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(57) Abstract: The present invention discloses a county-wide distributed photovoltaic prediction method based on cluster division and
data enhancement. The prediction method is as follows: selecting a typical power curve in a sunny day from the photovoltaic (PV)
output history database of the entire county, and standardizing the output with the maximum power of the station. Pearson correlation
coefficient is used as the distance measure, and the Density-Based Spatial Clustering of Applications with Noise (DBSCAN) is used
to cluster photovoltaic stations to form a cluster division. The outliers are divided into nearest clusters using k-nearest neighbor search
method. An enhanced Generative Adversarial Networks (GAN) is used to augment the historical data; the original data and the generated
data are jointly used to train the deep convolutional network prediction model. The present invention learns the original data distribution
through the training process of the enhanced GAN and then generates correspondingly distributed data to enhance the entire county
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photovoltaic historical database. Finally the invention trains the deep convolutional neural network through the enhanced training set
to improve the accuracy of prediction.
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COUNTY-WIDE PHOTOVOLTAIC PREDICTION METHOD BASED ON CLUSTER
DIVISION AND DATA ENHANCEMENT

FIELD OF THE INVENTION
The invention relates to the field of photovoltaic power prediction, in particular to a

county-wide photovoltaic prediction method based on cluster division and data enhancement.

BACKGROUND

Climate change is a global problem faced by mankind. With the rapid development of
productivity, the amount of carbon dioxide emitted by countries has increased sharply, and the
greenhouse effect has become more and more serious. Many countries have also proposed to
reduce carbon emission. Photovoltaic power generation does not require the burning of fossil
fuels for energy conversion, and it is a green and clean energy source. Centralized photovoltaics
need to take up a lot of land resources, mostly concentrated in the sparsely populated region,
power resources need to be transmitted to the load center through UHYV transmission lines. The
distributed photovoltaic on the roof does not occupy special land resources, and at the same
time, it is close to the load center and has great potential for power generation. As of the end of
May 2021, low-voltage distributed photovoltaic grid-connected 1,884,700 households and a
capacity of 45,317,700 kilowatts have been put into operation in the operation area of State
Grid Corporation of China. On September 14, 2021, the Chinese National Energy
Administration formally issued the "Announcement on the List of the Pilot List of the entire
County (City, District) Roof Distributed Photovoltaic Development" to actively promote the
integration of photovoltaic users across the county. The penetration rate of photovoltaics
continues to increase, and the randomness and volatility of its output put pressure on the safe
and stable operation of the power grid. Therefore, the accuracy of the entire county’s
photovoltaic power generation forecast is becoming more and more important.

Distributed photovoltaics in the whole county currently have two main problems. On one
hand, distributed photovoltaics started late compared with centralized photovoltaics, and
historical weather data and power generation data are relatively scarce, making it difficult to
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train high-precision data-driven models. On the other hand, with a large number of
photovoltaics and a wide geographical distribution, it is difficult to predict one station at a time
similar to a centralized site. Therefore, it is necessary to solve the problem of model training
with poor data, and at the same time, it is necessary to deal with the problem of county-wide

photovoltaic power prediction for massive sites.

SUMMARY OF THE INVENTION

The purpose of the invention is to provide a county-wide photovoltaic prediction method
based on cluster division and data enhancement. Taking Pearson correlation distance as the
measure, the typical output in sunny day of each station is clustered by DBSCAN, and the
stations with high similarity of output curve are divided into a cluster, so as to reduce the
allocation of numerical weather forecast, reduce the calculation pressure and improve the
cluster prediction accuracy. Through the confrontation training of the enhanced GAN, the
characteristics of the original data are learned, so as to generate new data with similar
distribution, supplement training samples. Then, the augmented data is used to train the deep
convolution network. It can improve the prediction accuracy of the model.

The object of the invention can be realized by the following technical scheme:

A county-wide photovoltaic prediction method based on cluster division and data
enhancement. The prediction method comprises the following steps:

S1: collect historical PV output and meteorological data of each PV station in sunny days
for the set area and set time frame;

S2: calculate and standardize the maximum power of each PV station based on the
historical PV output data in sunny days collected from S1, and then perform cluster division;

S3: construct a PV data augmentation neural network;

S4: augment the PV data using the PV data augmentation neural network constructed in
S3, and input the augmented data into a CNN neural network to obtain the PV prediction neural
network;

S5: input meteorological data into the PV prediction neural network obtained from S4 for
PV prediction.

in the step 1, the collected PV output data is county-wide historical PV output data in sunny
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days;

the meteorological data include month, day, hour, minute, direct normal irradiance, diffuse
horizontal irradiance, global horizontal irradiance, temperature, pressure, relative humidity,
wind direction, wind speed, surface albedo and power generation.

in the step 2, the typical historical sunny photovoltaic output curve is a standardized output
curve obtained by first calculating the maximum power of each station based on the historical
output data, and then calculating the unit value of the curve;

the formula for data standardization is as follows:

X

where, x is the original sample data, ““max is the maximum historical output value of

PV station, and z is the standardized data.

in the S2, use DBSCAN to perform cluster division, and the distance measurement of
DBSCAN adopts Pearson correlation distance; using KNN algorithm to search for the nearest
k sites, counting the cluster numbers of k sites, and categorizing the abnormal sites into the
cluster with the largest cluster number.

in the step 3, the chosen neural network for data augmentation is Generative Adversarial
Networks.

the chosen neural network for data augmentation is an enhanced Generative Adversarial
Networks with the following algorithm:

S3.1, initialize the learning rate «, the clipping variable c, the batch training sample
number m, iteration number threshold ncitic, the discriminator’s network w; and the
generator’s varibale 6,

S3.2, check if the generator’s variable 6, has converged, if converged, then stop the
iteration; if not, then go in to S3.3;

S3.3, check if the current iteration number has reached the iteration number threshold neritic,
if so, go into S3.4; if not, then update the discriminator’s network variable w, and the current

iteration number, and repeat S3.3;
S3.4, calculate the loss function of the generator gy, and update the generator’s variable
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6., then go back to S3.2.

method to update the discriminator’s network variable w, is:
Weyq = clip(we + aRMSProp(Wt, gwt), —C, )
where, clip(.) is the clipping function in deep learning, RMSProp(.) is the

unpublished adaptive learning rate optimizer in deep learning, g,,, is the gradient function of

the loss function of the discriminator, that satisfies:

1% N R .
G = V=D fu ZD) == fur (96,2

where, x® is the i-th batch of the input, z® is the batch sample of the output

distribution generated by the generator from the i-th training; f,, (.) is a generator network.

the gradient of the generator’s loss function is
m
1 @
Goers = Vo, > fi (9,2™))
i=1

where, fi,,(.) is a generator network, z® is the batch sample of the output distribution

generated by the generator from the i-th training.

the method to update the generator’s variable 6, is:
0¢r1 = 0, —aRMSProp(6,, ggt)

where, RMSProp(.) istheunpublished adaptive learning rate optimizer in deep learning.

in the S4, data augmentation means to convert the data collected from S1 into images by
dividing the collected data into 48 points per day to form an image with the size of 48*15
pixels; then use the enhanced GAN for adversarial learning to generate new data with the
same distribution.

in the S4, the CNN neural network has a 5-layer structure; each of the first four layers
includes a convolution layer, a batch normalization layer and a ReLU layer, and the last layer
includes a full connection layer, a batch normalization layer and a ReLLU layer.

Beneficial effects of the invention:

1. The prediction method of the invention divides the highly correlated distributed stations

in the whole county into clusters, and predicts the overall output of the photovoltaic cluster, so
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as to reduce the allocation of numerical weather forecast stations, effectively reduce the
calculation pressure and improve the overall prediction accuracy.

2. The prediction method of the invention learns the relationship and distribution
characteristics of the original data through the confrontation training of the enhanced, generates
new similar data, supplements the poor training data set and improves the prediction accuracy

of the model.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a flow chart of the invention;
Figure 2 is a histogram of DBSCAN clustering of the invention;
Figure 3 is a sequence diagram of the DBSCAN clustering results of the invention;
Figure 4 is the result of KNN search of the invention,;
Figure 5 is the visualization of the original data;
Figure 6 is the generated data and training process of the enhanced GAN;
Figure 7 is a comparison diagram of CNN and the enhanced GAN-CNN prediction time

series.

DETAILED DESCTIPTION OF EXEMPLARY EMBODIMENTS

The technical scheme in the embodiment of the invention will be clearly and completely
described below in combination with the accompanying drawings in the embodiment of the
invention. Obviously, the described embodiments are only parts of the embodiments of the
invention, not all of the embodiments of the invention. Based on the embodiments of the
invention, all other embodiments obtained by those skilled in the art without creative work
belong to the protection scope of the invention.

A county-wide photovoltaic prediction method based on cluster division and data
enhancement is shown in Figure 1. The prediction method includes the following steps:

S1: collect historical PV output and meteorological data of each PV station in sunny days
for the set area and set time frame;

In the present invention, the collected PV output data is county-wide historical PV output

data in sunny days;
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Meteorological data include month, day, hour, minute, direct normal irradiance, diffuse
horizontal irradiance, global horizontal irradiance, temperature, pressure, relative humidity,
wind direction, wind speed, surface albedo and power generation.

S2: calculate and standardize the maximum power of each PV station based on the
historical PV output data in sunny days collected from S1, and then perform cluster division;

Further, the typical historical sunny photovoltaic output curve in S2 is a standardized
output curve. First, calculate the maximum power of each station based on the historical output
data, and then calculate the unit value of the curve;

The formula for data standardization is as follows:

X

In the above formula, x is the original sample data, “Ymax is the maximum historical

output value of PV station, and z is the standardized data.

According to the PV station PV output curve of sunny days, DBSCAN is used to divide
the PV stations of the whole county to form highly correlated PV clusters.

Those skilled in the art can choose any methods to perform cluster division depending on
the situations. The proposed method is only a preferred example, and should not be used to limit
the protection scope of the present invention.

Further, DBSCAN is used for cluster division, and the distance measurement of DBSCAN
adopts Pearson correlation distance;

The formula of Pearson correlation distance is as follows.
D=1 ('xs_xs)('xt_ t)

G =) -5 ) (s -5 ) (6 -%)

where
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xs , xt are the output data sequences of any two random PV stations, xsj is the j-th
X, X X

data point in “Vs , V¢ is the i-th data point in “*7¢ , n is the total number of data points in

X X

s , mis the total number of data points in "¢ .

Further, for the abnormal sites generated by cluster analysis of DBSCAN, taking Pearson
correlation distance as the measurement, using KNN algorithm to search for the nearest k sites,
counting the cluster numbers of k sites, and categorizing the abnormal sites into the cluster with
the largest cluster number.

S3: construct a PV data augmentation neural network;

Those skilled in the art may choose any neural networks to augment the data. The proposed
method is only a preferred example, and should not be used to limit the protection scope of the
present invention.

Preferably, the chosen neural network for data augmentation can be Generative
Adversarial Networks (GAN);

In the present embodiment, the chosen neural network for data augmentation is an
enhanced GAN with the following algorithm:

S3.1, initialize the learning rate «, the clipping variable c, the batch training sample
number m, iteration number threshold ncitic, the discriminator’s network w; and the
generator’s varibale 8,,

S3.2, check if the generator’s variable 6, has converged, if converged, then stop the
iteration; if not, then go in to S3.3;

S3.3, check if the current iteration number has reached the iteration number threshold neritic,
if so, go into S3.4; if not, then update the discriminator’s network variable w, and the current
iteration number, and repeat S3.3;

Those skilled in the art can choose any methods to update the discriminator’s network
variable w,. The proposed method is only a preferred example, and should not be used to limit
the protection scope of the present invention.

Method to update the discriminator’s network variable w, is:
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Weyq = clip(we + aRMSProp(Wt, gwt), —C, )
where, clip(.) is the clipping function in deep learning, RMSProp(.) is the
unpublished adaptive learning rate optimizer in deep learning, g, is the gradient function of

the loss function of the discriminator, that satisfies:

1 N .
9w =V =D fu, D) ==> f,.(gs,(zD)]
m i=1 m i=1

where, x® is the i-th batch of the input, z® is the batch sample of the output
distribution generated by the generator from the i-th training; f,, () is a generator network,
those skilled in the art can choose it according to the situation.

S3.4, calculate the loss function of the generator gg, and update the generator’s variable
6., then go back to S3.2;

Those skilled in the art can choose any methods to set the loss function of the generator
ge, and update the generator’s variable 6,. The proposed method is only a preferred example,

and should not be used to limit the protection scope of the present invention.

The gradient of the generator’s loss function is

m
1 :
G6ers = Vo, — > fir (9,29
i=1

The method to update the generator’s variable 6, is:
Ot+1 = 0, — aRMSProp (6, ge,)

S4: Augment the PV data using the PV data augmentation neural network constructed in
S3, and input the augmented data into a CNN neural network to obtain the PV prediction neural
network;

Further, convert the data collected in S1 into images by dividing the collected data into 48
points per day to form an image with the size of 48*15 pixels. Then, the enhanced GAN is used
for adversarial learning to generate new data with the same distribution.

Further, the CNN neural network has a 5-layer structure. Each of the first four layers
includes a convolution layer, a batch normalization layer and a ReLLU layer, and the last layer

includes a full connection layer, a batch normalization layer and a ReLU layer. The collected
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and augmented data are used to train the deep convolution network to obtain the final prediction
model.

S5: input meteorological data into the PV prediction neural network obtained from S4 for
PV prediction. Preferably, the PV predication time frame is 1-3 days.

An example of the photovoltaic power prediction method of the present invention is as
follows:

Based on the 2014 household photovoltaic data released by the Australian power grid, the
historical photovoltaic data of 105 households are selected. The maximum photovoltaic output
of each household in a year is counted, the data is standardized according to the formula of
claim 2, and the typical sunny output sequence is selected. The Pearson correlation distance is
used as the distance measure for clustering. Through parameter adjustment, the value of some
key parameters of DBSCAN are finally determined. The domain radius is 0.04 and the
minimum number of points is 4. The clustering results are shown in Figure 2. As can be seen
from the histogram, 105 distributed sites are divided into two clusters, of which 9 sites are
determined as outliers. The time sequence diagram of clustering is shown in Figure 3. From the
time sequence diagram, the output curve can be roughly divided into two bands with high
overlap, and the clustering results are basically consistent with the senses. KNN is used to
search the nearest neighbor sites for 9 abnormal sites, kis 5, and the abnormal sites are classified
into the cluster with the largest number. The final cluster division result is shown in Figure 4.

The output curve and the corresponding meteorological data are divided by day to form a
data matrix with 15 characteristics and 48 time points, which is further imaged, as shown in
Figure 5. New data is generated through the enhanced GAN's adversarial learning. As shown
in Figure 6, it can be seen that the newly generated data has similar data characteristics to the
original data. It can be seen from the training process that the enhanced GAN has stabilized.

The original data and the generated data are used to form the training set, which is used to
train the deep convolutional network. It is compared with the deep convolutional network that
uses the same structure and parameters and only trained by the original data. The predictive
indicators on the test set are shown in Table 1. The prediction result sequence diagram is shown
in Figure 7, which shows that the method can effectively improve the prediction accuracy.

Tab.1 The comparison of the two methods
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The present
Error index CNN
method

RMSE 0.1368 0.1639

In the description of this specification, the description referring to the terms "one
embodiment", "example", "specific example" and the like means that the specific features,
structures, materials or features described in connection with the embodiment or example are
included in at least one embodiment or example of the present invention. In this specification,
the schematic expression of the above terms does not necessarily refer to the same embodiment
or example. Further, the specific features, structures, materials or features described may be
combined in a suitable manner in any one or more embodiments or examples.

The basic principles, main features and advantages of the invention are shown and
described above. Those skilled in the industry should understand that the invention is not
limited by the above embodiments. What is described in the above embodiments and
specifications is only to explain the principle of the invention. On the premise of not departing
from the spirit and scope of the invention, the invention will have various changes and

improvements, which fall within the scope of the claimed invention.
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Claims

1. A county-wide photovoltaic prediction method based on cluster division and data
enhancement is characterized in that the prediction method comprises the following steps:

S1: collect historical PV output and meteorological data of each PV station in sunny days
for the set area and set time frame;

S2: calculate and standardize the maximum power of each PV station based on the
historical PV output data in sunny days collected from S1, and then perform cluster division;

S3: construct a PV data augmentation neural network;

S4: augment the PV data using the PV data augmentation neural network constructed in
S3, and input the augmented data into a CNN neural network to obtain the PV prediction neural
network;

S5: input meteorological data into the PV prediction neural network obtained from S4 for
PV prediction.

2. A county-wide photovoltaic prediction method based on cluster division and data
enhancement according to claim 1, wherein,

in the step 1, the collected PV output data is county-wide historical PV output data in sunny
days;

the meteorological data include month, day, hour, minute, direct normal irradiance, diffuse
horizontal irradiance, global horizontal irradiance, temperature, pressure, relative humidity,
wind direction, wind speed, surface albedo and power generation.

3. A county-wide photovoltaic prediction method based on cluster division and data
enhancement according to claim 1 or 2, wherein,

in the step 2, the typical historical sunny photovoltaic output curve is a standardized output
curve obtained by first calculating the maximum power of each station based on the historical
output data, and then calculating the unit value of the curve;

the formula for data standardization is as follows:

11
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X

where, x is the original sample data, “*max is the maximum historical output value of

PV station, and z is the standardized data.

4. A county-wide photovoltaic prediction method based on cluster division and data
enhancement according to claim 1 or 3, wherein,

in the S2, use DBSCAN to perform cluster division, and the distance measurement of
DBSCAN adopts Pearson correlation distance; using KNN algorithm to search for the nearest
k sites, counting the cluster numbers of k sites, and categorizing the abnormal sites into the
cluster with the largest cluster number.

5. A county-wide photovoltaic prediction method based on cluster division and data
enhancement according to claim 1, wherein,

in the step 3, the chosen neural network for data augmentation is Generative Adversarial
Networks.

6. A county-wide photovoltaic prediction method based on cluster division and data
enhancement according to claim 1 or 5, wherein,

The chosen neural network for data augmentation is an enhanced Generative Adversarial
Networks with the following algorithm:

S3.1, initialize the learning rate «, the clipping variable ¢, the batch training sample
number m, iteration number threshold neritc, the discriminator’s network w, and the
generator’s varibale 8,,

S3.2, check if the generator’s variable 6, has converged, if converged, then stop the
iteration; if not, then go in to S3.3;

S3.3, check if the current iteration number has reached the iteration number threshold neritic,
if so, go into S3.4; if not, then update the discriminator’s network variable w, and the current

iteration number, and repeat S3.3;

S3.4, calculate the loss function of the generator gy, and update the generator’s variable
6, then go back to S3.2.

7. A county-wide photovoltaic prediction method based on cluster division and data

enhancement according to claim 6, wherein,

method to update the discriminator’s network variable w, is:

12
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Weyq = clip(we + aRMSProp(Wt, gwt), —C, )
where, clip(.) is the clipping function in deep learning, RMSProp(.) is the
unpublished adaptive learning rate optimizer in deep learning, g, is the gradient function of

the loss function of the discriminator, that satisfies:

1% N R .
G = V=D fu ZD) == fur (96,2

where, x® is the i-th batch of the input, z® is the batch sample of the output

distribution generated by the generator from the i-th training; f,, (.) is a generator network.

8. A county-wide photovoltaic prediction method based on cluster division and data
enhancement according to claim 6 or 7, wherein,

The gradient of the generator’s loss function is
m
1 @
Goers = Vo, > fi (9,2™))
i=1

where, fi,,(.) is a generator network, z® is the batch sample of the output distribution

generated by the generator from the i-th training.
9. A county-wide photovoltaic prediction method based on cluster division and data
enhancement according to claim 8, wherein,

the method to update the generator’s variable 6, is:
Ot+1 = 0, — aRMSProp (64, ge,)

where, RMSProp(.) istheunpublished adaptive learning rate optimizer in deep learning.

10. A county-wide photovoltaic prediction method based on cluster division and data
enhancement according to claim 1, wherein,

in the S4, data augmentation means to convert the data collected from S1 into images by
dividing the collected data into 48 points per day to form an image with the size of 48*15
pixels; then use the enhanced GAN for adversarial learning to generate new data with the
same distribution.

11. A county-wide photovoltaic prediction method based on cluster division and data

enhancement according to any one of claims 1-10, wherein,

13
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in the S4, the CNN neural network has a 5-layer structure; each of the first four layers
includes a convolution layer, a batch normalization layer and a ReLU layer, and the last layer

includes a full connection layer, a batch normalization layer and a ReLLU layer.
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