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Abstract— Reliable electrical infrastructure in offshore wind 

farms (OWF) is a key to maintenance cost minimization. Due 

to the difficult environment and distance to shore reliability is 

crucial for the feasibility of the OWF. In this study, two 

different topologies of OWF designs were investigated and 

compared. An algorithm was established to estimate reliability 

and economic profit of the two systems. The two topologies 

under investigation were the radial and ring system 

configuration. A radial system has in general less components, 

but the ring configuration provides redundancy. For the 

particular case studied, with its assumptions, a threshold of 18 

turbines was identified. From this level and above the ring 

configuration is beneficial. 
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I. INTRODUCTION 

Offshore wind farms (OWF) are inaccessible due to their 
location; they need well planned electrical infrastructure to 
minimize the costs of maintenance and reparation [1]. 
Reliability is an important aspect when designing a wind 
farm and crucial for the wind farm being feasible. In this 
study, two different topologies of OWF designs are 
investigated and compared. The two investigated topologies 
are radial, Fig. 1 and ring, Fig. 3. A radial system 
configuration of wind turbines is the most common OWF 
design [2]. In order to increase reliability, ring configuration 
is a feasible alternative. However, using ring configuration, 
the cost of additional components increases. The aim of this 
study is to compare the two topologies in terms of reliability 
and economic profit of redundancy.  

II. THEORY 

A. Method 

Reliability block diagrams are used to create a structure 
function for each wind turbine. These are used to calculate 
the availability for the windfarm and allow comparison 
between the two topologies in terms of energy provided by 
the farm. Thereby numerical values for the different designs 
availabilities can be gathered and analyzed in terms of 
economical profit for having less or more redundancy in the 
system.  

The system boundary for the projects includes the wind 
turbines, the collection grid and the main bus bar but not the 
offshore substation. 

The investigation is based on the following assumptions: 

 Faults occur independently in each component. 

 All components can carry the maximum load, 
hence the breakers and lines in the ring 
connection will need the capacity to carry the 
generated power from all turbines in the ring 
connection. 

 A component has only two stages: working or 
broken.  

 The wind farm topology is considered as Wind 
turbines 500 m apart from each other, meaning 
that all cables are equal length of 500m. 

B. Off shore Wind Farm Grid Theory 

The collection system grid within the farm can vary in 
many ways depending on different designs. In this report 
there will be three voltages levels. Firstly, the AC generated 
voltage from each turbine; this part of the system is denoted 
as low voltage (LV). To decrease losses, the voltage is 
increased through a transformer in the bottom of each wind 
turbine tower [3]; this part is referred to as medium voltage 
(MV) and covers the grid all the way to the offshore 
substation, where the voltage is further increased before it is 
sent to the onshore substation. The collecting systems for 
both cases will operate in AC. Also every wind turbine is 
equipped with a LV contactor; this makes it possible to 
isolate the turbine and medium voltage transformer in case 
of a fault. Typical values for LV is 690 V, the internal grid 
at MV varies between 10- 35 KV [2]. The transmission 
equipment between onshore- and offshore substation varies 
depending on the length, amount of transferred power and 
AC or DC supply.  

C. Radial single bus bar wind farm topology 

One of the most commonly used wind farm electrical 
topologies is the Radial system. This system has low 
number of components, leading to lower costs. However, it 
has the least amount of redundancy since it is connected in 
series with the HV bus bar. A radial system may increase its 
redundancy by having several bus bars. In this project only 
one HV bus bar will be examined. The radial system is 
shown in Fig. 1. 
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Figure 1. Radial topology of OWF, 1 HV Bus bar 2 legs. MVB- 
Medium Voltage Breaker, MVC- Medium Voltage Cable, HVBB- High 

Voltage Bus Bar  

The examined system has 5 different components: wind 
turbine generators, MV transformer, MV breaker, MV bus 
bar, HV bus bar and MV cables. In a more detailed study 
one would also consider power converters, LV cables, 
mechanical systems, WF substation, link to shore cables etc. 
However, this is outside the scope of current investigation. 

Inside each wind turbine there is a subsystem like in Fig. 
2, which shows a single wind turbine with its series 
connected components. This consists of the tower cable 
(TC), medium voltage transformer (MVT), medium voltage 
breaker (MVB), medium voltage bus bar (MVB) and lastly 
the turbine (WT). The WT includes all the other components 
related to the turbine, such as blades, pitch system, power 
electronic devises and so on. 

 
Figure 2. Subsystem of a WT connection to MV grid 

D. Ring single HV bus bar 

The main purpose for using a ring connection is that if 
one component such as a cable between two turbine breaks, 
then the fault will be isolated and the other turbines can 
continue to operate while the fault is being fixed. Denote the 
wind turbine, whose unavailability is calculated by A and all 
other turbines B. A can deliver its power in two directions, 
depending on its position it will have a different number of 
B to the left and right of itself and hence there will be a 
different amount of B in the top and bottom of the parallel 
connection in Fig. 3. In this design of ring connection, a 
breaker has been placed between every three turbines. In 
practice this implies, that if a fault occurs within the 
breakers; all three turbines will have to be shut down while 
the fault is fixed. This is implemented in the block diagram 
by also adding two additional B in series, see Fig. 6.   

 

Figure 3.  Ring connection. 1 ring e.g. 2 system legs 

E. Mathematical Model for Radial Connection 

An algorithm is constructed to modify and investigate 
the importance of different components by adding additional 
wind turbines in the ring- and radial connection. The goal is 
to calculate the total availability for the wind farm. This is 
done by calculating the availability for each turbine 

separately, subsequently adding them. The distance between 
turbines varies depending on the size of the blades and on 
site specific properties, but a common distance is 500 meters 
[3], in this study all cables will have a length of 500 meters. 
Concerning the reliability block diagram of the WTG 
subsystem the systems impact on the rest of the system is 
dependent on whether or not the breaker at every WT works. 
If the WTG or the transformer fails, the breaker can isolate 
the fault. However, if the breaker fails the subsystem fails. 
This leads to a parallel connected system, where one 
minimal cut of order 2 includes the same breaker in both 
branches as seen in Fig. 4. 

 

Figure 4. Block diagram that describes the wind turbine as a threat to the 
reliability for other wind turbines. 

 

The structure function for the block diagram in Fig. 4 
can be formulated as in (1). This represents the equivalent 
impact of one subsystem onto another WT. It should be 
mentioned that the given case the impact of the tower cable 
was neglected since the availability is very high [4].  

    𝛷𝑊𝑇𝐺 = (1 − (1 − 𝐴𝑀𝑉𝐵)                                        (1) 

           (1 − 𝐴𝑊𝑇𝐺𝐴𝑀𝑉𝐵𝐴𝐿𝑉𝑇))𝐴𝑀𝑉𝐵𝐵𝐴𝑀𝑉𝐶  

With the constructed block diagram in Fig. 4 one can 
formulate a structure function of the system seen from one 
WTG. The structure function (2), is for the radial system 
that is shown in Fig. 5. 

         𝛷𝑠𝑦𝑠,𝑟𝑎𝑑𝑖𝑎𝑙(𝑖) = 𝐴𝑊𝑇𝐺𝐴𝐿𝑉𝑇  𝐴𝑀𝑉𝐵𝐵𝐴𝑀𝑉𝐵 

                                       𝛷𝑊𝑇𝐺

𝑛𝑊𝑇

𝑛𝑙𝑒𝑔𝑠𝐴𝑀𝑉𝐶𝐴𝑀𝑉𝐵
𝑛𝑙𝑒𝑔𝑠𝐴𝐻𝑉𝐵𝐵  

 

(2) 

Figure 5. Block diagram of radial system seen from a specific WTG 
perspective. The block diagram in the top of the picture is connected with 
diagram in bottom of the picture. 

Where nWT denotes the number of wind turbines and 
nlegs denotes the number of branches. All branches are 
connected to the same medium voltage bus bar. 

F. Mathematical Model Ring 

Regarding the ring configuration, there is redundancy 
which allows two paths for each WTG to deliver electricity. 
This allows the block diagram to have a parallel branch 
inside the block diagram seen in Fig 5. When calculating the 
availability for one specific turbine all these components 
will be in series followed by the availability for the high 
voltage bus bar (HVBB) and all breakers that are connected 
straight to the HVBB (see figure 1). The reason for having 
these in series is that if one of the breakers connected 
straight to the HV bus bar or if the bus bar itself faults, then 
there is now way of isolating the fault without cutting of all 



the turbines connected to the same bus. The block diagram 
for the ring system can be seen in Fig. 6. 

 

Figure 6. Block diagram as seen from the turbine that the unavailability is 
calculated for. The block diagram in the top of the picture is connected 
with diagram in bottom of the picture. 

 

With the constructed block diagram in Fig. 6 one can 
formulate a structure function of the system seen from one 
WTG, which is presented in (3).  

𝛷𝑠𝑦𝑠,𝑟𝑖𝑛𝑔(𝑖) = (1 − (1 − 𝐴𝑀𝑉𝐵
𝑚(𝑖)𝐴𝑀𝑉𝐶𝛷𝑊𝑇𝐺

𝑖−1) 

(1 − 𝛷𝑊𝑇𝐺
𝑛−𝑖𝐴𝑀𝑉𝐵

𝑚(𝑛−𝑖+1)))) 

𝐴𝐻𝐵𝐵𝐴𝑊𝑇𝐺𝐴𝐿𝑉𝑇𝐴𝑀𝑉𝐵
2𝛷𝑊𝑇𝐺

2  

 (3) 

Where n is the total number of turbines, i-1 is the 
number of turbines on one of the paths in Fig. 6 and n-i is 
the number in the other path.  

G. Economic analysis 

To get a better understanding which of the discussed 
topologies is more profitable, the extra income from a higher 
availability will be compared with the extra cost for more 
components. The income will be continuous over the 
economic lifetime, which is assumed to be 25 years. Hence 
the future income will be converted to today’s value. This is 
done using net present value (NPV) [5], see (4).  

𝑁𝑃𝑉(𝑁, 𝑖) = ∑
𝐶(𝑡)

(1+𝑟)𝑡
𝑁
𝑡=0   (4)  

Where C(t) is the extra yearly income from sold 
electricity and approximated to be constant; r denotes the 
discount rate; t is the economic lifetime. 

It is only the extra generated and sold electricity that is 
calculated with (4). Hence, only the difference in cost and 
income between the two topologies is compared. Ring and 
radial connection require the same set of components, but 
radial includes extra breakers and is therefore more 
expensive.  

The income from sold electricity in Sweden is divided 
into two parts. Firstly, from sold electricity. Secondly, wind 
farms are granted extra income on top of the electricity 
price, so-called “Electricity certificate”. To approximate an 
exact value of the future electricity price is very hard since 
the price is dependent on many variables such as oil price, 
weather, economic growth etc. In this report a mean value 
from the last five years is used. The values were collected at 
“nord pool spot” [6], which is the main electricity market in 
Scandinavia. The total mean value from 2010 to 2014 for 
sold electricity is 433 kr/MWh, this value is an 
approximation, however, gives a reasonable perception of 
feasibility of both topologies. 

Equation (5) is constructed by using real costs of 
breakers at different voltage levels, which are used for 
offshore wind farms; these are least square approximated in 
order to obtain (5). The approximation (5) and the numerical 
data were found in [7]. 

𝐵𝑟𝑒𝑎𝑘𝑒𝑟𝑐𝑜𝑠𝑡 = 𝐴𝑝 + 𝐵𝑝𝑈𝑟𝑎𝑡𝑒𝑑   (5) 

 

Where 𝐵𝑟𝑒𝑎𝑘𝑒𝑟𝑐𝑜𝑠𝑡   is the total cost per breaker [SEK]; 

𝐴𝑝 = 320 ∙ 103 is an Offset constant [SEK]; 𝐵𝑝 =  6 is the 

Slope constant [SEK/Volt]; 𝑈𝑟𝑎𝑡𝑒𝑑  is Rated voltage [Volt]. 

 
The investment is assumed to take place at year one and 

last for 25 years. The profitability depends on the interest 
rate. With a high interest rate it might be more profitable to 
invest in something that generates money from day one. In 
this case the discount rate is chosen to be 4.55 percent, 
which corresponds to the one set by the Swedish state 
agency “Energimarknadsinspektionen” [8]. 

III. RESULTS 

A. Component Data 

In order to enable the calculation of the above described 
wind farm models one has to obtain numerical data of the 
simulated components. The component failure rate data can 
be seen in Table 1. 

TABLE I.  COMPONENT DATA [4] 

Component 
Failure rate λ 

[failures/year] 

Repair time R 

[hours/failure] 

G 1.5 490 

LV transformer 0.0131 240 

MV breaker 0.0306 240 

MV bus bar 0.00011 240 

HV bus bar 0.00018 240 

500 m Cable 0.0032 1440 

 

The component data in table I was found in [4]. The 
unavailability’s and availabilities for each component may 
be expressed as in (4) and (5) [5]. The component specific 
unavailability and availability were calculated and shown in 
Table II.  

𝑈𝑖 =
𝑟𝑖

1

λ𝑖
+𝑟𝑖

  (4) 

𝐴𝑖 = 1 − 𝑈𝑖  (5) 

TABLE II .  AVIALABILITY AND UNAVAILABILITY 

Component U  A 

G 0.08390 0.91610 

LV transformer 3.5890e-04 0.99964 

MV breaker 8.3836e-05 0.99992 

MV bus bar 3.0136e-06 0.99999 

HV bus bar 4.9315e-06 0.99999 

500 m Cable 5.2603e-04 0.99947 

 
From the results of Table II one can see that there are 

namely three components, which are less reliable than the 
rest of the components. The wind turbine generator is the 
less reliable component and this is due to several factors. 
Mechanical stress is a large issue. The low voltage 
transformer and the cables are also prone to fail [9].   

B. Results of Radial and Ring Topologies 

The radial configuration is the topology with less 
expected reliability, since if one cable or breaker fails it will 
cause one whole leg to be disconnected from the HV bus 
bar. If the breaker next to the HV bus bar fails, the whole 
system will fail. Therefore, the reliability of each wind 
turbine in a radial system is only as good as the weakest 



link. Subsequently the availability of the closest WTG seen 
from the HV bus bar is as available as the WTG farthest 
away from the HV bus bar since the system cannot isolate 
faults occurring on the transmission cable.  

For the ring configuration case the availability of each 
wind turbine will change depending on distance from the 
HV bus bar. Since the WTGs have two paths, one can 
expect higher availability for the WTG close to the HV bus 
bar compared to the WTG at the end of the ring.  

The algorithm was implemented in MATLAB. Each 
WTG’s availability is calculated for the different topologies 
depending on number of WTGs and number of legs. To 
compare the different topologies, the “energy not delivered” 
is calculated with normalized power of the WTG. In the 
same manner the “energy delivered” can be calculated from 
the sum of the availabilities. 

ED𝑛𝑜𝑟𝑚 = ∑ 𝐴𝑖𝑃𝑛𝐶𝑃𝑖 ≈ ∑ 𝐴𝑖𝑖   (6) 

 
TABLE III.  PRODUCTION 

Number of 

WTGS, legs 
∑ 𝑨𝒊,𝒓𝒂𝒅𝒊𝒂𝒍

𝒊

 ∑ 𝑨𝒊,𝒓𝒊𝒏𝒈

𝒊

 Relative 

difference [%] 

18 WTGs 2legs 16.39 16.46 0.4338 

40 WTGs 2legs 36.21 36.58 1.012 

60 WTGs 2legs 54.02 54.87 1.5316 

100 WTGS 4 
legs 

90.27 91.45 1.289 

160 WTGS 4 

legs 
143.2 146.2 2.060 

180 WTGS 6 
legs 

162.0 164.6 1.564 

 

The increase in number of wind turbines in the system 
makes the difference in availability between the topologies 
bigger. If the radial system is chosen it benefits of a high 
number of legs. However, if the number of legs becomes too 
large the amount breakers close to the bus bar becomes a 
failure source to blacken out the whole system.  

Fig. 7 shows the specific availability for each WTG in 
both systems. In the radial system the availability is as 
expected constant. The ring system availability decreases 
with bigger distance between the WTG and the HV bus bar. 
Therefore, there is a slight dip in the middle of the blue 
curve indicating the WTGs furthest away from the HV bus 
bar. However, the difference in availability in ring 
configuration from the largest to the smallest is only 8%. 

 
Figure 7. Availability for ring and radial system at each WTG for 40 

WTGs and 2 legs. WTG 1 is the first WTG seen from the HV bus bar and 
the 40th is the last one close to the HV bus bar. 

 

In Fig. 8. The relative difference between ring and radial 
total availability is illustrated. It can be seen that that the 

correlation almost linear with a slight decrease in rate above 
140 turbines. 

 
Figure 8. Relative difference between ring and radial total availability 

depending on number of WTGs and constant number of legs of 2. 

 

The relative difference between the two systems are at 
its largest when the there is a low number of legs. This is 
due to that the radial system becomes unreliable with long 
series connected legs with long connections of cables and 
breakers that may fail.  

Combining the information of Fig. 8 and Fig. 9 one may 
conclude that the choice of radial or ring topology depends 
on how large the OWF is and how many HV bus bars is in 
the farm. With multiple HV bus bars one could even out the 
benefits of having ring system.  

 
Figure 9. Relative difference between ring and radial configuration with 

increasing number of legs and constant number of WTGs =120 

 

C. Economic Result 

The benefit of having a ring connection varies with the 
number of turbines at each leg and also with the number of 
legs that are used. To get an overview of the net present 
value some different configurations are listed in Table IV. 
When the number of turbines increases, the number of 
breakers in ring connection also increases. Hence, the initial 
cost of the farm will get an additional cost. The net present 
value is calculated through (4), alongside the increased 
energy yield from having ring connection, (6) with a 
capacity factor of 𝐶𝑃 = 0.4 for offshore wind farms [10]. 
The cost of the MV breaker was calculated with (5) to be 
380 kSEK. With these numerical data approximations, the 
results are summarized in Table IV.  

 

 



TABLE IV. RESULTS OF ECONOMIC ANALYSIS 

Number of 

WTGS, 

legs, add 

breakers 

Availability 

diff [%] 

Yearly 

Energy 

diff 

[GWh] 

NPV[MSEK] 

Cost of 

add 

breakers 

[MSEK] 

18 WTGs, 

2 legs, 5 

additional 
breakers 

0.434 1.251 7.262 1.900 

30 WTGs , 

2 legs, 9 

additional 
breakers 

0.750 3.608 20.09 3.420 

60 WTGs, 

2 legs, 19 
additional  

breakers 

1.532 14.72 85.45 7.220 

24 WTGs, 
4 legs, 6 

additional 

breakers 

0.291 1.120 6.502 2.280 

48 WTGs, 
4 legs, 14 

additional 

breakers 

0.609 4.685 27.20 5.432 

60 WTGs, 

4 legs, 18 

additional 
breakers 

0.767 7.376 42.81 6.840 

 

Accordingly, to the results presented in Table 4 the net 
present value exceeds the additional costs of breakers 
already in the first configuration consisting of one small ring 
with a total of 18 turbines. The yearly energy difference is in 
favor for the ring connection with a small increase of 1.251 
GWh yearly. Assuming a technical life time of 25 years this 
increase of energy yield for ring connection corresponds for 
a profit, when comparing the investment costs of the 
additional breakers that are required for the ring connection.  

As expected the configuration of 60 turbines with two 
legs have a higher net present value profit of ring investment 
than the configuration of 60 turbines with 4 legs. 
Consequently, the relevance of having ring connection 
becomes greater when the number of turbines per leg 
increases. In Table 4 the economic profit is already present 
for quite small wind farms, consisting of 18 wind turbines. 

IV. CONCLUSION 

The availability for a set of wind turbines is always 
higher with ring connection than with radial connection. 
This may be true in theory since the ring connection 
provides redundancy. However, in reality this may not be 
true since the increased complexity in the system may 
encourage failures due to the human factors.  

The availability of a radial system should be constant, as 
the suggested in our model. The radial system also decreases 
in availability, when the number of wind turbines increases. 
If the number of parallel branches i.e. legs to the HV bus bar 
increases, then the relative difference between availability 
between two systems decreases. The more turbines there are 
on each leg, the more beneficial it becomes to increase the 
redundancy by a ring connection.  

The results show that the ring connection always has an 
advantage in availability compared to radial connection. The 
correlation of availability difference with increasing number 
of turbines and constant number of legs proved to be linear. 
Whereas the correlation of availability difference with 

increasing number of legs but constant number of turbines, 
proved to be exponentially decreasing.  

One can tell that the cables are components with the 
lowest reliability; this has even bigger impact in radial 
system, where all the cables are connected in series. Two 
other components of a great importance are the high voltage 
bus bar and the closest connected breakers; these are in 
series in both the radial and the ring connection.  

The results of the economic analysis showed that ring 
connection could be economically feasible even for small 
wind farms. Accordingly, to the calculations performed, the 
gained energy through redundancy makes up for the costs of 
additional breakers even when there are in total 18 turbines. 

It is worth mentioning that the model has a large number 
of rough assumptions and approximations. The results 
should be regarded as a guideline of methodic rather than 
exact numerical results.  
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