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Abstract 

Electricity generation from renewable resources is a hot topic due to increasing environmental awareness of people 

and energy needs. Solar energy is one of the most important clean energy sources. Forecasting of solar radiation is 

one of the important stages in sizing and managing a PV power plant. Moreover since the smart grid applications are 

started, accurate forecasting of the energy output of PV system (hence the solar radiation) became a hot topic.  In 

literature there are a huge number of studies tries to find more accurate forecasting models. Among them in this study 

Multi-Dimensional Linear Prediction Filter Models (MDLPF Models) are studied. To test the performance of 

MDLPF models, hourly solar radiation data of two different regions (Ankara and Çanakkale) are employed. In 

forecasting five different MDLPF Models are built. The accuracies of the forecasting results are compared and 

discussed. 
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1. Introduction 

By the conversion from conventional distribution grids to intelligent one, renewable resources are 

started to integrate to the grid in an efficient way. Power generation from solar energy is an attractive 

issue in energy world and there are a lot of studies about this subject. The production of a PV panel is 

directly related to the insolation at its location and solar radiation varies because of changes in the diurnal 

and seasonal position of the sun relative to the Earth. To manage a grid supplied by different sources, 

generations from the plant must be accurately predicted. Therefore solar radiation forecasting is an 

important topic in energy field and there are a lot of methods to predict solar radiation such as Auto-

Regressive (AR) [1], Auto-Regressive and Moving Average (ARMA) [2], Auto-Regressive and 

Integrated Moving Average [3], Markov Chains [4], Fuzzy Logic [5], Wavelet network [6], Adaptive 

Neuro-Fuzzy Inference System (ANFIS) [7], ARMA/ANN [8] and Artificial Neural Networks (ANNs) [9] 

etc. Ref. [10] applied time series analysis to forecast next hour solar irradiance including cloud cover 

effects in their study. They proposed three forecasting methods using different types of meteorological 

data as input parameters, namely, Global Horizontal Irradiance (GHI), Diffuse Horizontal Irradiance 

(DHI), Direct Normal Irradiance (DNI) and cloud cover. Ref. [11] proposed a neural network based 

procedure to predict hourly solar radiation values. In this procedure not only the hourly measured solar 

radiations but also the hourly calculated extraterrestrial radiation data are employed. They tested their 

procedure on hourly measured yearly global solar radiation data obtained from Afyonkarahisar region and 

showed the effectiveness of their method.  

Ref. [12] used 2-D linear filters to forecast the hourly solar radiation data. They proposed a novel 

representation of solar radiation data. First, the annual solar radiation data are transformed into a 2-D 

image. The rows and columns of the image correspond to days and hours, respectively. Then, different 
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types of linear filters with various filter-tap configurations are applied to the image, and the optimal filter 

coefficients are calculated. Ref. [13] proposed a novel hybrid method to forecast hourly solar radiation. 

This method use the linear prediction filters and an empiric model based on extraterrestrial radiation. In 

case a sunny day condition the alteration of the data will smoother therefore linear prediction based 

approach is used otherwise, an empirical model is preferred. Ref. [14] proposed M-D (Multi-Dimensional) 

linear prediction filter models to forecast hourly solar irradiance values. The novelty of these models is 

that they utilize not only the solar irradiance image but also different images that correlate with solar 

irradiance data. These filters are employed both to link the images with each other and to predict solar 

irradiance data. They provided better results at a range 1%-30% with different M-D models compared 

with 2-D filters.  

In this study, MDLPF approach applied on solar radiation data belong to two regions (Ankara, 

Çanakkale) in Turkey. Extraterrestrial radiation and future values of extraterrestrial radiations are used for 

additional information in the forecasting environment beside recorded solar radiation values. First, solar 

radiation, extraterrestrial radiation and future values of extraterrestrial radiation time series are converted 

to the images. Then, MDLPF templates are built and applied for forecasting. There parameters are 

considered in formation of MDLPF. These parameters are the data (solar and extraterrestrial radiations) 

belonging to the measured values of; this hour, one hour before and one day before, respectively.    

The organization of the paper is as follows. The description and representation of data used for this 

study are described in Section 2. The M-D linear prediction filter approach is explained in Section 3. The 

experimental results are illustrated in Section 4. Finally, conclusions are explained in Section 5. 
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Fig. 1. The hourly solar radiations for Ankara (left) and Çanakkale (right). 

2. Description and Representation of Data Used 

In this study, one year hourly solar radiation data measured from Ankara and Çanakkale regions of 

Turkey are used. These data are taken from the Turkish State Meteorological Service (DMI). The 

variation in the solar irradiance value over a 1-year period from 2013 for Ankara and Çanakkale are 

shown in Fig. 1. Ankara and Çanakkale regions do not have a good insolation characteristic. Ankara has 

better potential then Çanakkale. The extraterrestrial irradiance is the intensity of the sun at the top of the 

Earth’s atmosphere and is calculated using solar geometry for the region. It varies throughout the year 

because of the Earth’s elliptical orbit, which results in an Earth-Sun varying distance during the year in a 

predictable way [14]. To account for the eccentricity of the Earth’s orbit around the sun, an eccentricity 

correction factor is used, as in equation (1): 

0
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 (1) 

where n is the day of the year. For January 1, n is 1, and for December 31, n is 365. Spencer (1971) 

created a more detailed model through the Fourier series, as in equation (2): 
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where Isc is the solar constant and is equal to 1366.1 W/m
2
. The NREL’s SOLPOS algorithm also 

calculates extraterrestrial radiation. The three models vary slightly from one another, but they have the 

same general shape for calculating extraterrestrial radiation [15]. In this study, hourly extraterrestrial 

global solar radiations are calculated using the MDIC SOLPOS Calculator, which is available from the 

NREL website (http://www.nrel.gov/). 

After the extraterrestrial radiation and solar radiation time series are obtained, the data are converted 

into a 2-D matrix. Hocaoglu et al. (2008) first proposed this 2-D representation of solar irradiance data. 

The 2-D image obtained from the solar irradiance data provides the tool for the image processing 

techniques on solar data. In this study solar radiation data, extraterrestrial radiation data and derivatives of 

these images are used. To predict solar irradiance, these images are linked to different designs of optimal 

coefficient linear prediction filters. A linkage process is applied to these images. This process involves 

connecting different images that correspond to different parameters. In the linkage phase, the same pixel 

indices of different images are connected to each other by filter taps to calculate the prediction values 

(pixels) of the solar irradiance image. In this way, a combination of different images in a Multi-layered 

form is obtained. Next, the pixel values of these data are evaluated for the prediction model. This 

technique enables to represent different information compactly and in the same pattern. The combination 

of different images in the Multi-layered form is necessary when using 3-D filter templates. These 

templates are 3-D and scan the image in a format 2-D. Therefore, they utilize the information on each 

layer of the Multi-layered form to predict solar irradiance [15].  

3. MDLPF Approach 

The MDLPF provide to utilize information from different parameters correlated with solar radiation 

data. In this approach, the MDLPFs are applied to the image, which consists of the solar radiation and 

correlated data; the optimal filter coefficients are determined, consecutively. The filter template (Eq. (3)) 

which uses the actual value, one hour before and one day before data to predict one hour later solar 

radiation value, is used. The prediction pixel is determined using the past pixels with Eq. (4). 

                                                                                                                        (3) 

1, 1,1 , ,1 1 , 1,1 2 1, ,1 3 , ,2 4 , 1,2 5 1, ,2 6 , ,3 7 , 1,3 8 1, ,3 9Ž . . . . . . . . .i j i j i j i j i j i j i j i j i j i jZ a Z a Z a Z a Z a Z a Z a Z a Z a                (4) 

i,j and Zi,j are identified as the row and column number of the pixel and the pixel value, respectively. In 

MD solar data, i denotes the days, j denotes the hours and Zi,j denotes the solar radiation or correlated data 

at day i and hour j. A prediction is made for all possible (i,j) coordinates using past samples. The 

combination coefficients are optimized using a minimum squared error between the estimation and the 

real value. The error at a particular coordinate (i,j) is calculated using Eq. (5) [14]. 

1, 1 1, 1 1, 1Ži j i j i jZ         (5) 

The energy of the total prediction error is, therefore, calculated as: 
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where m and n identify the size of the image. The filter coefficients, which minimize this function, can be 

calculated using Eq. (7): 

1 2 3 4 5 6 7 8 9

0
a a a a a a a a a

                
        

        

 (7) 

The solution to Eq. (7) yields the following equation: 
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where rij is the correlation value between the past values, ai is the linear filter coefficients and rk is the 

correlation between the past and predicted pixel. This matrix equation can be expressed as R.a=r, and the 

optimal filter coefficients can be found thus [14]: 

1.a R r  (9) 

4. Experimental Results 

In this study, five different models with one filter template are formed to forecast hourly solar 

radiation data. Model 1 uses only past sample of solar radiation data and this is a sample for 2-D linear 

prediction filters. Model 2 and Model 3 use the past sample of extraterrestrial radiation and future value 

of extraterrestrial radiation with solar radiation, respectively. Model 4 and Model 5 use the derivatives of 

extraterrestrial radiation and future value of extraterrestrial radiation. The RMSE criterion is selected as a 

performance measure of the models. The RMSE is a commonly used measure of the differences between 

the values extracted by a forecasting model or an estimator and the observed values. The value of the 

RMSE provides information on the short term performance [16]. Model 1-5 with filter template given in 

Eq. 3 are applied to solar data belong to Ankara and Çanakkale regions of Turkey in time period 1st 

January 2013- 31th December 2013. Results are given in Table 1. 

Table 1. Prediction performances of each model 

Model Data Used in Model 
RMSE (W/m2) 

Ankara Çanakkale 

Model-1 Solar Radiation 74.9968 64.8303 

Model-2 Extraterrestrial-Solar Radiation 61.9955 53.5594 

Model-3 Futurre Extraterrestrial-Solar Radiation 64.5341 56.8679 

Model-4 
First order derivative of extraterrestrial 
radiation-Solar radiation 

65.5528 53.7397 

Model-5 
First order derivative of future 

extraterrestrial radiation-Solar radiation 
62.6642 54.2143 

 

As seen in Table 1, all models which uses M-D filter approach (Model 2-5) give better results than 2-D 
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one (Model 1). This means to provide additional information improve the prediction accuracy and the M-

D filter approach provide the possibility for use of different parameters. The best results are obtained with 

Model-2 which uses extraterrestrial and solar radiation to predict solar radiation. Extraterrestrial 

radiations are theoretical limit of solar radiation for any hour and provide important information for it.  

The correlation between the actual and predicted values for Çanakkale with Model 2 is shown in Fig. 2. 

It is clear from Fig. 2 that prediction results are closely matching the actual data along the diagonal axis. 

Therefore, the slope of the linear fit for Fig. 2 is close to 45 degrees, and the scatter is narrow along the 

diagonal axis. These observations indicate a high forecasting success for the model. The mesh plot of the 

prediction error for this model is presented in Fig. 3. The error pixels are almost uncorrelated with each 

other. Therefore, the model works with very good accuracy.  

It is obtained that in case of first order derivative of extraterrestrial radiation is used, the accuracy of 

the prediction can be improved, however, not as much as extraterrestrial radiation. Using first order 

derivative of future extraterrestrial radiation instead of itself, gives better prediction results. The future 

variation in extraterrestrial radiation carries important information about the future variation in solar 

radiation.  
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Fig. 2. Correlation between the actual and predicted solar radiation for model 2 (Çanakkale). 
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Fig. 3. Mesh plot of the prediction error for model 2 (Çanakkale). 

5. Conclusion 

In this work, the MDLPF approach is used for hourly solar radiation forecasting of two cities of 

Turkey. This technique evaluates annual hourly solar radiations, extraterrestrials and their derivatives 

over time as multi-dimensional images. These images are linked with each other with the help of the M-D 

filters. These filters scan data pattern. By this approach pixel values corresponding to next hour’s solar 

radiation data can be predicted. The performance of 5 different models on the Ankara and Çanakkale data 
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is tested. It is obtained that MDLPFs outperform to 2-D linear prediction filters. It is finally obtained that 

the models can be used for any data. 
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