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Abstract: Inaccurate forecasting of photovoltaic (PV) power generation is a great concern in the
planning and operation of stable and reliable electric grid systems as well as in promoting large-scale
PV deployment. The paper proposes a generalized PV power forecasting model based on support
vector regression, historical PV power output, and corresponding meteorological data. Weather
conditions are broadly classified into two categories, namely, normal condition (clear sky) and
abnormal condition (rainy or cloudy day). A generalized day-ahead forecasting model is developed
to forecast PV power generation at any weather condition in a particular region. The proposed
model is applied and experimentally validated by three different types of PV stations in the same
location at different weather conditions. Furthermore, a conventional artificial neural network
(ANN)-based forecasting model is utilized, using the same experimental data-sets of the proposed
model. The analytical results showed that the proposed model achieved better forecasting accuracy
with less computational complexity when compared with other models, including the conventional
ANN model. The proposed model is also effective and practical in forecasting existing grid-connected
PV power generation.

Keywords: photovoltaic power forecasting; support vector regression; support vector machine;
artificial neural network; different weather conditions

1. Introduction

Energy, especially electrical energy, plays a key role in a country’s development; it also improves
the living standard of people. Therefore, the demand for electrical energy has been increasing day by
day due to industrialization and modernization. However, the conventional generation of electrical
energy has caused global warming and significant climate changes. Subsequently, the modern world
has undertaken different renewable energy initiatives to mitigate global warming and meet the growing
electricity demand. Nowadays, many countries have produced a significant portion of their energy
demands from renewable energy resources, particularly solar generation power plants [1]. Among the
potential renewable energies, photovoltaics (PV) have undergone enormous growth over the last few
years. The total installed capacity of PV systems has reached around 227 GW worldwide, an increase
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of more than 28% in 2015 (International Energy Agency (IEA) report, 2016); such growth is expected to
continue at similar or higher rates in the future. Decreasing prices (i.e., the lowest at below $1.5/Wp
for fixed tilt systems) and improved PV technology can also boost PV system installations [2,3].

However, the generation of PV power fully depends on random and ungovernable solar
irradiance and other metrological factors, such as atmospheric temperature, module temperature,
wind speed, wind direction, and humidity. The power output of a PV system dynamically changes
with time due to the variability of environmental factors. Unpredictable PV power output adversely
affects system stability and reliability, the scheduling of system operations, and related economic
benefits [4,5]. Meanwhile, accurate forecasting of PV power generation can reduce the impact of PV
power uncertainty on the grid, improve system reliability, maintain power quality, and increase the
penetration level of PV systems [6]. Therefore, accurate forecasting of PV power generation has become
an important task for researchers at present.

In a significant number of previous research, solar irradiance on different time scales was
forecasted using various approaches, including numerical weather prediction methods, image-based
methods, and statistical methods [7-10]. The forecasted solar irradiance and other associated data are
used as inputs for PV power generation by commercial PV simulation software, such as TRNSYSM,
PVFORM, and HOMER. In [11], first the fuzzy theorem was used to forecast the solar irradiance
levels and then the recurrent neural network (RNN) method was used to forecast the 24 hour ahead
output power of the PV system. However, most previous research on this problem employed direct
methods to forecast PV power generation based on historical time-series data, such as historical PV
power output and corresponding meteorological data. The research by Kudo et al. [12] demonstrated
that the direct method of forecasting next-day PV power generation is better when compared with
indirect methods.

In direct PV power forecasting, persistence modeling [13] is generally conducted to justify
and select other models, and to decide on benchmarks. Persistence modeling is mainly used
for one-hour ahead forecasting; hence, as the time range of forecasting increases, the accuracy of
persistence modeling decreases [14]. Both autoregressive and moving-average modeling and their
generalizations (i.e., autoregressive-moving-average models) [15] are widely used in statistical and
time-series data analyses. These are based on classical time-series analysis such as following the
Box—Jenkins method [16]. Yang et al. [17] proposed an autoregressive method, with an exogenous
input (ARX)-based spatio-temporal (ST) model, in order to improve the accuracy of the developed PV
output power forecasting technique. However, these time-series models have limitations because they
require stationary data-sets [18]. A stationary time series is one whose statistical properties, such as
mean, variance, and autocorrelation, are all constant over time. However, the PV power output and
related meteorological data are non-stationary. By contrast, autoregressive-integrated-moving-average
(ARIMA) models integrate non-stationarity elements from time-series data [19], but these models are
computationally intensive because of the inclusion of a summation/integration function. The most
general time series analysis model is called NARX (Nonlinear Autoregressive with Exogenous Input).
In [20], NARX was chosen as a dynamic artificial neural network (ANN) to forecast the PV power
generation, and the result showed that the NARX is more efficient because of its capability to learn and
generalize formulas, compared with other ANN models. However, the NARX models have limitations
in learning long time dependences because of the “vanishing gradient”. Furthermore, similar to
any dynamical system, the models were affected by instability and lack a procedure for optimizing
embedded memory. Moreover, time series models need lots of data when the model is structured, and
the parameters are difficult to update when new data are uploaded.

ANN modeling is excellent for complicated and non-linear data analysis, and it does not require
any prior assumption. Neural networks are widely used in PV power generation forecasting, and
forecasted results are better when compared with those from regression analysis methods [21].
NARX and feed-forward neural networks with tapped delay lines have been used to forecast
PV energy production, and they result in errors (MAPE) of less than 5% [22]. However, the
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performance of this forecasting model depends on meteorological factors and the correlation between
explanatory variables and dependent variables. If the correlation factor between variables is less
significant, then the forecasting result will be inaccurate. Multilayer perceptron (MLP) [23] is an
example of the feed-forward NN model that has been widely deployed in PV power generation
forecasting. In this model, the input of each neuron is transformed into output through the sigmoid
function. The performance of this model is better than the Box—Jenkins method due to its non-linear
approximation. The radial basis function neural network (RBENN) [24] is a type of ANN model that
makes use of linear combinations of radial basis functions. For the radial basis function, Gaussian
functions are often used to transform inputs into outputs. If tuned accurately, the RBFNN has better
performance than MLP. However, the tuning procedures of the RBFNN sometimes cause problems,
such that good results are not obtained due to poor parameter adjustments. Among the ANN-based
forecasting methods, back propagation NN (BPNN) has been widely used because of its excellent
nonlinear mapping function, which is especially suitable for solving complex regression problems [25].
BPNN has the advantages of a complex nonlinear systems simulation ability, a strong learning ability,
good approximation performance, and a large fault data tolerance. However, inherent defects are
found, such as a slow convergence rate as well as a susceptibility to easily fall into local minimum
values; thus BPNN is unable to obtain the global optimal solution [26].

Accuracy is a main consideration when developing models for PV power generation forecasting.
For short-term forecasting, errors should be less than 20% [6]. However, for changing conditions (e.g.,
morning and evening, or rainy or cloudy weather), forecasting accuracy decreases to a point where
the relative mean square errors (RMSE) are sometimes higher than 50%. To build better forecasting
models, some studies classified forecasted days into different categories on the basis of weather
conditions. Kang et al. [27] developed an algorithm by utilizing k-means clustering; Chen et al. [28]
presented a RBFNN model; Shi et al. [6] proposed a model based on weather classification and support
vector machines (SVM); Yang et al. [29] presented a weather-based hybrid method; and Liu et al. [26]
proposed a back-propagation NN model to forecast PV power generation. All of these works classified
days into different categories like sunny, cloudy, foggy, and rainy, and then built separate forecasting
models for each classification. This approach implies that sub-models should be chosen on the basis
of the weather condition of a forecasted day, apart from applying meteorological data to the model.
However, although the accuracy is satisfactory for forecasting, sub-modeling is limited by complexity
and computational costs.

In this paper, a generalized PV power forecasting model is proposed on the basis of support vector
regression (SVR), historical data of PV power output, and meteorological data. In particular, SVR is
supervised as a learning method and utilized for model development. In the study, PV power output
characteristics and influential factors are analyzed to achieve forecasting accuracy. Subsequently,
forecasted days are classified according to Malaysian weather conditions and historical PV power
output data. The two types of weather in Malaysia are normal days (clear sky) and abnormal days
(cloudy or rainy sky). Consequently, a generalized SVR-based model is introduced to forecast PV
power generation accurately for any Malaysian weather condition. The proposed model is applied
to and validated by three PV power stations situated in an institutional building of the University
of Malaya in Kuala Lumpur. A generalized hourly resolution and day-ahead forecasting model is
established to compare the forecasting accuracies of different weather conditions. This proposed single
model, which is applicable for different weather conditions, is very simple to use and can reduce the
complexities and computational costs.

The paper is organized as follows: Section 2 presents a brief description of the methods applied
to forecast the PV power generation including real PV plant data collection and analysis; Section 3
indicates the performance metrics to evaluate the forecasting models; and Section 4 discusses the
results of the proposed model including comparison and validations. Finally, Section 5 summarizes
and concludes the study.
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2. Methodology

2.1. Data Collection and Analysis

Three PV power generation systems were selected to collect PV power output and related
meteorological data. These systems are located in Kuala Lumpur (latitude = 03° 09’ N;
longitude = 101°41" E). The PV systems were installed on the rooftop of an institutional building
of the University of Malaya. Table 1 presents the details of these PV systems. The three PV plants are
of monocrystalline, polycrystalline, and thin-film types with installed capacities of “1875”, “2000”,
and “2700” Wp, respectively. PV power outputs were collected individually from each plant; however,
meteorological data (i.e., solar irradiance, atmospheric temperature, module temperature, and wind
pressure) were collected as a single dataset for all plants because of their similar geographical locations.

Table 1. Details of photovoltaic (PV) power plants utilized in the study.

Data Sources Nature of Plant Installed Capacity Measurement Items

Plant-1 Monocrystalline 1875 Wp (75 W x 25 pcs) (i) PV power generation;
(ii) Solar irradiance (W/m?);
(iii) Atmospheric temperature (°C);

Plant-3 Thin-Film 2700 Wp (135 W x 20 pes) (V) PV module temperature (°C);
(v) Wind speed (m/s)

Plant-2 Polycrystalline 2000 Wp (125 W x 16 pcs)

Table 2 shows the collected data for each unit parameter identified for the study. The PV power
output and related meteorological data were collected by an automatic data acquisition system in
5 min durations from 1 January 2016 to 31 December 2016.

Table 2. Set of collected input/output variables of the PV system.

Input/Output Parameters Unit Resolution Variables
Solar Irradiance W/m? 5 min Irradiance
Input Parameters Ambient Temperature °C 5 min Temp_amb
P Module Temperature °C 5 min Temp_module
Wind Speed m/s 5 min Wind_speed
Output Parameter PV Output Power Watt 5 min Power_pv

Figure 1a illustrates the mean daily PV power output generated by plant-1 for January 2016, and
Figure 1b shows the daily energy generated by each PV plant for May 2016. Average power generation
differed across days due to variations in the weather conditions.
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Figure 1. (a) Daily average power generated by PV plant-1; (b) Daily generated energy of PV plants.
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For plant-1 (Figure 1a), the three days of 1, 15, and 16 January generated comparatively low power
due to cloudy or rainy weather conditions (abnormal day). Meanwhile, due to clear skies (normal day),
average power generation was comparatively higher for the days of 2, 7, 10, 11, 20, 24, and 25 January.
In Figure 1b, the daily average PV energy production shows a rather stable fluctuation in relation to
the different weather conditions in Malaysia, which suggests the potential of the country to generate
PV energy.

Photovoltaic power generation is closely related to meteorological parameters, such as solar
irradiance, ambient/atmospheric temperature, module temperature, and wind speed, among others.
Figure 2a shows the patterns of solar irradiance and PV power output of different PV plants on a
particular day. During clear-sky days (normal day), PV power output very strongly matched the
solar irradiance curve. Similarly, for cloudy or rainy days (abnormal day), a pattern harmony is
observed between PV power output and solar irradiance as shown in Figure 2a. A similar pattern for
PV power output and solar irradiance was observed for the different weather conditions because the
generation of PV power fully depends on solar irradiance. If the irradiance increases, then PV power
will be increased, and vice versa for any weather conditions. In Malaysian weather conditions, a linear
relationship occurs between them. Therefore, a high correlation coefficient between PV power and solar
irradiance has been observed. Figure 2b shows a strong positive correlation between solar irradiance
and PV power output. Therefore, solar irradiance is an important input vector when developing an
appropriate PV power forecasting model, as evidenced by the high correlation coefficient of R? = 0.9888.

et plant- | =t plant-2 § 1.6 1
~ 2 m—— plant-3  eeeessces Irradiance -1 _ <
z ) -
2 s £, R2=0.9888
2 1.6 A < 5 C7
£ ¢ S
: I
€12 T
: EoSos
. =
Z o8 (—g £

0.4
0.4
o0
0 - 0 ; = —
0 200 400 600 800 1000
Time (hour) Solar Irradiance (W/m?)
(a) (b)

Figure 2. (a) Pattern of solar irradiance and PV power output for abnormal days; (b) Correlation
between solar irradiance and PV power output.

The analytical results also indicate that the other meteorological variables, such as ambient
temperature, module temperature, and wind pressure, were also correlated with PV power generation.
A comparatively weak correlation was established between PV power output and atmospheric
temperature, while an extremely weak correlation was observed between PV power output and
wind speed. However, wind speed has been considered an input of the proposed model to build
an appropriate model. By contrast, a strong correlation between PV power output and module
temperature was observed. Nevertheless, it has been ignored in the selection as an input vector
of the proposed model because the module temperature is highly dependent on other variables,
such as atmospheric temperature, wind speed, wind direction, humidity, and the amount of PV
power generation.

2.2. Data Preparation

Some meteorological variables showed extremely weak correlations with the PV power generation.
In this study, the influence on PV power generation by all of the aforementioned independent
meteorological variables was considered.
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Sample data on actual PV power generated and related meteorological variables were collected
at 5 min intervals. The obtained PV power output data and meteorological data were averaged as
hourly datasets. However, during data collection, PV power output samples may be lost due to
recording errors or other special events. If abnormal data are collected, the training of SVR becomes
unstable. Thus, before averaging, missing data should be replaced by same-hours data from the latest
similar day.

2.3. Pre-Processing of Data

The nonlinear SVR model can map nonlinear inputs into higher-dimensional space to make them
linear. However, a wider data range results in imprecisions both in terms of fitting and regression.
If data are pre-processed into smaller ranges before they are inputted into the model, then regression
precision can be increased. A well-known solution to the aforementioned limitation is a normalization
process, wherein data are restricted to the range of 0 and 1. Normalization minimizes regression error,
improves precision, and maintains correlation in the data-set. The formula for normalization is [30]:

D — Dy
D _ actual min 1
Normal Dimax — Dmin ( )

where Dyjormal is the normalized input data; D,y is the original input data (PV power output and
meteorological data); and Dy and Dmax are the minimum and maximum values of the utilized input
data, respectively.

2.4. Support Vector Regression

SVM [31] is a supervised machine-learning method that follows the structural risk minimization
principle. SVMs have greater generalization ability compared with other approaches, and they are
widely used in resolving classification and regression problems. SVMs are excellent for time-series
analysis due to its global minima. When applied to time-series prediction, SVM modeling is referred to
as support vector regression (SVR). Forecasting PV power generation is a typical time-series analysis
problem; in this case, SVR is an appropriate method.

The SVR algorithm is a nonlinear regression algorithm. Inputs from time-series data samples are
mapped into high-dimensional feature space for nonlinear mapping. Subsequently, linear regression is
conducted (Figure 3).

Y Y
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o ®
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Figure 3. Changing nonlinear regression into linear regression.
A set of training data {(x1,y1), (x2,¥2),...... ,(x1, y;)} is considered, where x; € R" is the input

vector (meteorological data), and y; € R! is the corresponding output value (PV power output).
The estimation function f(x) is shown in Function (2):

y=fx) =wxi(x)+b @

where w € R" is a weight vector, and b € R is the bias term, which can be estimated by minimizing
the regularized risk function.
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Using the e-insensitive loss function in SVR, the regression problem can be changed into the
following optimization problem:

l
mm:%HwH2+CZ¥@+ﬁ)
1=
Subjectto: y; — f(x) < e+ f(x) —yi <e+;and 7,8 > 0

®)

where ¢ is the radius of the tube (margin of tolerance), which refers to the data inside the tube that
should be ignored during regression. The feature vector, which lies on the boundary of the tube,
is known as the support vector.

In line with the Lagrange multiplier method, the Lagrange function is acquired as follows:

l l
L(w,b,& &, a,a%,7,7") =3 lwl 1 +C ,21(€+é*) - ,Zlailéi +e—yi+ f(x)!
= = )
! !
_,Zl"‘f“ﬁ*'ﬁ'}/i—f(xi) —,Zl(Ci’YiJrCf’Yf‘)
1= 1=
where § and ¢* are the slack variables representing the distance from actual values to the corresponding
boundary values of the e-tube. Hence, a, a*, v, v* > 0.
Next, the saddle point of L is calculated. The following equations can thus be obtained:

! 5
%L:O :>i;1(lxi—0é;k): ®)
HL=0 =C—ai—7=0

By substituting the original Function (4) with Equation (5), the following model can be obtained:

1
(=) () — o ) < (), () >

- _ 1
max s W(a, &)y, pzo = —75 )
ij

— Y (ait+af)e+ ¥ (w0 —af)y; (6)

1

Subjectto: ) (a;j—af) =0; 0<a;,af<C
i=1
where C determines the penalties of the estimation errors.
Subsequently, the kernel function k(x;, xj) is introduced with a mercer condition to replace the
original function < ¢(x;), ¥ (x]-) >, and the following model can thus be obtained:

!
max 1 W(e, &)y, z o = -1 "21 (a; —af) (oc]- - vc]’f)k(xi, X;j)
ij=
! !
- '21 (a; 4 a7 )e + ):1 (a; — af )y @)
1= 1=

l
Subjectto: ) (aj—af) =0, 0<w,a; <C
i=1

The kernel function is one of the key factors of SVR. The performance of SVR is largely dependent
on the selection of the kernel function and its parameters. Four traditional kernel functions are
commonly used in SVR:

e Liner kernel function: k(xi, xj) = xl.ij;

e Polynomial: k(x;,x;) = (yx]x;+ r)d, v >0;
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12
e  Gaussian RBF (radial bias function): k(x;,x;) = exp (le,le) = exp(f'yl | x; — x; |2),

202
v>0;
e  Sigmoid: k(x;,x;) = tanh(yx]x; +7).

The radial bias function (RBF) is often used as the kernel in SVR because it requires only one
parameter and it has a wide scope of application. RBFs also have the ability to universally approximate
any distribution in feature space. Therefore, the RBF was used as kernel in this study. For the RBF, o
was set as the bandwidth of the kernel function.

To optimally solve the problems, the best #; and &} should be obtained. The best-fit regression
function can be expressed as follows:

!
flx) =Y (a; —af) x k(xi,xj) +b (8)
i—1

where a; and & are the Lagrange multipliers; and k(x;, x;) is the kernel function. The nonlinear
separable cases can be easily transformed into linear cases by mapping the original variable into a new
high-dimension feature space using k(x;, ;).

2.5. Proposed SVR-Based Model to Forecast PV Power Generation

To establish the generalized SVR-based model for PV power generation forecasting, the LIBSVM
package [32] proposed by Chang and Lin (2001) was adopted in present study. For the proposed
generalized day-ahead hourly resolution model using the SVR approach, the average hourly data
samples were considered for training and testing purposes. The diagram flow of the proposed model
is shown in Figure 4.

Normalization of historical data

Separate historical data to train and
test the proposed model

| Initialize the SVR hyper-parameter (C, €, y) |

| Training and testing operation of the model |

Optimized the
model?

Reset parameters
z
&)

Yes

Forecast the PV power generation using forecasted
model input data collected from Malaysian
meteorological department

Anti-normalization of output data to obtain
the actual value of forecasted PV power

Figure 4. Flowchart of the proposed support vector regression (SVR)-based forecasting model.

Historical data of meteorological variables (i.e., solar irradiance, atmospheric temperature, and
wind speed) were considered as the input data-set of the model. Meanwhile, historical data of PV
power output were considered as the output data-set for training the proposed model. All of the
original historical PV power data and meteorological data were normalized within the range of [0, 1] to
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minimize regression error. Subsequently, the datasets for training (i.e., more than 70% of the total data)
and testing were separated. To develop the model, the initialization values of the three dominating
parameters (C, ¢, and 7) in SVR should be also included. The training and the testing of the model
were conducted first-time using the stipulated historical data-set. A non-optimization model implies
that the dominating parameter values should be changed, and model training and testing should be
conducted again; this procedure should be continued until the model is optimized. In the present
study, the parameters were chosen on the basis of experience-based trial and error. An optimized
model implies that PV power generation can be forecasted for a particular day. To forecast PV power
generation using the proposed model, the hourly averages of normalized meteorological data for a
given forecasted day (i.e., data collected from the Malaysian meteorological department or numerical
predicted data) should be applied. Given that the input data of this model were normalized, the output
data should be anti-normalized to extract the original values of PV power; this process consolidates
the performance analysis of the proposed model.

A standard three-layer back-propagation ANN with the number of epochs set to 1000 was utilized
as the alternative model for a comparative evaluation of the performance of the proposed model.
To evaluate for better performance of the ANN model, the number of hidden neurons of the ANN
model was changed to be between 5 and 20. To establish the benchmark of the PV power forecasting
model, a persistence model was used to validate the proposed model.

3. Evaluation of Forecasting Accuracy

Several types of performance metrics were used to evaluate the accuracy of the forecasting model.
In this study, normalized root-mean-square error (nRMSE) (i.e., the most commonly used metric),
mean absolute error (MAE), and mean bias error (MBE) were adopted for the proposed model:

1 N
nRMSEo/o = N Z(WPredicted - vvactual)2 x 100/ WaC’fual (max) (9)
i=1
1 N
MAE = N Z|Wpr6dicted - Wactua1| (19
i=1
1 N
MBE = — Z(WPredicted - Wactual) (1

N i=1

where Wredicted and Wicual are the forecasted value and actual measured value of the PV power
output at each time point, respectively. In addition, W, yal(max) 18 the maximum value of the actual
measured PV power output, and N is the number of test data samples. The datasets for training and

testing were normalized; accordingly, the forecasted PV power output data of the model have to be
anti-normalized before calculating the nRMSE, MAE, and MBE.

4. Result and Discussion

In this research, a generalized forecasting model based on SVR was developed. The model was
applied for hourly resolution day-ahead PV power generation forecasting. The actual PV power
generation data of three different PV plants and their related meteorological data (i.e., solar irradiance,
atmospheric temperature, and wind speed) were utilized in the study. In Malaysia, solar irradiance is
available from 08:00 to 19:00 at almost all seasons of the year; accordingly, daily PV power outputs
are received during these times only. Experimental data covering three months (January, May, and
September 2016) were used to verify the proposed model. However, Malaysian weather conditions
have not changed drastically over the year. Nevertheless, these three months have been selected in this
analysis because all of the weather conditions throughout the year were considered. Sample data were
selected randomly for training and test purposes due to different weather conditions. The forecasted
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PV power of the proposed model should be anti-normalized to extract the actual value of the PV power
forecast. Consequently, the forecasted values of the proposed model were compared with those for the
standard back-propagation NN model and the persistence model.

Figure 5a shows the measured PV power outputs (actual) and forecasted PV power outputs of the
different models (i.e., proposed model, ANN, and persistence model) of PV plant-1 in normal weather
conditions. In this case, 21 and 22 May were set as the forecast days. As shown in Figure 1b and based
on the analysis of the PV power output patterns, these days (21 and 22 May) are clear-sky days (normal
day). Hence, the hourly PV power output average and related metrological data of 14 days (7-20 May)
were used to train the model. As shown in Figure 5a, the forecasted curve of the proposed model
almost matched the actual measured curve of PV power generation.

Actual Power Proposed
ANN  eeecssccee Persistence

Actual Power s PrOpOSEd
ANN eeseessee Persistence

PV power output (kW)
j=1
ol
PV power output (kW)
(=}
o

0 10 20 30 10 50 0 10 20 30 40 50
Time (hour) Time (hour)

(a) (b)

Figure 5. PV power output of plant-1 in (a) normal weather conditions; (b) abnormal weather
conditions. “ANN" means artificial neural network.

Figure 5b represents the actual measured PV power outputs and forecasted PV power outputs of
the proposed model, ANN model, and persistence model of plant-1 in abnormal weather conditions.
In this figure, 26 and 27 May were set as forecast day. As shown in Figure 1b and based on the analysis
of PV power output patterns, these days are cloudy or rainy days (abnormal day). Hence, the hourly
PV power output average and related meteorological data of 14 days (12-25 May) were used to train
the model. As shown in Figure 5b, the forecasted curve of the proposed model almost matched the
actual measured curve of PV power generation. However, a significant deviation for the persistence
model curve was observed, which might have been affected by abnormal weather conditions.

The same meteorological data-set and related PV power output data of PV plant-2 were used
to train and test the models in different weather conditions. Similarly to plant-1, normal forecast
days (21 and 22 May) and abnormal forecast days (26 and 27 May) were selected. Figure 6a,b shows
the actual measured PV power output and forecasted PV power output of the different models
(i.e., the proposed model, the ANN model, and the persistence model) for normal and abnormal
weather conditions, respectively. As shown by Figure 6a,b, the forecasted result of the proposed model
almost matched the actual measured PV power output of plant-2.
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Figure 6. PV power output of plant-2 in (a) normal weather conditions; (b) abnormal weather conditions.

Similarly to the previous approach, the same meteorological data-set and related PV power output
data of plant-3 were used to train and test the proposed model, the ANN model, and the persistence
model in different weather conditions. Normal and abnormal forecast days were selected, similarly
to plant-1 and plant-2, in consideration of same-month data. Figure 7a,b shows the actual measured
PV power output and forecasted PV power output of the different models for normal and abnormal
weather conditions, respectively. The figures show that the proposed PV power curve almost matched
the actual measured PV power curve of plant-3.
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Figure 7. PV power output of plant-3 in (a) normal weather conditions; (b) abnormal weather conditions.

The performances of the proposed model, the ANN model, and the persistence model were
evaluated using the experimental data of May 2016. In this case, NRMSE, MAE, and MBE were adopted
for the forecasting performance evaluation. Calculation results are shown in Table 3.

Similar work has been done by using other practical datasets collected from the months of January
and September of 2016 for further validation of the proposed model. In this case, the analyses have
been completed by considering the normal and abnormal weather conditions separately. From the
analysis of the PV power output pattern of January, it is clear that 24 and 25 January are normal days,
and 15 and 16 January are abnormal days. On the other hand, it is also clear from the analysis of
the PV power output pattern of September that 29 and 30 September are normal days and 21 and
22 September are abnormal days. From this study, it has been found that the actual measured output
and forecasting output of the proposed model are almost matched in all PV plants for the data-sets of
both months. The detail of the error calculation result is shown in Table 4 for the month of January and
Table 5 for the month of September.
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Table 3. Summary of the forecasting performance for the data of May 2016.

12 of 17

Metrics Models Plant-1 Plant-2 Plant-3 Mean Average
N=277 N=256 N=258 N=264
Proposed 366 A=353  A=321  A=347 3.06
nRMSE (%) N=353 N=332 N=345 N=343
ANN A=458  A=447  A=365  A=423 3.83
Perel N=1597 N=1564 N=1481 N=1547 622
ersistence A _1725  A=1697 A=1668 A=1697 :
N=1712 N=2487 N=4699 N =29.66
Proposed ' _ 031 A—3468 A=4665 A=3505 32.36
MAE (W) N=2551 N=4074 N=6662 N=4429
ANN A=2794 A=4648 A=5827 A=4423 44.26
Perel N=7240 N=12043 N=17047 N=12L10
ersistence A _g404 A =10650 A=15830 A =109.61 :
N=691 N=2338 N=656 N=1228
Proposed ' 1366 A-1659 A=2935 A=19.93 16.11
MBE (W) N=1489 N=2379 N=3477 N=2448
ANN A=395  A=468  A=441  A=435 14.42
Persict N=2393 N=4413 N=5738 N=4181 6039
CISISLENCE A —4556 A =7330 A=11805 A=7897 :

Hence, “N” means normal day and “A” means abnormal day. “nRMSE” means normalized root-mean-square error.

“MAE” means mean absolute error. “MBE” means mean bias error.

Table 4. Summary of the forecasting performance for the data of January 2016.

Metrics Models Plant-1 Plant-2 Plant-3 Mean Average
N=278 N=227 N=296 N=267
Proposed 306  A—346  A=330 A=357 312
nRMSE (%) N=416 N=324 N=317 N=352
ANN A=427  A=411  A=420 A=419 3.86
Persi N=1299 N=1334 N=1361 N=1331 1303
ersistence A _1330  A=1249 A=1241 A=1274 .
N=1971 N=2341 N=3693 N=2668
Proposed 0157 A=3649 A=6066 A=4057 33.63
MAE (W) N=2800 N=3942 N=6748 N=4527
ANN A=3236 A=5037 A=857 A=5610 50.69
Persi N=-6848 N=10833 N=17047 N=11576
ersistence A _g089  A=9621 A=150.60 A =102.57 '
N=1062 N=565 N=1198 N=942
Proposed ' 1043 A—232  A=745  A-673 8.08
MBE (W) N=962 N=658 N=1462 N=1027
ANN A=2079 A=893 A=1458 A=1477 12.52
Pered N=2899 N=4981 N=7600 N=51.60 45.58
ersistence A _o547  A=3749 A=5752  A=40.16 .
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Table 5. Summary of the forecasting performance for the data of September 2016.

13 of 17

Metrics Models Plant-1 Plant-2 Plant-3 Mean Average
N =2.85 N=267 N=272 N=275
Proposed 371 A-336  A=304  A=337 3.06
nRMSE (%) N =331 N=303 N=311 N=3.15
ANN A=502  A=473  A=416  A=464 3.90
Persi N=1080 N=1147 N=1142 N=11.23 1045
ersistence A _g95  A=1016 A=988 A =966 :
N=2202 N=3464 N=538 N=3683
Proposed 304 A-4070 A=5189 A =3861 37.72
MAE (W) N=2639 N=4145 N=6514 N=4433
ANN A=3568 A=6063 A=7995 A=5875 51.54
Persi N=4427 N=7578 N=11362 N=77.89 805
ersistence A _4094 < A=7790 A=117.00 A =786l :
N=240 N=1192 N=218 N=12.05
Proposed ' _¢43 A=961 A=471 A =758 9.82
MBE (W) N=1181 N=2367 N=2710 N=20.86
ANN A=385  A=347 A=1293 A=675 13.81
Persi N=2531 N=4819 N=7527 N=4959 2437
ersistence A _ 4 g7 A=2042 A=3213 A=19.14 :

The performances of the proposed model, the ANN model, and the persistence model were

calculated by averaging the performance values for the three-month period (Table 6). This table shows
the average nRMSE, MAE, and MBE result for the different models. The overall average result for the
different models and those for other ANN-based forecasting models [33] are also presented in Table 6.

Table 6. Summary of overall forecasting performance.

Average Average Average of
Metrics Methods é\;;ei:ge) A(‘Ilvelzag)e (S(?‘;Zi%)‘eer) (Proposed (ANN Persistence I\O/IT:IEZII:EE]
Y Y P Model)  Model) Model
Proposed 3.12 3.06 3.06
nR(ID\/{)[)SE ANN 3.86 3.83 3.90 3.08 3.86 13.23 5.95
Persistence 13.03 16.22 10.45
Proposed 33.63 32.36 37.72
MAE (W) ANN 50.69 44.26 51.54 34.57 48.83 100.93 -
Persistence 109.17 115.36 78.25
Proposed 8.08 16.11 9.82
MBE (W) ANN 12.52 14.42 13.81 11.34 13.58 46.88 -
Persistence 45.88 60.39 34.37

Based on the figures, tables, and discussions presented in this paper, the proposed generalized
SVR-based model performed very well for PV power generation forecasting in different weather
conditions. The results also showed that the model could forecast the PV power generation accurately
in various seasonalities of Malaysian weather conditions. The errors obtained for all of the plants using
the proposed model are very similar for normal and abnormal weather conditions. In the proposed
model, the errors computed in normal weather conditions are always slightly lower compared with
those for the abnormal weather conditions. The reason for this situation is that the model can be fitted
well in normal weather conditions because of less variation in sample data. Hence, the forecasted
results are nearly the same in various months because of the absence of drastic changes in the weather
conditions of Malaysia. The average forecasting results of the proposed model were 3.08% in nRMSE,
34.57 W in MAE, and 11.34 W in MBE, which were better compared with the ANN model and the
persistence model. The proposed model also outperformed other ANN-based forecasting models [33].
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Figure 8 shows the actual measured PV power output and the forecasted PV power output of
the proposed model. In this case, 14 and 15 January were set as forecast days. As shown in Figure 1a
and based on the PV power output pattern of plant-1, these two days have cloudy or rainy weather
conditions (abnormal day), which suggest comparatively low electrical energy. The shape of the second
part of this figure is quite different from the other figures because some hours during these days have
clear skies while the rest are cloudy or rainy. However, the highest peak of the first part of the figure is
comparatively low due to the existence of some clouds that day. Nonetheless, the forecasting PV power
of the proposed model almost matched the actual measured PV power in any situation. Therefore,
the proposed model can forecast PV power generation accurately in any weather condition.

Actual Power e e e @eee Predicted Power

PV power output (kW)

0 5 10 15 20 25 30 35 40 45 50

Time (hour)

Figure 8. PV power output of plant-1 in abnormal weather conditions (January 2016).

Figure 9a shows the deviation of the actual measured PV power output and the PV power
output of the proposed forecasting model of plant-2 in different weather conditions. The deviation
of the measured and forecasted PV power generation at each particular point was not higher than
10%, a percentage in the allowable range. The figure also shows that deviations in different weather
conditions do not change drastically. The deviations for all plants were then evaluated on the basis of
all datasets. In all cases, the results were almost similar to the deviation.
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] R2=10.988
esec@eeee Normal day essc@eeee Abnormal day T 12 -
5 L
E 8% - £
° a1 4
S 6% > R?=0.9746
5 A~
g 4% 2 0.8
s 2% 7
g g€ 06
S 0% &
g S
g 2% 0.4
QR 4% H
- 0.2
-6% °
-8% T T T T " 0 T d
0 10 20 30 40 50 0 0.2 0.4 0.6 0.8 1 12 14

Time (hour) Measured PV power output (kW)

@) (b)

Figure 9. (a) Point-wise deviation of PV plant-2 in different weather conditions; (b) Correlation between
measured and forecasted PV power.

For the proposed model, Figure 9b shows the correlation of the actual measured PV power output
and the forecasted PV power of plant-2 in different weather conditions. The correlation coefficient of
R? = 0.988 in normal weather conditions and R? = 0.9746 in abnormal weather conditions explains
the intensity of the correlation; that is, the correlation between the measured power and the forecasted
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power is very good. The positive sign of this value expresses the proportional relationship between
the two powers. Based on this analysis, the proposed model performs very well.

5. Conclusions

Accurate forecasting of PV power generation has become a key point in the reliable operation
of electrical grids due to the related rapid connection of PV systems to the grid. In this study, a
generalized SVR-based forecasting model was proposed to accurately forecast PV power generation in
different weather conditions. The proposed model was applied to three different PV power stations,
and then its performance was analyzed. The generalized model could forecast PV power generation in
both normal days (clear-sky) and abnormal days (cloudy or rainy days) with nearly the same accuracy.
The proposed model could also accurately forecast PV power generation in various seasonalities
and different abnormal weather conditions. Deviations in the actual measured and forecasted PV
powers at each particular point were in an acceptable range (i.e., not greater than 10%), and no drastic
fluctuations at any point were observed. The correlation between the actual measured PV power and
the forecasted PV power for the proposed model was also very good. Subsequently, this simple model
could significantly reduce computational complexity yet increase model accuracy. The model was
experimentally validated by deploying it to three different types of PV plants in the same location.
The average forecasting errors of the model were 3.08% in nRMSE, 34.57 W in MAE, and 11.34 W in
MBE. Finally, the proposed model outperformed the ANN model, the persistence model, and other
conventional models.
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