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ABSTRACT 

The Integration of distributed generation (DG) changes 
the planning, development and exploitation of distribution 
networks (DN) and introduces new uncertainties and 
difficult network studies, calculations and predictions. 
This paper presents a calculation methodology for the 
prediction of the active power generation of small and 
medium photovoltaic (PV) DG, connected to medium and 
low voltage distribution networks. 

INTRODUCTION 

Specific deterministic tools are used to analyze and 
integrate PV generators in medium voltage (MV) and low 
voltage (LV) grids, for example [1]. Regarding a 
probabilistic approach, several generator models are 
proposed, to simulate DG connected to revised DN, for 
example the analysis of the impact of wind generators on 
grid quality [2, 3], the deployment of distributed multi-
generation solutions [4], the contingency analysis 
considering DG [5], etc. Several studies treat their 
influences in network planning [6, 7, 8]. 
 
It has been shown that PV models [9, 10] are not 
specifically adapted to network planning requirements. A 
sample time of one hour or smaller, and the consideration 
of specific local variables, for example clouds or 
temperature that affect instant active power generation 
values in a high proportion, are required in such models. 
To the best of our knowledge, the current models are 
based on the irradiation outside the terrestrial atmosphere, 
and do not consider those factors, or have low precision.  

METHODOLOGY 

To analyze the behavior of PV generators connected to a 
distribution grid, a real historic data set is obtained from 
available sources. Data is statistically analyzed and models 
of prediction are developed. Finally, a methodology to 
apply them in MV network planning studies is produced. 
 
CASE STUDY: PV GENERATION IN SPAIN 
The study case involves the analysis and development of 
PV prediction models, integrated in the DN in the North 
East of Spain, in Catalonia, in the area of the province of 
Lleida. 

 
Two data sets are used: measurements of fixed PV 
generators and irradiation measurements in a wide area 
around them. 

A) Generation data set 
An historic generation data base has been analyzed, 
(January to November in 2008). Were selected those PV 
generators that had continuous registers during two months 
at the end of the available data (October and November of 
2008), and a nominal power capacity large enough in 
order to supply valuable information.  
Two fixed PV generation plants were selected: G1 of 
40kW, and G2 of 80 kW nominal power, both connected 
to the LV grid, with a distance between them of 3 km.  PV 
generators are displayed as black dots in Figure 1.  
 
The data set used for this analysis was a quarter hourly 
registered active power generation in kW. To enable the 
comparison of the behavior and statistic parameters of 
different plants, per unit (PU) power generation data was 
calculated, and used in all analyses described. A mean 
hourly data was also calculated, whenever comparisons 
were made with irradiation data, most of them hourly 
registered. 

 
Figure 1. Geographic location of PV generators and metereological 
stations.  
 

B) Solar  I r radiation data set 
The hourly solar irradiance historical data for the period 
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2006-2008 was solicited and obtained from the Servei 
Metereològic de Catalunya [11], this data corresponds 
with ten automatic meteorological stations, located as 
squares in the map at Figure 1. The data consists of 
Watts/m2 over a flat surface in station location.  
 

Meteorological stations 

Station 
Number 

Height above sea 
level (m) 

Station working 
from 

Sample of 
irradiation 

measurements 

MS1 441 26/03/2001 Hourly 

MS2 374 02/06/2006 Hourly 

MS3 427 06/05/1996 Semi-hourly 

MS4 558 27/10/1995 Semi-hourly 

MS5 228 16/09/1997 Hourly 

MS6 490 30/01/1992 Hourly 

MS7 245 17/10/1990 Hourly 

MS8 102 12/03/1998 Hourly 

MS9 261 08/08/2000 Hourly 

MS10 1574 17/06/2003 Hourly 
Table 1. Description of Metereological Stations. 
 
The selected stations (Table 1 and 2) were all close to the 
selected area of generation, but some were selected as far 
enough from the generation, in order to enable the study of 
the limitations of the developed models, and to produce a 
sensitivity analysis of the input variables. 
 

Distance between Meteorological Stations (km) 

  MS1 MS2 MS3 MS4 MS5 MS6 MS7 MS8 MS9 

MS2 54                 

MS3 23 53               

MS4 25 64 11             

MS5 51 30 37 48           

MS6 70 44 54 63 20         

MS7 29 25 31 41 29 49       

MS8 72 29 62 73 25 22 45     

MS9 33 34 20 31 19 37 18 42   

MS10 40 38 56 63 58 77 31 67 49 
Table 2. Distance between Metereological Stations. 

C) Correlation Analysis 
Spearman’s correlation analysis, which eliminates 
differences of nominal power capacity of generators [12], 
was carried out between generators, and between 
meteorological stations and generators. The results are 
shown in Table 3. 
 
Correlation coefficients are all above 0,875, which 
indicate that it is possible to use different registered 
measures as predictors for the other ones, with a small 
error. It also shows that the correlation between PV 
generators is better than between meteorological plants 
and PV generators. 
 

D) Model Development 
The data analysis was carried out with the curve fitting 
tool of Matlab 7.1, obtaining the best fitting curves to the 
dispersion data diagram. Several different types of fit were 
tested, e. g.  polynomial, quadratic polynomial, other 
different degree polynomial, Gaussian, exponential and 
sum of sinus. The evaluation parameter used was the 
coefficient of determination (” r-square” , or “ r2” ). Finally, 
after comparing the very small difference between the 
results obtained, that appear beyond the third decimal, 
versus the complexity of the developed model, the 
Polynomial model was selected as the best solution 
between predictor and predicted variable, in all cases. 
 

Spearman correlations  coefficients 

Stations G1 G2 

MS1 0,888 0,897 

MS2 0,922 0,932 

MS3 0,905 0,919 

MS4 0,904 0,916 

MS5 0,921 0,930 

MS6 0,927 0,935 

MS7 0,875 0,884 

MS8 0,922 0,931 

MS9 0,925 0,934 

MS10 0,917 0,928 

G1 1 0,972 

G2 0,972 1 
Table 3. Coeficients of Spearman correlation. 
 
In order to obtain a model of the active power PV 
generation, in accordance with the correlation analysis 
developed, two strategies were implemented: firstly, using 
irradiation data as a predictor and obtaining as many 
different models as generators and meteorological stations 
considered, and secondly, using PV generators as 
predictors of other PV generators. In the following 
sections, the two strategies developed are commented in 
detail and their results discussed. 
 
1) Solar  I r radiation on the sur face as a predictor   
In this case, the behavior and precision of global solar 
irradiation measures on the earth surface, as a predictor of 
photovoltaic active power generation, has been analyzed. 
Models, using every meteorological station as a predictor 
for every generation plant, have been calculated, obtaining 
the results depicted in Table 4. The adjustment of  the 
models obtained  is remarkable, with values of ” r2”  that 
vary from 0,7979 to 0,8694, except on MS10, which 
presents the lowest values in both cases. 
As an example, the polynomial models obtained for 
generator G2 can be seen in Table 5, where it is shown 
that the difference between the parameters obtained is 
small.  
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Coefficient of determination (r2) 

Stations G1 G2 

MS1 0,8356 0,7979 

MS2 0,8422 0,8237 

MS3 0,8444 0,8204 

MS4 0,8282 0,8106 

MS5 0,8399 0,8124 

MS6 0,8560 0,8269 

MS7 0,8519 0,8256 

MS8 0,8284 0,8049 

MS9 0,8694 0,8592 

MS10 0,7580 0,7363 
Table 4. Coeficients of determination (“ r-square”) of models obtained 
from global solar irradiation measurements. 
 

Polynomial models f(x) = p1*x + p2 of G2 

Stations P1 P2 

MS1 0,001251 0,014470 

MS2 0,001169 0,005984 

MS3 0,001201 0,011340 

MS4 0,001123 0,014120 

MS5 0,001221 0,006474 

MS6 0,001200 0,003037 

MS7 0,001285 0,007068 

MS8 0,001177 0,007751 

MS9 0,001263 0,003278 

MS10 0,001064 0,012910 
Table 5. Models of G2 obtained from global solar irradiation 
measurements. Irradiation, x, in W/m2, and active power generation 
obtained, f(x), per unit base. 
 
In conclusion, it can be seen that global solar irradiation 
on the earth’s surface is a good predictor for fixed PV 
plants. It is also important that the range of valid 
predictions is large. As it can be seen in Table 2, the 
distance between stations reaches 77 km, and predictions 
continue to be useful. It can also be noticed that height 
above sea level does not affect most of models in a 
remarkable way. If we look at the extreme case of MS10, 
both “r2”  and the models are worse than the rest of 
stations (as it is at 1.574m above sea level). 
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Figure 2. Comparison of real and modeled photovoltaic generation of G2 
during 108 hours in 2009, using irradiation at MS9 as a predictor. 

As can be seen in Figure 2, the adjustment of the 
developed model provides a prediction that significantly 
reduces uncertainties of active power PV generation 
predictions. 
 
2) Active Power  PV Generation as a predictor  
In this case, the possibility of using active power 
generation data from a PV plant is analyzed, in order to 
predict the generation of the remaining PV plants in the 
area. As the analyzed data comprises only two PV 
generation plants, the conclusions derived from this 
analysis are limited, but the analysis was performed in 
order to compare results with previous cases and in order 
to explore the possibility of replacing it with an active 
power PV generation measurement. 
 
The results can be seen in Table 6. As observed, the 
adjustment of the models obtained is excellent, with values 
of  ” r2” , varying from 0,9620 to 0,9638. 
 

Polynomial and Quadratic Pol. Adjust (r2) 

Generators Polynomial Quad. Pol. 

G1 vs. G2 0,9620 0,9622 

G2 vs. G1 0,9620 0,9638 
Table 6. Ajustment of models measured in “ r-square”  value. 
 
Polynomial models obtained in this section can be seen on 
Table 7, modeling active power PV generation, x and f(x), 
in a per unit base. It shows that the difference between the 
parameters obtained is small.  
 

Polynomial model f(x) = p1*x + p2 (P.U.) 

Generators P1 P2 

G1 vs. G2 0,9394 0,003326 

G2 vs. G1 1,0240 0,001753 
Table 7. Models obtained from active power PV generation 
measurements. 
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Figure 3. Comparison of real and modeled photovoltaic generation during 
108 hours in 2009, using active power PV generation as a predictor. 
 

As can be seen in Figure 3, the adjustment of the 
developed model provides a prediction that significantly 
reduces uncertainties in active power PV generation 
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predictions. 

E) Model Application 
Models developed in previous sections can easily be 
applied in MV planning applications, simulations and load 
flows. Utilities usually know the value of MV lines, and 
the feeder measurement, but this measurement includes, in 
an increasing number of occasions, DG, and it is not 
possible to know the customer demand from loads, or even 
the accumulated demand in the HV/MV substation, 
because DSO usually does not dispose of measurements of 
medium and small generators. [12] proposes the 
determination of customer demand by 
 

DGDF -=      (1) 
 
Where D is the customer demand, F is the feeder 
measurement and DG is the distributed generation.  D can 
be estimated from the equation (1). F is known through the 
measurement at the feeder in the substation. DG can be 
obtained from power generation modeling, applying 
developed models to the known nominal power of PV 
generators. This therefore obtains a good estimation of 
active power generation of all PV generators in the area, 
by considering clouds and other meteorological aspects in 
that specific area, and being as precise on the time scale as 
the predictor registered data obtained. 

CONCLUSIONS AND FURTHER WORK 

This work treats the influence of the impact of renewable 
stochastic generators in distributed network planning, and 
describes a methodology to develop models to provide 
generation estimates for photovoltaic DG installations 
connected to DN, in order to reduce uncertainties caused 
by them. 
This methodology has been applied to photovoltaic DG in 
the North-East of Spain, Lleida. Prediction models have 
been developed, using two measurements of the study area 
as predictors: global solar irradiation on the earth’s 
surface, and active power PV generation. The application 
of these models is to reduce errors committed when 
simulating load flows for planning studies.  
The developed models and methodology can be very 
useful to know real customer demand in the past, but can 
also be used on-line for actual real time estimations, or to 
make future predictions, for dispatching or maintenance 
during their network operations. 
Further work can be carried out to validate and generalize 
the given models with more extended data, in order to 
obtain models from other renewable generators. It would 
also be of interest to know the geographical limits of the 
models from a meteorological station. 
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