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Gaussian Process Regression for Probabilistic
Short-term Solar Output Forecast

Fatemeh Najibi, Dimitra Apostolopoulou, and Eduardo Alonso

Abstract—With increasing concerns of climate change, renew-
able resources such as photovoltaic (PV) have gained popularity
as a means of energy generation. The smooth integration of such
resources in power system operations is enabled by accurate
forecasting mechanisms that address their inherent intermittency
and variability. This paper proposes a probabilistic framework to
predict short-term PV output taking into account the uncertainty
of weather. To this end, we make use of datasets that comprise
of power output and meteorological data such as irradiance,
temperature, zenith, and azimuth. First, we categorise the data
into four groups based on solar output and time by using k-means
clustering. Next, a correlation study is performed to choose the
weather features which affect solar output to a greater extent.
Finally, we determine a function that relates the aforementioned
selected features with solar output by using Gaussian Process
Regression and Matérn 5/2 as a kernel function. We validate our
method with five solar generation plants in different locations
and compare the results with existing methodologies. More
specifically, in order to test the proposed model, two different
methods are used: (i) a 5-fold cross validation; and (ii) holding
out 30 random days as test data. To confirm the model accuracy,
we apply our framework 30 independent times on each of the
four clusters. The average error follows a normal distribution,
and with 95% confidence level, it takes values between —1.6%
to 1.4%.

Index Terms—Short-term forecasting, photovoltaic, Gaussian
Processes Regression, k-means, feature selection.

I. INTRODUCTION

Over the past years many countries have opted to integrate
solar energy in the grid in order to increase the penetration
of environmental friendly resources [1]. For instance, Japan,
China, Germany, USA, and UK are able to meet 80% of their
demand from solar generation; and the total installed solar
energy capacity at the end of 2018 was more than 500 GW [2].
However, the inherent uncertainty of photovoltaic (PV) energy,
due to, e.g., irradiance, temperature and cloud conditions,
makes its smooth integration in power system operations a
formidable challenge. More specifically, the intermittency of
solar generation might cause issues in system stability, power
balance and frequency response, and reactive power generation
(see, e.g., [3], [4]). In this regard, building accurate forecast
models of solar generation is of vital importance.

PV output forecasting may be classified into four groups
based on the approach used to model solar panels and weather
behaviour, namely: (i) statistical methods; (ii) Artificial In-
telligence (Al); (iii) physical models; and (iv) hybrid ap-
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proaches [5]. Statistical approaches are based on available his-
torical measured meteorological and PV output data as well as
numerical weather forecasts. Al methods use machine learning
techniques such as Artificial Neural Networks (ANN5) to cap-
ture the non-linear relationship between weather data and solar
output and construct a probabilistic model [6]. These methods
may be classified in group (i) above if their performance is
judged by statistical metrics [7]. Physical models focus on
numerical weather forecasts and the use of satellite images to
predict weather parameters such as solar irradiation as input
to a PV model to determine the solar generation output. Last,
hybrid models combine the aforementioned approaches.

There are several advantages and disadvantages associated
with each group of methods. For instance, in physical models
where a detailed description of the panels based on the single
diode model is used, the stochastic nature of weather data is
neglected (see, e.g., [8]). Moreover, the output is based on a
PV datasheet, therefore the partial failure and down time of a
PV plant are not considered. As such, physical models usually
have less accuracy in their forecasts compared against Al
algorithms. Other studies pivot around statistical approaches or
hybrid models that incorporate machine learning and statistical
techniques. In [9] a probabilistic forecast model is proposed
as a linear programming model. The authors used Extreme
Machine Learning (ELM) and quantile regression to efficiently
develop a statistical approach to generate a confidence interval
on the forecasted power generation. In [10], [11], different
distribution functions are combined to predict a 15-minute
ahead probability distribution function of PV output based on
a higher-order Markov chain. This method has been recently
proved to improve generalisation in comparison to standard
back-propagation [12]. Although a plethora of contemporary
studies have focused on ANNs and Support Vector Regression
approaches in the context of forecasting [13], other machine
learning techniques such as regression trees can also be used
based on available historical data. According to [14], which
discusses the assessment of different forecasting techniques,
most ANNs and persistence models disregard the uncertainty
provoked by the random behaviour of meteorological data. On
the other hand, regression techniques incorporate uncertainty
and are able to build a probabilistic forecast model. For
example in [15], [16], the authors utilised a Support Vector
Machine (SVM) to predict PV output based on different
meteorological conditions.

Among all the approaches used to predict solar output,
Gaussian Process Regression (GPR) is one of the most pow-
erful due to its flexibility to be applied on a wide range of
time-series data [17]. GPR is a unique method for modelling
uncertainty in a probabilistic framework setup [18]. In mod-
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elling weather forecast, the uncertainty of input attributes are
taken into account by using GPR which treats input data as
random points with an unknown distribution function. There-
fore, the uncertainties are reflected into the output forecast
with a specific confidence interval. GPR is based on Bayesian
statistics, which help us model and quantify uncertainty in
the parameters. Moreover, the non-linear relationship between
solar output and meteorological weather parameters can be ex-
plicitly modelled by using an appropriate kernel function [19].
In comparison to other methods, GPR is more efficient for
prediction in time-series events with a wide range variation,
for each hour of a day over one year [20]. In addition, physical
models for PV forecasting need a large amount of accurate
equipment data that are hard to obtain due to measurement and
simulation errors [21]. On the other hand, Al techniques, such
as SVM and ANNSs, are solely based on historical statistical
data for training [22]. GPR exploits the advantages of both
methods in the sense that it uses both historical data and
data fitting approaches to build a robust model [23]. It should
be noted that mathematical modelling of the uncertainties of
output as a function of uncertainties of input is outside the
scope of this work (see, e.g., [24]).

In this work, we propose a probabilistic solar output forecast
model using GPR with a Matérn 5/2 kernel function. First,
we partition the data into four groups based on time and
solar output with k-means clustering. Each hour of the day
is considered to be in one specific cluster if it is closer to
that cluster’s centroid than the three other centroids based
on the Euclidean distance. Next, in order to improve the
accuracy of the forecast and reduce computational complexity
we perform a correlation study to identify the features that
have a high impact on solar output. The features selected
are: direct solar irradiance, diffused solar irradiance, horizontal
solar irradiance, temperature, zenith, and azimuth. We use
GPR to relate solar output generation with the selected features
and train each cluster using Matérn 5/2 as a kernel function
for the forecasting model. To validate the proposed framework
we apply it to different datasets from different sites, i.e.,
Denver, New York, Dallas, San Francisco, and St. Lucia. We
validate the results by utilising both k-fold cross validation and
holding-out data techniques. We choose 30 random days from
the dataset as representatives of different weather conditions
as hold-out test data.

The remainder of the paper is organised as follows. In
Section II the data processing is described. More specifically,
in Section II-A the clustering of the dataset is described and
in Section II-B the correlation study to identify the features
that have a high impact on solar output is presented. In
Section III the proposed framework is developed. In particular,
in Section III-A the GPR with Matérn 5/2 as a kernel function
that relates the solar output with the input features is discussed
and in Section III-B the framework validation methodolo-
gies are presented. In Section IV, we illustrate the proposed
methodology through five different datasets. In Section V, we
summarise the results and make some concluding remarks.

II. DATA PROCESSING

In this section, we present the processing that needs to
be performed to the data in order to formulate the proposed

framework. In particular, we describe the clustering and fea-
ture selection methodologies.

A. Data Clustering

Clustering is an unsupervised pattern classification learning
technique used to partition data with high similarity into differ-
ent groups based on a distance or dissimilarity function [25]—
[27]. The key concepts and different clustering algorithms
are discussed in [28]. k-means is a very popular clustering
algorithm which is used to cluster data into different groups
while each point belongs to a cluster with the least Euclidean
distance to the centroid [29], [30]. In previous studies, k-means
is not employed to cluster output solar energy based on time
[31], while in our proposal the dataset is clustered based on
output and time. PV output has a huge amount of scattering
across both the time of day and the day of year.

k-means aims to partition the data into K categories in
a way that the sum of squares from points to the assigned
cluster centres is minimised. In each cluster, all cluster centres
are at the mean of the data points which belong to the

corresponding cluster. Consider a set 2" = {x1,22,...,2N}
with N elements, where z; € R™ for all of i = 1,..., N; the
data point cluster number C'(3) € {1,...,K},i € {1,...,N};
the cluster centroid for cluster k£ ¢, € R®, k = 1,..., K;
and the Euclidean distance d(z;,cr) = ||z; — ck||, which

is the distance between x; and cluster centroid ci. Then k-
means clustering tries to minimize the following squared error
function:

K
minimizeZNk Z d* (s, cx), (1
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where Ny, is the number of points assigned to cluster k.

In our framework, the k-means clustering algorithm is used
to group the data based on time of day and power output. In
order to determine the number of clusters we perform a sensi-
tivity study and compare the increase in the accuracy against
the increase in the number of clusters. More specifically, we
select solar data from Denver International Airport PV, i.e.,
Site A (see Table III for more details) and cluster the data
into one to eight clusters. For each of the clusters we train a
GPR model, as discussed in Section III, and depict the error
between the forecasted and the actual values in Fig. 1. Let
us denote by y,(f), the forecasted value for solar generation at
time ¢, and by 7(*) the actual value at time ¢; the error metrics
are calculated as follows:

Ty

_ |1 . ®)?
RMSE = | 7= ; (50 - ), @)
1 T,
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where T, is the number of hourly intervals we are predicting
the solar output. We may also compute normalised values
of the above metrics. These metrics, compare how good the



1 2 3 4 5 6 7 8
number of clusters

Figure 1: Sensitivity study on the number of clusters by
comparing different normalised error metrics values.

prediction of PV is with respect to the number of clusters. Each
bar shows the average prediction error for each experiment
with different number of clusters. A choice of a large number
of clusters increases the computational complexity of the
forecasting algorithm since one GPR model needs to be trained
for each distinct cluster. From the graph we can see that there
is big decrease in all error metrics when the number of clusters
is four. However, we notice that after increasing the number
of clusters from four to eight there is a marginal decrease in
the error metrics. Thus, the data are grouped into four clusters,
which are depicted in Fig. 2. Clusters 2 and 3 represent early
morning and night times. Clusters 1 and 4, represent seasonal
variations.

B. Features’ Selection

After clustering the data into four clusters, we carry out
a correlation study to identify the features which are highly
related to the output power. There are two different ways
to calculate the correlation coefficient: (i) Spearman, which
measures only the monotonic correlation between parameters;
and (ii) Pearson, which measures the linear relation between
power output and each individual feature [32]. Studies have
found that meteorological data such as temperature and solar
irradiance are the main features which affect the solar output
[33].

We wish to determine the features that affect the solar
generation output to the greatest extent. To this end, we
calculate the correlation coefficients of solar generation and
meteorological features of different datasets from Denver,
New York, Dallas, San Francisco, and St. Lucia that may be
found in National Solar Radiation (NSR), Iowa Environmental
Mesonet (IEM), and National Renewable Energy Laboratory
(NREL) databases. Let us assume, we have a collection of
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Figure 2: 3D graph of four clusters. Different colours represent
different clusters.

Feature Correlation coefficient
Direct solar irradiance 0.71
Diffused solar irradiance 0.64
Horizontal solar irradiance 0.81
Temperature 0.27
Zenith -0.81
Azimuth 0.49
Sky cloud covering -0.03
Albedo -0.07

Table I: Correlation coefficients between solar output and
different features.

data over a period of 7" hours. We use the Pearson correlation,
which linearly measures the relation between solar output and
each feature, defined as a correlation coefficient. The Pearson
correlation coefficient between vectors @ € R” and b € R” is
calculated by the following formulation [34]:

1 a; — pa by — iy
pla,b) = T—lz : ; (%)

g g
=1 a b

where a; (b;) is the value of vector a (b) at time ¢, u, and
0q (up and op) are respectively the mean and the standard
deviation of a (b).

We assume that we have data for different features for 7'
time intervals denoted as X; € R” where i = 1,...,M is
the index of each feature we perform the correlation study on
and Y € R” is the time-series solar output. More specifically,
meteorological weather data refer to direct solar irradiance,
diffused solar irradiance, horizontal solar irradiance, temper-
ature, sky cloud covering, zenith (angle between sun and
zenith), azimuth (angle between sun and the North), and
albedo, i.e., M = 8. We calculate the correlation coefficients
p(X;,Y) fori=1,..., M to determine which features affect
in a greater extent the solar output.

In Table I the correlation coefficient values for all attributes
are presented. As seen in this table, the value of correlation
coefficients for sky cloud covering and albedo are very small
in comparison to other features, therefore albedo was elimi-
nated from our feature sets. Although cloud covering has a
very small correlation with solar output generation, based on
National Aeronautics and Space Administration (NASA) [35]
research, the amount of sunlight that reaches the Earth can
be calculated by using cloud coverage data. In this regard,
cloud covering affects the temperature and the amount of
sunlight that reaches the Earth. We include cloud covering
as a feature to increase the interpretability of the model, i.e.,
the effect of amount of clouds in the sky is included since it
is more understandable for a human observer rather than other
measurements, e.g., zenith.

In weather studies, the sky is categorised into six groups
depending on the amount of clouds that are present. Generally,
cloud coverage is reported as the number of oktas, which is

Cloud coverage Value in oktas

No clouds 0
Few clouds 1-2
Scattered clouds 3-4
Broken clouds 5-7

Full cloud coverage
Sky is hidden from view

O o0

Table II: Cloud coverage categories.



a measurement unit that stands for the amount of clouds in
the sky ranging between O to 9 [36]. In Table II the different
cloud coverage categories and value in oktas are given [36].

To sum up, based on the aforementioned analysis seven
features were identified as the parameters which affect more
prominently PV output generation, namely, direct solar irra-
diance, diffused solar irradiance, horizontal solar irradiance,
temperature, zenith, azimuth, and sky cloud covering. The
number of features whose relationship with solar generation
was originally studied was eight. Even though this was a
small change; the accuracy of the forecasts was better and the
computational complexity was reduced in the case of seven
selected features compared to eight.

III. PROPOSED FRAMEWORK

In this section, the stochastic framework for the short-
term forecast of PV output is presented. More specifically,
the formulation of the GPR is described and the validation
methodologies are discussed.

A. Gaussian Process Regression

In this work, a model is trained for each cluster using a GPR
model which is a supervised learning technique. In supervised
learning, we aim to learn a mapping function that relates the
input feature set data to the output data. In fact, GPR is a
kernel based nonlinear nonparametric regression technique, in
which the covariance function plays a crucial role in defining
the relation between input data and the responses.

Let the training set . = {(2®,y®)}T_, be a set of i.i.d.
samples from some unknown distribution, where 7" is the
period of available data with one hour resolution; ¢ stands
for the number of selected features, i.e., ¢ = 7, z® e R¢
is the vector containing all selected features at time ¢; and
y® € R the solar output at observation ¢. With the use of a
Gaussian model we may relate the input with the output terms
by:

y® = f@D) + h@) B+ e®, fort=1,...,T, (6)

where €(*) are iid. “noise” variables with independent
(0, 0?) distributions, f(x(*)) is the mapping function R? —
R and h(z®) is a set of a fixed basis function. The explicit use
of basis functions is a way to specify a non-zero mean over
f(z®). In this work we assume that h(z()) is a ¢ x 1 vector
whose all entries are equal to the constant value of one, and 3
is the basis function coefficient ¢ x 1 vector and is evaluated
by maximising a likelihood function as described below. For
notational convenience, we define:

_(:1:(1)) y® (D)

X=| : |eR™y=|: |eRle=| : | eR",
| (2(™D) y(T) pey
[ f(aD)

f= : eRY H = [h(zW),...,h(z)] = 14xr,
Lf (™))

where 1,47 is a ¢ by T' matrix whose all elements are one.
In matrix form we may rewrite (6) as

y=f(X)+H"B+e 7

We assume a prior distribution over functions f(X) as

f(X)N'/V(OvK(XaX))v (8)

where 0 is the mean value; K (X, X) is the covariance matrix:
k(axl),axl)) k(aﬂ1>,x(T>)
K(X,X)= : . : ,
k(lxiﬁ,axl)) k(I(TW,I(T))

where k(-,-) is the covariance or kernel function. By using
the kernel function we aim to actively model the unknown
relationship between the input and the output variables. The
kernel function is defined based on the likely pattern that we
can observe in the data. One assumption to model the kernel
may be that the correlation between any two points in our input
set, ie., 2, 2() € 7 witht,t' =1,...,T,t # ', decreases
with increasing the euclidean distance between them. This
means that points with similar features behave similarly. Under
this assumption, in this work we use the Matérn 5/2 as a kernel
function, which is parameterised as follows:

k(®,2®)) =02 (1 N ﬁd(m:;,m(t')) N 5dz<m<t>émm)>

30}

_ VBaE® 201
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where d(z®, 2(*)) is the euclidean distance between any two
input observations ("), 2(!') € . as defined in Section II-A;
o, and oy, are two other kernel parameters which show
respectively the characteristic length scale and the signal
standard deviation that both belong in R?. The characteristic
length scale o; defines how far the response variable y(*) needs
to be away from the predictor z(*) to become uncorrelated.
These two parameters are greater than zero and are formulated
as follows:

o1 =10% op = 10%. (10)
We now define a new parameter 6 to be:
0 10g(az)] X2
M Logwf) a
From (7) we may write that
ylf(X), X ~ N (HTB,0* T+ K(X, X)),  (12)

since both f(X) and € have zero means. In order to determine
the distribution that y follows, we need to determine three
parameters, i.e., 8, 02 and 6. K (X, X) is a function of 6 as
may be seen in (9)-(11). 3, 02, and 6 are also known as the
hyperparameters of the kernel function. In order to estimate the
parameters we maximise the following marginal log-likelihood
function

logP(y|f(X),X) =logP(y|X, B,6,0%).

Thus, the estimates of 3, 6, and o2 denoted by 3, § and 62
are given by

B,0,5% = argmaxlogP(y| X, 3,0, 0°).
£,0,02
We may write from (12) and (13) that
P(y|X) = P(y|X,8,0,0%) = A (H" B, K(X,X) + 0°I).
(15)

13)

(14)
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Figure 3: Diagram of k-fold cross-validation with k=5; the
grey boxes refer to testing the data and the white to training.

Thus, the marginal log-likelihood function is

logP(y]X, 8,0, 0%) =~ (y — H' )T [K(X, X) +0°1] ~!
(y—H'B) - %log 2 — %10g|K(X, X) +o?1|.
(16)

We concentrate the likelihood function for the subset of
parameters, o> and 6, by expressing 3 as a function of the
parameters of interest and replacing them in the likelihood
function. Thus, we have that the estimate of  for given 6 and
o? is:

B(0,0%) = [H'|K(X,X|0) + 0% "*H] ~*

17
H'[K(X,X|0) + o021 ~y. {an
By substituting (17) in (16) we have
log (41X, B(6,0°),6,0%) = ~ L (y — HA(, o))"
[K (X, X[0) +0°1] “'(y — HB(6,0%)) (18)

1 1
—510g 27 — 510g|K(X, X|0) + o1

We now may determine the hyperparameters as the output of
the above optimisation problem.

Once the hyperparameters are evaluated we may use (12)
to predict the output of solar generation based on the input
parameters. More specifically, :cy)};f;l be a set of ii.d.
input points of the features drawn from the same unknown
distribution; we will plug these values in (12) and the unknown
{yf)}ﬁl can be calculated as the predicted solar output value
for the time period 7. More details on GPR model may be
found in [24], [37].

After training our data and estimating the kernel parame-
ters for each of the four clusters we can use the proposed
framework for solar generation forecasting.

B. Framework Validation

To test the accuracy of the proposed method for solar
output forecasting, different tests and validation methods are
exploited. k-fold cross-validation and hold out validation are
the most prevalent test methods used in recent studies [38]. As
depicted in Fig. 3, in k-fold cross validation the whole data set
is split into k folds: at each time, k-1 folds are used as training
set and a one-fold as testing set, until all folds used to build
the forecast model, typical values for k range between 3 to
10 [39]. In addition, hold-out is used to avoid overfitting [40].
In this work both methods are used for test and validation.

In our implementation, 30 days of a year are randomly
selected as hold-out data while the remaining data are used
for training and testing using 5-fold cross validation.

Site Location Size [MW] | Latitude [°] | Longitude [°]
A Denver Intl Airport 30 39.8561 N 104.6737 W
B John F. Kennedy IntlAirport 30 40.6413 N 73.7781W
C Dallas Executive Airport 35 32.6807 N 96.8672 W
D San Francisco Intl Airport 30 37.6213 N 122.3790 W
E St Lucia 0.433 27.498 S 153.013 E

Table III: Site description.

IV. NUMERICAL RESULTS

In this section, results of the proposed framework at five
sites are given as well as comparisons with existing forecasting
methodologies in the literature. In Section IV-A, the five sites’
information is given; in Section I'V-B detailed results and anal-
ysis of site A are given so that the reader better understands the
proposed framework. In Section IV-C, summarised results for
all sites are given as well as comparisons with other methods
to prove the efficiency of the proposed framework.

A. Dataset Information

To test the efficiency of the model, different datasets from
different sites are used based on available historical data from
National Solar Radiation, Iowa Environmental Mesonet (IEM)
and National Renewable Energy Laboratory. The five sites’
details are given in Table III.

B. Framework Implementation on Site A

The model is tested on the Denver International Airport PV
plant, i.e., site A. The dataset comprises of hourly attributes’
values from 2006, i.e., of 8760 data points for each feature
and the solar generation output. The experiments are run
30 independent times for each cluster; 30 random days are
selected as hold-out data that are representative of different
days of the year during different seasons. As described in
Sections II and III, the training set is partitioned into four
clusters and all clusters are trained using GPR Matérn 5/2 and
tested using 5-fold cross validation and hold-out methods.

We first train the GPR model with the available hourly
dataset of 335 (365-30=335) days and depict the predictions
of the training data set for the four different clusters in Fig. 4.
We use 5-fold cross validation as a test and validation method
for our training set which comprise hourly data-points of 335
days. As seen in Fig. 4, clusters represent the hourly points for
335 day of training dataset. Since clusters are partitioned based
on similarities between the points, as shown, each cluster
follows specific patterns which prove the similarity of the data

25 Cluster 1

2 (,lusfer 2 )

301 335 1 61 121 181 241
Cluster 4

1 61 121 Da}l'sl 241 301 335

Day
- Cluster 3
25

1 61 121

181 241 301335 1 61 121 181 241

301 335
Day Day

Figure 4: Proposed framework predictions of the training data
set.
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Figure 5: Proposed framework hourly predictions of the train-
ing data set.

in them. Moreover, for each cluster a remarkable proximity
between the actual data and predicted values is seen. In order
to further understand the value of clustering in Fig. 5 the
hourly predictions of the testing data are depicted. It may be
seen that there are hours which belong to, e.g., three clusters,
that means that even the same hour patterns may be different
based on which cluster they are identified to be in. In other
words, different hours in different days even if the days are
in the same season, may behave completely different. It may
also be seen in Fig. 5 that Clusters 2 and 3 represent early
morning and night times and Clusters 1 and 4, represent
seasonal variations, as also mentioned in Section II-A.

In Fig. 6 the forecasts and actual values of the 30 hold-
out selected days, that are representative of different seasons,
are depicted. The x-axis of the figure has 30 days, that
correspond to 24-hour intervals for each day. As it may be
seen the two values are very close to each other. Another visual
representation of the same result, i.e., the daily hourly forecast
of the 30 days, may be seen in Fig. 7, where we notice that
the predicted and the actual values follow the same pattern.

In order to test the accuracy of the forecasts we use the
following statistical metrics: RMSE, and MAE, as defined in
(2) and (3). The statistical results for the training set and the
test set are summarised in Table IV. The error metrics of the
testing data between the actual data and the predicted values
are based on the average error of all 5 folds for the training
set. To interpret these values, notice that the higher RMSE
and MAE values, the less predictive the model is. It should
be noted that the test results are expected to be different from
the training set results, since 30 hold-out days are not shown
to the model during the training process. However, the results
with any test set should be approximately the same as those
obtained with the training set, as it may be seen in Table IV.

The error between the actual and the forecasted value for the
30 hold-out days is depicted in Fig. 8. The average prediction
error of the hold-out days for one cluster is fitted into a normal
distribution. In this figure, y-axis represents the percentage of
hours; it may be seen that 54% of the hours, i.e, 382 hours, that
the prediction error was less than 0.03 MW. In order to provide
a confidence certificate to the forecast we use the confidence
interval (CI) [41]. The selection of a confidence level for an

Site A RMSE (MW) | MAE (MW) | RMSE[%] | MAE[%]
Training set 1.24 0.36 4.18 1.22
Test set 1.23 0.56 4.12 1.89

Table IV: Site A forecasts’ error metrics.
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Figure 6: 1-24 hour ahead prediction for 30 random days.

interval determines the probability that the confidence interval

produced will contain the true parameter value. Common

choices for the CI are 0.90, 0.95, and 0.99. The CI is defined
€+ z

as follows:
Cl= 19
< v \/_> (1

where € is mean value of the errors, o, is the standard deviation
and 7, is the sample size of the errors. The value z* represents
the point on the standard normal density curve such that the
probability of observing a value greater than z* is equal to
p. The relationship between CI and p is p = (1 — CI)/2.
Thus, if we wish to have a CI of 95% then p = 0.025. The
value z* such that P(Z > z*) = 0.025, or P(Z < z*) =
0.975, is equal to 1.96 as we may find in a standard normal
distribution table. As the level of confidence decreases, the
size of the corresponding interval will decrease. By fitting a
normal distribution in Fig. 8 we have mean value € = 0.03
and a standard deviation . = 0.50. Now, we may calculate
the CI for various confidence levels; for instance with 95%
confidence level, the difference between the actual data and the
prediction value of each point ranges between [—0.47,0.43]
MW or [-1.6%,1.4%].

C. Summary of results of all sites

In order to further validate our framework we have applied it
to the remaining four sites as given in Table III. Following the
same procedure as described in more details in Section IV-B
we have four clusters per site; from each dataset we hold-
out 30 representative days and train with the remaining data
a GPR model for each cluster. The results for each site are
summarised in Table V for the training dataset and in Table VI
for the test dataset.
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Figure 7: 30 random days 24-hour prediction with one hour
intervals, Denver.
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Figure 8: Probability distribution fitting of average error of
one sample model.

As seen above, the results for all datasets are approximately
in the same range, which means that the model may be applied
in any site under the assumption that the data of the selected
features are available.

To further prove the effectiveness of the proposed frame-
work we compare our results with other recent studies. In
order to make the comparison meaningful, we need to have
access to the same set of data. The work presented in [11],
[42] use the same data for site E, which are available from
University of Queensland. The temporal resolution of the data
in [42] is 1-minute; however since we are interested in hourly
values we select historical data with hourly resolution. We
used 2012 data for training and 2013 data for testing. The
authors in [42] calculate predictions for each of the four
seasons, i.e., fall, winter, spring and summer. In [11] the
authors calculate hourly forecasts using their proposed ELM
method and the traditional feed-forward back propagation
neural network (FFBPG). Yearly results are better than each
season prediction in [11], [42], as may be seen in Table VII.

The errors of the proposed framework are small since the
variation of solar output over different times of day and year
is taken into account with the use of k-means clustering. The
use of a clustering algorithm results in similar points that
belong in the same cluster being trained with a GPR model.
More specifically, k-means divides similar data in one group
which follows a distribution with specific characteristics which
makes training of each cluster more efficient with lower errors.
Moreover, the use of an appropriate kernel function that relates
the input features to output, improve the forecast. In this work
using Matérn 5/2 as a kernel function increase the accuracy of

Site | RMSE [MW] | MAE [MW] | RMSE [%] | MAE [%]
A 1.25 0.36 4.18 1.22

B 1.39 0.63 4.18 1.91

C 1.51 0.59 4.33 1.69
D 1.39 0.30 4.21 0.92
E 0.019 0.008 4.48 1.96

Table V: Training set error metrics for all sites.

Site | RMSE [MW] | MAE [MW] | RMSE [%] | MAE [%]
A 1.23 0.56 4.12 1.89
B 1.51 0.66 4.58 2.00
C 1.61 0.72 4.60 2.06
D 1.44 0.65 4.38 1.98
E 0.015 0.008 3.48 1.85

Table VI: Test set error metrics for all sites.

RMSE[%] | MAE[%]
Proposed framework 3.48 1.85
Fall 13.85 8.48
(1] Wiqter 7.67 4.16
Spring 13.6 8.08
Summer 16.43 10.73
[42] ELM 12.84 6.68
FFBPG 13.33 7.53

Table VII: Forecast error metrics based on different method-
ologies for site E.

forecast due to the capability of the kernel in solving stochastic
problems.

V. CONCLUSION

In this paper, we proposed a probabilistic framework for
short-term photovoltaic forecasting. Since solar output relies
on solar irradiance, we clustered our data in four groups based
on day-time. Two clusters represent early morning and night
times; and the remaining two represent seasonal variations.
After clustering data into four clusters, we carried out a
correlation study to identify the features which are highly
related to solar output power. The seven selected features that
affected more prominently the PV output generation were:
direct solar irradiance, diffused solar irradiance, horizontal
solar irradiance, temperature, zenith, azimuth, and sky cloud
covering. We then trained a model for each of the four
clusters using GPR in order to learn the relationship between
the seven input features and the PV generation. GPR is a
kernel based nonlinear nonparametric regression technique,
in which the covariance function plays a crucial role. In this
work, we selected the Matérn 5/2 as a covariance or kernel
function. This function was selected under the assumption that
the correlation between any two points in the input feature
set decreases with increasing the euclidean distance between
them. To test the accuracy of the proposed method for solar
output forecasting, different tests and validation methods were
exploited, i.e., k-fold cross-validation and hold-out validation
methods.

In the case studies, we demonstrated the framework imple-
mentation in five different sites. For each site, the experiments
were run 30 independent times for each cluster, i.e., 30 random
days were selected as hold-out data that were representative of
different days of the year during different seasons. The largest
RMSE and MAE were 4.60 % and 2.06 % respectively, show-
ing the efficacy of the proposed framework. Furthermore, the
proposed framework was compared with existing forecasting
methodologies and it was found that its predictions were more
accurate based on statistical metrics.

REFERENCES

[1] M. Gul, Y. Kotak, and T. Muneer, “Review on recent trend of solar
photovoltaic technology,” Energy Exploration & Exploitation, vol. 34,
no. 4, pp. 485-526, 2016. [Online]. Available:
https://doi.org/10.1177/0144598716650552

[2] R.J. Bessa, J. Dowell, and P. Pinson, Renewable Energy Forecasting.
American Cancer Society, 2016, pp. 1-21. [Online]. Available:
https://onlinelibrary.wiley.com/doi/abs/10.1002/9781118755471.sgd050

[3] R. Shah, N. Mithulananthan, R. Bansal, and V. Ramachandaramurthy,
“A review of key power system stability challenges for large-scale pv
integration,” Renewable and Sustainable Energy Reviews, vol. 41, pp.
1423 — 1436, 2015. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S1364032114008004



[4]

[5

[ty

[6

—_

[7]

[8

—

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(171

(18]

[19]

[20]

[21]

[22]

R. G. Wandhare and V. Agarwal, “Reactive power capacity
enhancement of a pv-grid system to increase pv penetration level in
smart grid scenario,” IEEE Transactions on Smart Grid, vol. 5, no. 4,
pp. 1845-1854, July 2014.

A. Bracale, G. Carpinelli, and P. De Falco, “A probabilistic
competitive ensemble method for short-term photovoltaic power
forecasting,” IEEE Transactions on Sustainable Energy, vol. 8, no. 2,
pp- 551-560, April 2017.

M. Rana, I. Koprinska, and V. G. Agelidis, “Forecasting solar power
generated by grid connected pv systems using ensembles of neural
networks,” in 2015 International Joint Conference on Neural Networks
(IJCNN), July 2015, pp. 1-8.

M. K. Behera, I. Majumder, and N. Nayak, “Solar photovoltaic power
forecasting using optimized modified extreme learning machine
technique,” Engineering Science and Technology, an International
Journal, vol. 21, no. 3, pp. 428 — 438, 2018. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S2215098617316063

F. Najibi and T. Niknam, “Stochastic scheduling of renewable
micro-grids considering photovoltaic source uncertainties,” Energy
Conversion and Management, vol. 98, pp. 484 — 499, 2015. [Online].
Available:
http://www.sciencedirect.com/science/article/pii/S0196890415002551
C. Wan, J. Lin, Y. Song, Z. Xu, and G. Yang, “Probabilistic
forecasting of photovoltaic generation: An efficient statistical
approach,” IEEE Transactions on Power Systems, vol. 32, no. 3, pp.
2471-2472, May 2017.

M. J. Sanjari and H. B. Gooi, “Probabilistic forecast of pv power
generation based on higher order markov chain,” IEEE Transactions
on Power Systems, vol. 32, no. 4, pp. 2942-2952, July 2017.

F. Golestaneh, P. Pinson, and H. B. Gooi, “Very short-term
nonparametric probabilistic forecasting of renewable energy generation
with application to solar energy,” IEEE Transactions on Power
Systems, vol. 31, pp. 3850-3863, 2016.

N. Liang, G. Huang, P. Saratchandran, and N. Sundararajan, “A fast
and accurate online sequential learning algorithm for feedforward
networks,” IEEE Transactions on Neural Networks, vol. 17, no. 6, pp.
1411-1423, Nov 2006.

C. Voyant, G. Notton, S. Kalogirou, M.-L. Nivet, C. Paoli, F. Motte,
and A. Fouilloy, “Machine learning methods for solar radiation
forecasting: A review,” Renewable Energy, vol. 105, pp. 569 — 582,
2017. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0960148116311648
H. T. Pedro and C. F. Coimbra, “Assessment of forecasting techniques
for solar power production with no exogenous inputs,” Solar Energy,
vol. 86, no. 7, pp. 2017 — 2028, 2012. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0038092X12001429
J. Shi, W. Lee, Y. Liu, Y. Yang, and P. Wang, “Forecasting power
output of photovoltaic systems based on weather classification and
support vector machines,” IEEE Transactions on Industry Applications,
vol. 48, no. 3, pp. 1064-1069, May 2012.

A. Ragnacci, M. Pastorelli, P. Valigi, and E. Ricci, “Exploiting
dimensionality reduction techniques for photovoltaic power
forecasting,” in 2012 IEEE International Energy Conference and
Exhibition (ENERGYCON), Sep. 2012, pp. 867-872.

C. Xu, Z. Feng, and Z. Meng, “Affective experience modeling based
on interactive synergetic dependence in big data,” Future Generation
Computer Systems, vol. 54, pp. 507 — 517, 2016. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0167739X 15000527
Z. Li, Y. Han, and P. Xu, “Methods for benchmarking building energy
consumption against its past or intended performance: An overview,”
Applied Energy, vol. 124, pp. 325 — 334, 2014. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0306261914002505

Y. Heo and V. M. Zavala, “Gaussian process modeling for
measurement and verification of building energy savings,” Energy and
Buildings, vol. 53, pp. 7 — 18, 2012. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S037877881200312X
R. Garnett, M. Osborne, S. Reece, A. Rogers, and S. Roberts,
“Sequential bayesian prediction in the presence of change points and
faults,” Computer Journal, vol. 53, no. 9, pp. 1430-1446, 2010.

D. Knebel, Simplified energy analysis using the modified bin method.
Atlanta, Ga.; American Society of Heating, Refrigerating, and
Air-Conditioning Engineers, 1983.

P. Pinel, C. A. Cruickshank, I. Beausoleil-Morrison, and A. Wills, “A
review of available methods for seasonal storage of solar thermal
energy in residential applications,” Renewable and Sustainable Energy

[23]

[24]

[25]

[26]

(271

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

(371

[38]

[39]

[40]

[41]

[42]

Reviews, vol. 15, no. 7, pp. 3341 — 3359, 2011. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S136403211100150X
M. S. Al-Homoud, “Computer-aided building energy analysis

techniques,” Building and Environment, vol. 36, no. 4, pp. 421 — 433,
2001. [Online]. Available:

http://www.sciencedirect.com/science/article/pii/S0360132300000263
C. E. Rasmussen, “Gaussian processes for machine learning,” in
Gaussian processes for machine learning. MIT Press, 2006.

G. Liu and X. Wu, “Time series clustering and evaluation of unknown
working conditions of mismatched photovoltaic array systems,” in
2018 IEEE 4th International Conference on Control Science and
Systems Engineering (ICCSSE), Aug 2018, pp. 164-167.

G. Liu, L. Zhu, X. Wu, and J. Wang, “Time series clustering and
physical implication for photovoltaic array systems with unknown
working conditions,” Solar Energy, vol. 180, pp. 401 — 411, 2019.
[Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0038092X 19300532
R. M. Esteves, T. Hacker, and C. Rong, “Competitive k-means, a new
accurate and distributed k-means algorithm for large datasets,” in 2013
IEEE 5th International Conference on Cloud Computing Technology
and Science, vol. 1, Dec 2013, pp. 17-24.

A. K. Jain, M. N. Murty, and P. J. Flynn, “Data clustering: A review,”
ACM Comput. Surv., vol. 31, no. 3, pp. 264-323, Sep. 1999. [Online].
Available: http://doi.acm.org/10.1145/331499.331504

X. Huang, Y. Ye, L. Xiong, R. Y. Lau, N. Jiang, and S. Wang, “Time
series k-means: A new k-means type smooth subspace clustering for
time series data,” Information Sciences, vol. 367-368, pp. 1 — 13,
2016. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0020025516303796

J. Han, M. Kamber, and J. Pei, Data Mining: Concepts and
Techniques, 3rd ed. San Francisco, CA, USA: Morgan Kaufmann
Publishers Inc., 2011.

M. Aakroum, A. Ahogho, A. Aagqir, and A. A. Ahajjam, “Deep
learning for inferring the surface solar irradiance from sky imagery,” in
2017 International Renewable and Sustainable Energy Conference
(IRSEC), Dec 2017, pp. 1-4.

G. G. Kim, J. H. Choi, S. Y. Park, B. G. Bhang, W. J. Nam, H. L.
Cha, N. Park, and H. Ahn, “Prediction model for pv performance with
correlation analysis of environmental variables,” IEEE Journal of
Photovoltaics, vol. 9, no. 3, pp. 832-841, May 2019.

J. Duffie and W. Beckman, Solar Engineering of Thermal Processes.
Wiley, 2013. [Online]. Available:
https://books.google.co.uk/books?id=5uDdUfMgXYQC

R. A. Fisher, “Frequency distribution of the values of the correlation
coefficient in samples from an indefinitely large population,”
Biometrika, vol. 10, no. 4, pp. 507-521, 1915. [Online]. Available:
http://0-www.jstor.org.wam.city.ac.uk/stable/2331838

NASA, “Cloud cover and solar radiation.” [Online]. Available: https :
//scool.larc.nasa.gov/lessonplans/CloudCoverSolar Radiation.pdf
Wikipedia, “Metar.” [Online]. Available:
https://en.wikipedia.org/wiki/METAR

E. Schulz, M. Speekenbrink, and A. Krause, “A tutorial on gaussian
process regression: Modelling, exploring, and exploiting functions,”
bioRxiv, 2017. [Online]. Available:
https://www.biorxiv.org/content/early/2017/10/10/095190

G. James, D. Witten, T. Hastie, and R. Tibshirani, An Introduction to
Statistical Learning: With Applications in R. Springer Publishing
Company, Incorporated, 2014.

W. Commons, “File:k-fold cross validation en.jpg — wikimedia
commons, the free media repository,” 2018, [Online; accessed
21-August-2019]. [Online]. Available:

https : //en.wikipedia.org/wiki/Cross—validation statistics)
S. Yadav and S. Shukla, “Analysis of k-fold cross-validation over
hold-out validation on colossal datasets for quality classification,” in
2016 IEEE 6th International Conference on Advanced Computing
(IACC), Feb 2016, pp. 78-83.

W. Tangwongcharoen and W. Titiroongruang, “The specific golf swing
patterns using k-means clustering with the two-sided confidence
interval,” in 2017 14th International Conference on Electrical
Engineering/Electronics, Computer, Telecommunications and
Information Technology (ECTI-CON), June 2017, pp. 698-701.

F. Golestaneh and Hoay Beng Gooi, “Batch and sequential forecast
models for photovoltaic generation,” in 2015 IEEE Power Energy
Society General Meeting, July 2015, pp. 1-5.



