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Abstract: Offshore wind power has developed rapidly in recent years, but its scale still lags far
behind onshore wind power. Offshore wind power still has great development potential. One of the
key factors restricting the development of offshore wind power is the unsatisfactory control effect
of offshore wind farms, and the reason is that the adjustable capacity of the wind farm cannot be
obtained accurately and quickly. Aims to meet the high precision requirements for adjustable capacity
evaluation of offshore wind farms, this paper establishes a step-by-step power mapping framework
based on the division of power transmission processes in offshore wind farms, considering the loss of
each transmission process in detail. By establishing a step-by-step mapping from the wind turbine
power to the injected power at the grid connection point of the offshore wind farm, the adjustable
capacity of the offshore wind farm can be estimated based on the maximum theoretical power of
the wind turbines. The performance of proposed method has been demonstrated in a real offshore
wind farm.

Keywords: offshore wind power; adjustable capacity; power mapping; power loss

1. Introduction

Building the power system with renewable energy as the main energy source is the
important measure to reduce carbon emissions. The development cost of wind energy is
lower than that of solar energy, and the safety of wind power generation is better than
that of nuclear power generation. In view of the advantages of wind energy in the field of
clean energy, wind power has developed rapidly in recent years, especially offshore wind
power. In 2021, China’s new installed capacity of offshore wind power reaches 1.8 times
the previous cumulative installed capacity. Despite this, onshore wind power still occupies
more than 90% of the share, and offshore wind power still has huge development potential.

The application of long-distance offshore transmission lines, power electronics, and
large transformers has caused significant power quality problems and challenges in voltage
and frequency stability to the grids connected to offshore wind farms [1–4].

To overcome the power quality problem, the combination of high-frequency switchgear
and reactive power compensation equipment can change the parameters of the grid to
alleviate the problem [5]. The establishment of combined power plants can reduce the
impact of power changes on the grid and promote the consumption of renewable energy.
The comprehensive utilization of offshore wind energy and wave energy to establish a
combined power plant can reduce short-term power changes, which is conducive to the
integration of the power plant into the grid [6]. Reference [7] proposed a system for incor-
porating multiple distributed offshore wind farms into an onshore grid. A system control
strategy was established for the circulating current converter. At the same time, a new
black-start method and a comprehensive primary frequency control scheme were designed.
Reference [8] designed a DC transmission system for offshore wind farms, and applied
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a new modular multi-channel DC converter. The control strategy of the grid-connected
scheme can maintain the current-voltage balance of the DC transformer while achieving
maximum power control. Reference [9] proposed a coordinated control strategy that can
provide inertia support for the power grid, which realized cascade control by means of
the communication between the offshore power grid and the onshore power grid. Refer-
ences [10–15] analyzed the reliability and economy of off grid hybrid energy system using
wind power, and pointed out that this system is an effective solution to solve the energy
supply in remote areas.

There are some other studies on grid-connected system construction and control
strategy establishment for offshore wind farms [16–21]. At present, most of the researches
on grid connection of offshore wind farms focus on these two aspects, and the estimation
of adjustable capacity is rarely mentioned. The offshore wind farm has two independent
monitoring systems. One is the SCADA (Supervisory Control And Data Acquisition) system
of the wind turbine, and the other is the monitoring system responsible for collecting other
data. The wind farm inputs the collected data into the AGC (Automatic Generation Control)
system for analysis and calculation, and then reports the calculated adjustable capacity
to the dispatching department of power grid. The dispatching department of power
grid issues orders to offshore wind farms according to the adjustable capacity. Therefore,
the accuracy of the adjustable capacity calculation affects the control effect. The method
currently used in offshore wind farms is to directly multiply the power of the wind turbine
by the empirical coefficient to obtain the adjustable capacity, which has a large error.

Since the wind turbine is far from the land, various losses will be generated when
transmitting electricity. When calculating the loss, the physical model requires too many
parameters, and the calculation process is complicated. Moreover, the marine environment
is changeable, so the parameters measured by experiments are not accurate. This leads to
a large error in calculating the grid-connected adjustable capacity of offshore wind farms
using the maximum theoretical power of wind turbines. It is difficult to accurately control
and dispatch wind farms, which will further affect the consumption of offshore wind power.
Compared with the physical model, the data-driven model is more rapid and simple, and
the accuracy of the calculation results is higher. The adjustable capacity can be calculated
by inputting the power of the wind turbine.

In order to improve the calculation accuracy of the adjustable capacity of offshore
wind farms, this paper establishes power mappings for each power transmission process in
offshore wind farms. The losses of each process is analyzed and modeled separately, and
the step-by-step mapping from the power of the wind turbines to the power of the grid
connection point of the wind farm is realized. Firstly, spectral clustering is used to classify
wind turbines to reduce the dimension of input data and reduce the difficulty of model
fitting. Then, the neural network is used to calculate the power of the collector system
and the loss of the submarine cable. Finally, other losses of the offshore wind farm are
statistically analyzed and the adjustable capacity is calculated. In this way, the adjustable
capacity of wind farm can be evaluated based on the maximum theoretical generating
power of wind turbines.

2. Division of Power Transmission Links in Offshore Wind Farms

The power of the offshore wind farm is generated by the wind turbines. After collecting
electricity and boosting, it is transmitted to the onshore part through a long-distance high-
voltage submarine cable for grid connection. During the transmission process, losses will
occur in various processes. Therefore, the adjustable capacity reported by the AGC system
of the wind farm to the power grid dispatching department needs to be corrected on
the basis of the maximum theoretical power of the wind turbine. However, the current
calculation method of the adjustable capacity used by wind farms is not accurate enough to
meet the requirements of the power grid. This paper will sort out the power transmission
processes of offshore wind farms, and establish a power map of wind farms considering
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the losses in each transmission process, so as to estimate the adjustable capacity of offshore
wind farms based on the maximum theoretical generating power of wind turbines.

The offshore wind farm can be divided into two parts: offshore part and onshore
part. The connection between these two parts is realized by transmitting power through
high-voltage submarine cables. Figure 1 shows the basic structure of a typical offshore
wind farm.
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The collector system collects and boosts the power generated by wind turbines, and
then transmits it to the onshore part through the high-voltage submarine cable. After
deducting the loss of onshore part, the power delivered to the land that finally flows into
the grid is the grid-connected power of the wind farm. The power of the grid connection
point corresponds to the real-time power of the wind turbine, while the adjustable capacity
of the wind farm corresponds to the maximum theoretical power of the wind turbine. To
achieve adjustable capacity evaluation, it is necessary to first establish a mapping between
the power of wind turbines and the power of the grid connection point.

Based on the offshore wind farm structure shown in Figure 1, the power transmission
of the wind farm can be divided into three main processes:

(1) Power transmission from wind turbines to the head of the high-voltage submarine
cable. This process includes power collection and boosting. The power loss includes
the loss generated by the collector system and the station power in the offshore part.

(2) High-voltage submarine cable transmission section. In this process, the submarine
cable transmits power from the offshore to the onshore part. The main reason for
power loss is that during the power transmission process, each component of the
submarine cable will generate power loss due to the rise in temperature and the
establishment of electric and magnetic fields.

(3) Power transmission from the end of the high-voltage submarine cable to the grid
connection point. In this process, the power is transmitted to the onshore part of the
wind farm and then fed into the power grid. The power loss comes from the station
power in the onshore part and the consumption of other compensation equipment.

3. Step-by-Step Mapping of Offshore Wind Farm Power

According to the higher precision requirements of offshore wind farms for adjustable
capacity, this paper considers the loss of each transmission process in detail, and establishes
a step-by-step mapping of the power of offshore wind farms. Based on the division of
power transmission processes, the power mapping is divided into three sections. The first
section is from the wind turbine to the power collector system, and the BP network is
used to realize the mapping between the two powers. The second section is the power
mapping between the power collector system to the end of the submarine cable power,
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and this part of the loss is mainly generated by the high-voltage submarine cable. The BP
network is used to calculate the cable loss. The third section is the part from the end of
the submarine cable to the grid connection point, and the power consumption model of
the onshore station power consumption and compensation equipment is established. By
establishing the step-by-step mapping from wind turbine power to grid connection point
power of offshore wind farms, it is possible to estimate the adjustable capacity based on
the maximum theoretical power of wind turbines.

3.1. Mapping of Wind Turbine Power to Collector System Power

There are two ways to calculate the cable loss: using the wind turbine power to directly
calculate the cable loss or mapping the wind turbine power to an intermediate variable
to calculate the line loss. According to the division of the power transmission process of
the wind farm, the power of the collector system is selected as the intermediate variable.
Figure 2 shows the power collector system of the offshore wind farm.
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The power emitted by the wind turbine is raised from low voltage to medium voltage
by the transformer and then merged into the bus bar through the collector line. In this
process power loss will occur, so the sum of the distributed fan power cannot be directly
used as the power of the collector system. Otherwise, there will be a large error when
calculating the cable loss.

Based on the BP (Back Propagation) neural network, this paper establishes the connec-
tion between the power of the wind turbines and the power of the collector system. The
structure of BP neural network is shown in Figure 3.

In the above figure, the input vector is X = (x1, x2, · · · , xn)
T , the output of the hidden

layer is Y = (y1, y2, · · · , ym)
T , the output of the output layer is O = (o1, o2, · · · ol)

T . ωij
is the connection weight from the input layer to the hidden layer. ωjk is the connection
weight from the hidden layer to the output layer.
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The mathematical model of the BP neural network is as follows

yj = f (
n
∑

i=1
ωijxi) j = 1, 2, · · ·m (1)

ok = f (
m
∑

j=1
ωjkyj) k = 1, 2, · · · l (2)

where f (·) is the activation function of the network. The formula for determining the
number of neurons in the hidden layer is as follows

m <
√
(n + l) + a, (3)

where m is the number of hidden layer nodes, n is the number of input layer nodes, l is the
number of output layer nodes, a is a constant between 0 and 10. Training is performed by
setting different numbers of hidden layer nodes, and finally the model with the smallest
error is selected.

Considering the large number of wind turbines in offshore wind farms, direct fitting
may not be effective. Therefore, spectral clustering of wind turbines is performed to reduce
the data dimension of the input data.

Assuming that the number of wind turbines is a, and each unit has historical power
data of b time points, then the power sequence of the wind farm can be written as the
following matrix.

X = [x1, x2, · · · , xa]
T =

x11 · · · x1b
...

. . .
...

xa1 · · · xab


a×b

, (4)

where x1, x2, · · · , xa is the row vector formed by the historical power sequence of each
wind turbine, and the dimension is b.

To quantify the similarity of the power data, set the vector Q = [q1, q2, · · · , qn],
O = [o1, o2, · · · , on]. The Pearson correlation coefficient can be calculated as

pQO =

n
∑

i=1
(qi − q)(oi − o)√

n
∑

i=1
(qi − q)2

√
n
∑

i=1
(oi − o)2

, (5)
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where q is the average value of Q, o is the average value of O.
The specific steps of spectral clustering are as follows:

(1) For the power sequence vector of any wind turbine i and wind turbine j in the offshore
wind farm, calculate the Pearson coefficient between the two and denote it as pij, and
then construct the similarity matrix P:

P =

p11 · · · p1a
...

. . .
...

pa1 · · · paa


a×a

, (6)

(2) Based on the similarity matrix P, calculate the degree matrix H

H =


h1 0 · · · 0

0 h2
...

...
. . . 0

0 · · · 0 ha


a×a

, (7)

where hi is the sum of the elements in the i-th row of matrix P, and the matrix H is a
diagonal matrix.

(3) Construct the Laplacian matrix L, and normalize it.

L = H − P, (8)

L′ = H−0.5LH−0.5, (9)

(4) Determine the number of spectral clusters k. Calculate the first k minimum eigen-
values of L′ and the corresponding eigenvectors, and normalize the eigenvectors to
construct a new matrix Ua×k.

(5) K-means clustering is performed on the row vector of the matrix Ua×k. Based on the
distance between the calculated sample and the center point, the samples belonging to
each cluster are summarized, and iteratively realizes the minimum distance between
the sample and the center of the cluster to which it belongs.

Firstly, k samples are randomly selected as the initial cluster centers.
Secondly, for each sample, calculate its Euclidean distance to k cluster centers. And

assign it to the cluster corresponding to the cluster center with the smallest distance.
Then, for each cluster, recalculate its cluster center position.
Finally, repeat the above two steps until the number of iterations reaches the upper

limit or the position of the cluster center remains unchanged.
The clustering process is shown in Figure 4, C1, C2 and C3 are cluster centers.
The division of k clusters of wind turbines C1, C2, · · · , Ck is obtained to realize the

spectral clustering of wind turbines.
Based on the clustering results of wind turbines, calculate the matrix Z of the total

power of wind turbines in k clusters

Z =

z11 · · · z1b
...

. . .
...

zk1 · · · zkb


k×b

, (10)

where, the ith row vector of Z represents the time series of the total wind turbine power
in the ith cluster. Different clustering results are obtained by setting different clustering
numbers, and finally the one with the smallest error is selected.



Appl. Sci. 2022, 12, 8644 7 of 15Appl. Sci. 2022, 12, x FOR PEER REVIEW 7 of 16 
 

C1

C2

C3

A

D C

C1

C2

C3

B

C1C1

C2C2
C3C3

 
Figure 4. The process of K-means clustering. (A) The initial cluster centers are randomly selected. 
(B) Calculate the distance between the sample and the cluster center and classify samples. (C) Re-
select cluster centers. (D) The clustering result is confirmed. 

The division of k  clusters of wind turbines 1 2, , , kC C C  is obtained to realize the 
spectral clustering of wind turbines. 

Based on the clustering results of wind turbines, calculate the matrix Z  of the total 
power of wind turbines in k  clusters 

11 1

1

b

k kb k b

z z
Z

z z
×

 
 =  
  


  


, (10) 

where, the ith row vector of Z  represents the time series of the total wind turbine power 
in the ith cluster. Different clustering results are obtained by setting different clustering 
numbers, and finally the one with the smallest error is selected. 

Taking the wind turbine clustering power as the input and the collector system 
power as the output, the mapping can be established based on the BP neural network. 

1G ZP f P= （ ）, (11) 

where GP  is collector system power, ZP  is the wind turbine clustering power, 1( )f   is 
the trained network model. 

3.2. Mapping of Collector System Power to Submarine Cable End Power 
After getting the power of the collector system, we can use it as the input to calculate 

the loss of the submarine cable by the BP network. 

2C GP f P= （ ）, (12) 

where CP  is total loss of high voltage submarine cable, 2 ( )f   is the trained network 
model. 

The power of the collector system connects the first and second sections of the off-
shore wind farm power step-by-step mapping model. It plays an important role in the 

Figure 4. The process of K-means clustering. (A) The initial cluster centers are randomly selected.
(B) Calculate the distance between the sample and the cluster center and classify samples. (C) Reselect
cluster centers. (D) The clustering result is confirmed.

Taking the wind turbine clustering power as the input and the collector system power
as the output, the mapping can be established based on the BP neural network.

PG = f1(PZ), (11)

where PG is collector system power, PZ is the wind turbine clustering power, f1(·) is the
trained network model.

3.2. Mapping of Collector System Power to Submarine Cable End Power

After getting the power of the collector system, we can use it as the input to calculate
the loss of the submarine cable by the BP network.

PC = f2(PG), (12)

where PC is total loss of high voltage submarine cable, f2(·) is the trained network model.
The power of the collector system connects the first and second sections of the offshore

wind farm power step-by-step mapping model. It plays an important role in the calculation
of the cable loss. It is the key variable of the model. The power of the collector system
minus the line loss of the wind farm offshore station and the submarine cable is the power
at the end of the submarine cable. The process is shown in Figure 5.
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The power at the end of the submarine cable is first collected into the bus, and a part of
the power is reduced for electric field consumption, including reactive power compensation
equipment, reactors, and station electricity. By analyzing and calculating the characteristics
of various losses respectively, the power at the end of the submarine cable minus all losses
is the power at the grid connection point

PK = sum(PG)− PC − Pt − Ps, (13)
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where PK is the grid connection point power, sum(·) is vector summation, Pt is station
power, Ps is the loss of compensation equipment. If the maximum theoretical generated
power of the wind turbine is input when calculating the power of the collector system, the
final calculation result is the adjustable capacity of the offshore wind farm.

4. Result

The data used in the calculation example comes from an offshore wind farm in Jiangsu,
with a total of 67 wind turbines. All wind turbines are distributed on 12 collector lines, and
the electric energy is first collected by the collector system, then boosted, and transmitted
to the onshore part of the wind farm through high-voltage submarine cables for grid
connection. The data of the wind farm was collected for 9 days, and the time interval was
15 min. The data of the first 8 days was used for training, and the data of the last day
was verified.

4.1. Analysis and Calculation of Submarine Cable Loss

The power curve of the wind farm is shown in Figure 7.
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Figure 7. Power curve of offshore wind farm.

As can be seen from the figure, before about 14:00, the power of the wind farm was
maintained at a high level, and the total power was greater than 150 MW. After 14:00, the
total power of the wind farm dropped significantly, and the overall power was lower than
100 MW. Moment power is close to zero.

The loss of the wind farm is shown in Figure 8.
Combined with Figure 7, it can be found that the submarine cable loss has a strong

positive correlation with the power, so the power is selected as the input of the neural
network. The evaluation index of the calculation results adopts the Mean Absolute Error
(MAE) and the Root Mean Square Error (RMSE).

MAE =
1
N

N

∑
i=1
|ŷi − yi|, (14)

RMSE =

√√√√ 1
N

N

∑
i=1

(ŷi − yi)
2, (15)

where N is the number of samples, ŷi is calculated value, yi is actual value.
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Figure 8. The loss of the wind farm.

Figure 9 shows the result of calculating the loss of the submarine cable using the
wind turbine power, the number of hidden layer nodes is set to 8. Figure 10 shows the
result of using the collector system, the number of hidden layer nodes is set to 5. The error
comparison is shown in Table 1.
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Table 1. Error comparison of submarine cable loss calculation results.

Input MAE (MW) RMSE (MW)

Wind turbine power 0.24 0.31
Power of the collector system 0.18 0.23

From the comparison of the calculation results and errors, it can be seen that the
calculation using the power of the collector system can better reflect the real change trend of
the submarine cable loss, and the error is significantly lower than that of the wind turbine
power. This is because the dimension of the fan power data is high, which affects the fitting
effect. The dimension of the data is reduced after using the power of the collector system,
so the error is smaller.

4.2. Other Losses

In addition to the loss of submarine cables, the losses of offshore wind farms also
include power consumption of substations and compensation equipment losses. The
onshore losses in Figure 8 include the station power consumption and compensation
equipment losses in the onshore part. Combining with Figure 7, it can be seen that the
onshore losses are negatively correlated with the transmission power. The active power
loss of the static var generator (SVG) is shown in Figure 11, and the power consumption of
the reactor and the electricity used by the onshore station is shown in Figure 12.
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Combined with the power curve of the wind farm in Figure 7, it can be seen that the
power consumption of the static var generator is obviously negatively correlated with the
transmission power. When the transmission power of the wind farm is high, the power
consumption of the static var generator is basically 0, and the transmission power is low.
At a certain value, the power consumption of the static var generator will basically remain
a fixed value. However, the power consumption of reactors and onshore stations has no
obvious relationship with the transmission power of the wind farm, and always remains
at a certain level with a small fluctuation range. Therefore, it can be judged that the main
reason for the change in the loss of the onshore part of the wind farm is that the power
consumed by the static var generator changes with the fluctuation of the transmission
power of the wind farm.

In addition, it can be seen from Figure 8 that the station loss in the offshore part varies
little and is always maintained within a certain range. Several losses except submarine
cable losses have certain regularity, so they are statistically modeled by analyzing data. The
station loss of the offshore part of the wind farm is taken as 0.5 MW, the station loss of the
onshore part is taken as 0.07 MW, and the reactor loss is taken as 0.13 MW. The losses of the
static var generator are as follows

PSVG#1 =

{
0.33, P220 < 130

0, P220 > 130
, (16)

PSVG#2 =

{
0.24, P220 < 130

0, P220 > 130
, (17)

where PSVG#1 and PSVG#2 are losses of SVG, P220 is the power injected into the onshore
220 kV busbar.

4.3. Wind Farm Power Mapping

Input the clustered power of the wind turbines into the first mapping to calculate the
power of the collector system. The number of clusters is 12, and the number of hidden
layer nodes of the neural network is set to 8. The results are shown in Figure 13.
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Figure 13. Calculation results of mapping from wind turbine clustered power to collector sys-
tem power.

Comparing the errors calculated by the clustered power and the original power of the
wind turbines, the errors are shown in Table 2.
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Table 2. Comparison of errors in the power calculation results of the collector system.

Input MAE (MW) RMSE (MW)

Original power 1.96 2.75
Clustered power 1.63 2.14

It can be seen from the error comparison that the error of the collector system power
calculating after the wind turbine power is spectrally clustered is smaller than that of using
the original power.

The calculated power of the collector system is input into the BP network to calculate
the submarine cable loss, and the results are shown in Figure 14.
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Figure 14. Result of cable loss calculation.

The MAE is 0.18 MW and RMSE is 0.24 MW, which is almost the same as the error in
the first part of the example analysis, indicating that the power fitting effect of the power
collection system is ideal.

After the calculation results of the collector system power and the cable loss of the
submarine cable are obtained, the power of the collector system is subtracted from the loss
of the offshore station, the loss of the submarine cable, and the loss of the onshore part at
the corresponding time point, which is the final power of the grid connection point. The
calculation results are shown in Figure 15.
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Figure 15. Step-by-step mapping of grid connection point power calculation results.
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In the practical application of offshore wind farms, the SCADA system of the wind
turbine is independent of the monitoring systems of other parts, and only collects the
relevant data of the wind turbines, and the wind farm AGC system uses the collected
maximum theoretical power of the wind turbine to convert the wind farm’s possible output.
In order to verify the effectiveness of the method proposed in this paper, the two methods
are compared:

Method 1: In the segmented power mapping model proposed in this paper, the wind
turbine power is input into the wind turbine power to collector system power mapping,
and then the collector system power mapping result is input into the submarine cable loss
calculation model. The power of the collector system after deducting various losses is the
power at the grid connection point of the wind farm.

Method 2: Direct power mapping model, which takes the power of each wind turbine
as the input and the power of the wind farm grid connection point as the output, and
calculates based on the BP network.

The errors calculated by the two methods are compared in Table 3.

Table 3. Error comparison of grid connection power calculation results.

MAE (MW) RMSE (MW)

Segmented Mapping Model 1.59 2.08
Direct Mapping Model 2.55 3.73

By comparison, it can be seen that the step-by-step mapping method of wind farm
power proposed in this paper can better reflect the real change trend than the direct
calculation of wind turbine power. And the error is significantly reduced, which verifies
the effectiveness and superiority of the proposed method.

Compared with the direct mapping method, the loss in the power transmission process
of the wind farm is considered more carefully. The calculation of the cable loss of the
submarine cable is taken into account, and the power model of plant power and reactive
power devices is realized. The characteristic modeling of the model effectively reduces the
calculation error. Using the maximum theoretical generating power of wind turbines to
calculate based on the method proposed in this paper, the adjustable capacity of offshore
wind farms can be obtained, which provides a reference for grid dispatching.

5. Conclusions

The power generated by the wind turbines in the offshore wind farm generates various
losses during the transmission to the onshore grid connection point. Therefore, it needs
to be corrected based on the maximum theoretical power of the wind turbine and then
reported as an adjustable capacity. The cable loss and other losses are used to realize the
step-by-step mapping of the wind farm power, and a mapping model is established based
on the actual offshore wind farm.

Based on the wind farm power step-by-step mapping model, an adjustable capacity
estimation method is established. In practical applications, the adjustable capacity of the
offshore wind farm can be obtained by taking the real-time maximum theoretical power
of each wind turbine provided by the wind turbine SCADA system as the input. An
example analysis is carried out using the actual data of offshore wind farms. Compared
with the direct power mapping model, the step-by-step mapping method of wind farm
power proposed in this paper considers the losses in the power transmission process of
the wind farm more efficiently. The calculation result is closer to the actual value, and the
error is significantly reduced. The effectiveness and superiority of this method are verified.
However, there is still room for further improvement in the calculation effect of submarine
cable loss and the modeling of other losses can be more refined, which will be the direction
of our future work.
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