional frequency side: 

 s w( ) ( )
s O

o
o

p p s p
s

 
 
 

  (14) 

where k is the output power of the FFTS; sp is the 

probability distribution of the available capacity of 

offshore wind systems; wp is the normalized turbine 

output distribution; s is the available capacity of off-

shore wind systems; and O is the system outage status 

set. 

The analysis methods for the HVDC transmission 

system are similar. The difference lies in the fact that the 

FFTS elevates the frequency and connects to the grid 

through onshore M3C stations, whereas the HVDC 

system undergoes AC-DC conversion through offshore 

and onshore MMC converter stations. Extensive re-

search has been conducted on HVDC systems and 

MMC converter [28], [29]; therefore, this study does 

not provide details. 

Ⅲ.   IMPACT OF SEVERE WEATHER 

Wind resources directly affect the output of wind 

power systems. In addition, the repair processes for 

offshore wind power systems are related to weather 

factors.  

Under normal circumstances, the component repair 

process considering severe weather conditions can be 

analyzed using a multistate Markov model, where the 

reliability parameters vary depending on the weather 

conditions [30], [31]. However, the Markov model does 

not reflect the workflow of maintenance activities and 

does not account for the continuity of repair work. 

Considering the submarine cables as an example, the 

maintenance process involves tasks, such as identifying 

fault locations, digging trenches, and conducting sal-

vage operations within the trenches. These tasks are 

complex and time consuming. Maintenance vessels 

cannot operate at sea during severe weather. If a 

maintenance vessel is already at sea, it must return to the 

dock immediately, leading to work interruptions. Given 

the complex features of this maintenance process, which 

are closely tied to weather conditions, a direct applica-

tion of the multistate model is unsuitable.  

Offshore wind farms have significantly different 

characteristics from onshore wind farms, such as low 

accessibility, especially in the case of severe weather 

affecting access to the sea, which greatly extends the 

repair time of faulty components. We analyze the im-

pact of weather from this perspective and define severe 

weather as conditions in which “the repair vessel is 

unable to go out to sea,” referencing relevant studies. 

Specifically, severe weather is defined as conditions 

where “the wind speed at sea level is greater than 12 m/s 

and the wave height is greater than 2 m” [32], [33]. 

Common scenarios in the repair process can be divided 

into three types: normal maintenance, hold-off 

maintenance in severe weather, and interrupted 

maintenance in severe weather. These are shown in 

Figs.7 (a), (b), and (c). 
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Fig. 7.  Three types of repair processes. (a) Normal maintenance 

process. (b) Hold-off maintenance process. (c) Interrupted 

maintenance process. 

The maintenance of offshore wind farms is com-

monly carried out during the daytime, and night work is 

generally not permitted. Maintenance work typically 

involves multiple procedures that can be divided into 

several subtasks and performed sequentially. Certain 

subtasks, such as robot line inspection, can be inter-

rupted and progress saved at any time, which is defined 

as interruptible work. However, quitting certain tasks 

midway is considered invalid; for example, splicing 

cable sections, which is defined as non-interruptible 

work. The maintenance of submarine cables comprises 

of three subtasks: line inspection, cutting, and splicing. 

The first subtask is interruptible, whereas the latter two 

are non-interruptible. Considering that there are no 

restrictions on going offshore, the number of days re-

quired to complete subtask i  is 

 
RH

WH TH
ceil

2
i

T
D

T T

 
  

 
 (15) 

where ceil( )  represents the ceiling function; RHT  is the 

net operating time required for maintenance; WHT  is the 

work time of one working day, including the travel time 

to and from the failure site; and THT  is the travel time to 

the failure site.  

To simplify the process analysis of completing a 

sub-task, we assume that the conditions for going out to 

sea remain fixed within a day. This means a day is either 

entirely work hours at sea or no work hours at all. The 

number of days with more than six daytime hours out of 

the total 12 hours is considered the count of permissible 

days for sailing. The original model is then transformed 

from an hourly time scale to a daily time scale. From the 

actual data, it can be observed that severe weather oc-

curs in consecutive intervals, averaging several hours 

each time, which justifies this simplification. Consid-

ering severe weather as a process occurring at a constant 

arrival rate, it can be approximated as a Poisson process. 

The average arrival rate of severe weather can be used 

to describe this process. 

Starting from the moment of failure, the distribution 

of the number of days that cannot be sailed within d  

days should follow   distribution. Thus, the probability 

of having 
nsD  non-sailable days within d  days is given 

by the equation: 

 

  ns 1

ns

ns

ns

e ,
( ) ( 1)!

0,

D

d
d

d D
p d D

d D


 







 



≥

＜

 (16) 

where   denotes the severe-weather arrival rates. 

For interruptible task i , the completion condition is 

as follows: the last day is a good-weather day, and there 

are 1iD  good-weather days. The mean repair time R

iT  

for such task i  is  

R ( ,0) ( 1)(1 ) ( , 1)
i

i i i i

d D

T D p D d p d d D




       (17) 

For the non-interruptible task j , the last jD  days are 

guaranteed to have good weather, and the penultimate 

day 1jD   must have bad weather. Let the probability 

of bad weather be denoted as  and the probability of 

good weather be denoted as 1A   . The probability 

of unfinished maintenance within d  days, with the last 

day in bad weather, is calculated as follows: 

 ( )   ,   1 jp d d D ≤ ≤  (18) 

recursively push the situation for the next few days: 
1
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(19) 

then the mean time R

jT of non-interruptible task j  is: 

 R

1

( ) ( )j jD D

j j j

d

T A D p d A d D




    (20) 

In conclusion, taking into account the impact of se-

vere weather on maintenance accessibility, the expres-

sion for the repair rate is as follows: 

 
R R

1

( )i jT T
 


 (21) 

Summarizing the above research contents, the overall 

flow of the reliability assessment method is shown in 

Fig. 8. 
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Fig. 8.  Flowchart of overall reliability assessment method. 

Ⅳ.   CASE STUDIES 

Evaluation methods for offshore wind power system 

reliability mainly include the following two categories: 

1) Evaluation of the output adequacy. The evaluation 

of the system output adequacy mainly focuses on de-

scribing the ability of the system to provide 

grid-connected electricity. It is a comprehensive indi-

cator that considers both the generating capacity and 

reliability of offshore wind power systems and is the 

most direct and comprehensive reflection of the relia-

bility of offshore wind power systems. The expected 

grid-connected power is an indicator for evaluating 

power adequacy, which reflects the main characteristics 

of the offshore wind power system for the grid as an 

equivalent power source.  

2) System reliability evaluation. System reliability 

evaluation focuses on describing the average level of a 

system outage caused by component failure. Because 

offshore wind power systems are significantly affected 

by wind speed, the output reduction caused by system 

failures is hidden by wind speed changes, and the 

grid-connected output cannot clearly reflect the overall 

reliability of the system. The average available capacity 

of the system is an index for evaluating the system re-

liability.  

Based on the aforementioned reliability assessment 

method, this section describes the construction of a 900 
MW offshore wind power delivery system and the 

analysis of its reliability. Subsequently, the reliability of 

the systems in different sea areas, topologies, and 

transmission methods is evaluated and compared. 

A. 900 MW Offshore Wind Power System 

The fractional frequency offshore wind power system 

is shown in Fig. 9 and consists of three offshore wind 

farms, all with a capacity of 300 MW. The total capacity 

of the system is 900 MW with 180 wind turbines. Each 

wind farm adopts a linear topology with one breaker for 

each string of turbines, as shown in Fig. 10. 

 

Fig. 9.  Structure of FFTS case. 

 

Fig. 10.  Collection system with a linear topology. 

The wind farm employs a converging single-bus 

four-section wiring configuration. Each booster station 

is equipped with two main transformers, each rated at 

180 MVA. The length of the submarine cables is 

100 km. The onshore converter station uses an M3C 

converter. The number of submodules of each bridge 

arm is 200 without considering redundancy, with 10% 

redundancy, and the M3C control system is not con-

figured for backup. 

Wind-speed data are extracted from the ERA5 data-

base. This case study uses hourly wind speed data in the 

sea area of eastern Jiangsu, China, for a total of five years 

from 2018 to 2022, with coordinates of 33°N latitude and 

122°E longitude. The wind speed and wind direction rise 

diagrams at a height of 100 m are shown in Fig. 11.  

To analyze reliability, the wind speed data are first 

processed by K-means clustering to calculate the wind 

farm output distribution under the influence of a weak 

effect. Based on the reliability model of each subsystem 

described in the previous section, the system outage 

table and the distribution of the grid-connected output 

are calculated to obtain the reliability index. 
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Fig. 11.  Rose diagram of wind speed and direction. 

The availability of the key links is listed in Table I. 

TABLE I 

AVAILABILITY OF KEY LINK 

Link Availability Unavailability 

Collection system 0.9656 0.0344 

Converging bus 0.9954 0.0046 

Boosting station 0.9985 0.0015 

Submarine cable 0.9713 0.0287 

M3C station 0.9701 0.0299 

According to the reliability assessment results, the 

average availability of the overall offshore wind power 

system is 90.37%, the expected available capacity is 

813.30 MW, the expected grid-connected output is 

368.87 MW, and the annual utilization of the wind farm 

is 3590 h. 

The system outage table and distribution of the 

grid-connected output are as follows: 

Comparatively, the reliability of the collection sys-

tem, submarine cable, and M3C station is lower because 

1) under the linear structure and single breaker, the 

entire wind turbine string will be out of operation when 

any breaker or cable fails, which is less reliable; 2) the 

submarine cable has a high failure rate, and once it fails, 

the wind farm loses all power, which has a great impact 

on the system; and 3) the internal structure of the M3C 

station is complex, with many subcomponents prone to 

failure.  

The current practical applications of FFTS are still 

relatively limited. Referring to the HVDC and HVAC 

systems from existing projects along the southeast coast 

of China, the average grid-connected output of offshore 

wind farms is approximately 1/3 of the capacity, and the 

actual output ratio meets the calculation results based on 

the model; thus, the accuracy of the model is indirectly 

verified. 

 

Fig. 12.  Outage table of system. 

 

Fig. 13.  Grid-connected output distribution. 

B. Cases with Different System Structure 

Based on the reliability model, the impact of different 

topologies of the system was analyzed. We consider the 

following three system structures: 

Case1: Liner type collection system with conven-

tionally configured breakers, a single converging bus, 

5% redundancy of M3C bridge arms, and a control 

system without standby.  

Case2: Liner type collection system with fully con-

figured breakers, dual converging buses, 10% redun-

dancy of M3C bridge arms, and a control system 

without standby. 

Case3: Loop type collection system with fully con-

figured breakers, four-section converging bus, 20% 

redundancy of M3C bridge arms, and control system 

with standby. 

The structure of the loop-topology collection system 

is illustrated in Fig. 14. 

The reliability indices of the fractional-frequency 

offshore wind power system under different schemes 

were calculated and are listed in the following table. 

TABLE II 

RELIABILITY INDICES FOR THREE CASES 

Case 
Average  

availability 

Expected capacity 

(MW) 

Expected output 

(MW) 

1 0.8698 782.84 354.10 

2 0.9050 814.50 369.99 

3 0.9229 830.60 376.73 
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It can be observed that the reliability of Case1 to 

Case3 increases incrementally. Case3 increases the 

average system availability by 5.31% compared to 

Case1, and the grid-connected output expectation in-

creased by 6.40%. This is mainly because 1) when the 

breaker configuration of the collection system is in-

creased, a fault only needs to remove part of the turbine 

from the failed string; 2) the boosting station adopts a 

multi-segment bus, so that in the event of a failure of 

any bus, power can be sent from other segments through 

the reverse operation; and 3) the higher redundancy of 

M3C allows the bridge arm to withstand more 

sub-module failures, and when the control system of the 

station fails, it can be switched to the backup system to 

avoid station shutdown.  

However, it should not be ignored that with the op-

timization of the system structure and an increase in the 

number of components, investment costs will increase, 

and how to strike a balance between economy and re-

liability remains an issue to be considered.  

 

Fig. 14.  Collection system with loop topology. 

C. Cases with Different Transmission Methods 

Among the three common offshore wind power de-

livery methods, the network loss and charging power of 

HVAC are larger, requiring the use of 

large-cross-section submarine cables and reactive 

power compensation stations. This significantly reduces 

the project economy and does not guarantee feasibility 

when the wind farm is farther away from the shore. In 

this study, two offshore wind power systems, the 

HVDC and FFTS, are compared. The parameters of the 

case example are the same as in Part A. Section Ⅳ 

shows the topology of the HVDC system, where the 

converter station uses an MMC converter. 

The reliability indices are listed in Table Ⅲ. 

TABLE Ⅲ 

RELIABILITY INDICES OF THE TWO TRANSMISSION METHODS 

Methods 
Average avail-

ability 

Expected capac-

ity (MW) 

Expected output 

(MW) 

HVDC 0.8796 791.62 359.03 

FFTS 0.9037 813.30 368.87 

 

Fig. 15. Structure of HVDC case. 

These results indicated that the FFTS system is more 

reliable than the HVDC system. This is primarily be-

cause the HVDC system requires two converter sta-

tions–onshore and offshore–whereas the FFTS system 

requires only onshore converters. The reliability of 

offshore components is low because they are more dif-

ficult to repair, and the maintenance process is affected 

by severe weather. After calculation, the availability of 

the offshore converter station is approximately 0.964 

and the availability of the onshore converter station is 

approximately 0.979, which leads to a lower reliability 

of the HVDC system.  

D. Cases in Different Sea Areas 

To analyze the impact of environmental factors (se-

vere weather and wind resource abundance) on the re-

liability of offshore wind power systems, different ge-

ographic regions are selected and their meteorological 

data were extracted. 

The system structure is the same as that in Part A, and 

three sea areas are selected: the eastern sea area of 

Jiangsu, the southeastern sea area of Fujian, and the 

southern sea area of Guangdong. The specific locations 

are as follows: 

1) Sea area of Jiangsu: 33°N latitude and 122°E lon-

gitude; 

2) Sea area of Fujian: 24°N latitude and 120°E lon-

gitude; 

3) Sea area of Guangdong: 21°N latitude and 113°E 

longitude. 

These three parts of the sea are rich in offshore wind 

resources, close to onshore loads, and are the main 

target areas for China’s current and future development 

of offshore wind power in deep and distant seas. 

The calculated severe weather arrival rate, 100-meter 

average wind speed, and reliability indices of the off-

shore wind power systems are as follows: 

TABLE Ⅳ 

RELIABILITY INDICES OF THE THREE AREAS 

Area 
Severe 

weather rate 

Average 

wind speed  

(m/s) 

Expected 

capacity 

(MW) 

Expected 

output 

(MW) 

Jiangsu 0.1056 7.95 813.30 368.87 

Fujian 0.3609 10.34 795.30 525.61 

Guangdong 0.3078 7.95 800.00 390.82 
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The expected capacity gradually decreases as the ar-

rival rate of bad weather increases, because severe 
weather makes the repair of offshore components more 

time-consuming. For example, it is calculated that the 

average repair time of the Fujian coastal submarine cables 

is 45.2% higher than that of the Guangdong coastal sub-

marine cables, thus affecting the reliability of the system. 
Although high winds and waves lead to lower system 

reliability, wind resources are more abundant, and the 

actual grid-connected output expectation of the offshore 

wind system is likely to be higher. There is still uncer-
tainty regarding the actual grid-connected capacity and 

the potential for development and construction under 

different conditions. 

Ⅴ.   CONCLUSION 

Based on the topology, this study divides the frac-
tional frequency system into subsystems, including the 

collection system, boosting station, submarine cable, and 

M3C station. Reliability models are established and the 

outage table of each subsystem is solved. The total out-

age table and grid-connected output distribution are es-
tablished using the series–parallel convolution method. 

Considering the impact of severe weather on the 

component repair process, this study divides the repair 

process into two categories, interruptible and 
non-interruptible, analyzes the average repair time of 

faulty components under severe weather conditions, and 

corrects the reliability parameters to achieve a more 

refined assessment. 

This study compares the grid-connected capabilities 
of offshore wind power systems with different topolo-

gies, sea areas, and transmission methods from the 

perspective of reliability. The proposed method pro-

vides a reference for the development and planning of 
grid-connected offshore wind power systems in China. 
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