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Abstract: The power output of a PV system changes in time during the day and strongly
depends on the location and orientation of the photovoltaic module as well as on seasonal
conditions. Clouds occurring during a partly cloudy day are the reason why this data is very
irregular and difficult to analyze in terms of obtaining energy. The Savitzky-Golay method was
applied for the power output data obtained for sunny, cloudy and partly cloudy days in order
to determine the average level of power produced by a PV system at a given location. The total
amount of energy was analyzed for each case.
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1. Introduction

One of the most important problems to solve in the 215t century is the
problem of energy consumption which still increases. Fossil fuels are running out
and they become expensive [1, 2]. Tt is estimated that fossil fuels will be used
up in about fifty years. On the other hand, preservation of the environment
during the process of energy production is crucial. For these reasons research
for finding an alternative form of energy has become a very important issue.
Promising alternatives are renewable energy sources such as solar, wind, water or
geothermal energy [3].

One of the most direct methods of energy conversion is the photovoltaic
effect used in solar systems which produces electricity from the energy of the
sun [4]. Due to the absence of moving parts in the photovoltaic system the cost
of maintenance is very small and the total investment cost is almost equal to
the installation cost. Generating energy from photovoltaic sources is a common
solution in Europe. The most popular material in the photovoltaic technology is
silicon [5]. Unfortunately there is still an insufficient level of investments in solar
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farms or rooftop installations in Poland mainly due to the lack of support in this
area [6] and the common conviction that there are not sufficiently many sun hours
in this geographical location. However, compared with Germany, the level of solar
insolation in Poland is similar. On the basis of this fact it is possible to conclude
that there is a high potential in the development of photovoltaics in this region of
FEurope. Especially in the south-east region, where the research has been carried
out and which is characterized by one of the highest insolation ratios compared
to the rest of the country. For this reason it is necessary to find a useful tool to
estimate the amount of energy which can be obtained in this region.

This paper presents the application of the Savitzky-Golay method to the
power output data set obtained for different weather conditions. This solution
leads to the possibility of predicting the amount of energy produced by the
system for a particular location without the influence of changes of the lo-
cal weather condition. The solution was implemented in the Matlab-Simulink
environment.

2. The experimental set-up

The experimental photovoltaic system consists of a 100 Wp polycrystalline
roof-mounted module, an optimal resistance and control unit to measure and
register the PV data output. The module is faced south and it is connected to
the load. The current and the voltage generated by the module were measured
for 12 hours at every 30s starting from 6 am. A more detailed description of the
research system can be found in [7, 8]. The computer system registers the values
of the current and voltage in the circuit. Then, power is obtained on the basis
of Equation (1).

PIW]=U[V]-I[A] (1)

The power produced by the PV module as a function of time depends on
the technology of the module, orientation, location and it is very sensitive to the
local weather conditions. For these reasons the output data generated from the
system can be irregular and difficult to analyze. An example of the power output
for sunny and cloudy days as well as for a sunny sky partially covered by clouds
is shown in Figures 1-3, respectively.

As can be seen in Figure 1 the power plot for a sunny day changes regularly
in time. It means that the weather conditions stayed unchanged during the whole
day. A similar situation can be observed in Figure 2 for a totally cloudy day.
However, these situations are rare in many locations. Most of the daily data
outputs have irregular shapes such as presented in Figure 3. For this kind of
output data, using the method presented in this paper, an average level of power
generated by a PV module through the whole day can be estimated.

3. Savitzky-Golay method

The basic idea of employing an average method is to replace the data points
by some kind of a local average of surrounding data points [9]. In this paper the
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Figure 1. Measured power output data of PV module for cloudless day
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Figure 2. Measured power output data of PV module on clouded day

at a specific location.

linear combination wu; of itself and a number of nearby neighbors:

n=~k

wi=Y anfitn

n=—~k

main goal of using the method is to obtain 1-h or 2-h average data from the PV
system, especially in respect of the data which is presented as the example in
Figure 3. It follows from the analysis that the application of this method allows
predicting the average solar power output and energy produced by a PV system

The PV data output can be considered as a series of equally spaced data
values in the function of time f(¢;), where t; =t,_1 + At and At is the time interval
between measurements. Following this method, each data value f; is replaced by

(2)
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Figure 3. Measured power output data for sunny day partially covered by clouds

In Equation (2) k is the size of the window, which means the number of
points used to the left and right of data point. The expression for calculating u;
can be written as:

wi=af(i)=a1fi—x+asfi—pt1+...+aons1 firr (3)

It can be seen from Equation (3) that the idea of the Savitzky-Golay method
is to find a vector of the coefficients a1,a9,as,...,ar4+1. To derive such coeflicients
for each point, polynomial of [ degree is fitted to all the 2k+1 points in the moving
window by means of the least-square method and then is set as the value of that
polynomial at position . The whole procedure is repeated when the window moves
to the next data point fi+1 [9].

The set of coefficients can be calculated from the first row of the matrix
given by the following equation [10]:

a=—(ATA)~tAT (4)
where A is the matrix of dimension (2k+1) x (I+1):
1 —k (-k)?2 - (=k)!

1 —k+1 (=k+1)% - (=k+1)!

A= (5)

1 k (k)? (k1)
It should be emphasized that the vector of coefficients a depends only on

the polynomial degree [ and the number k of the data points included inside the
window. The values | and & should fulfill the following expression (5) [10]:

1<2k+1 (6)

The Savitzky-Golay method presented in this paper was implemented in Matlab.
A listing of the Matlab script is given in Figure 4. Parameters k& and [ are taken
as the input. The function returns a set of coefficients a as the output.
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function [a]=moving_average(k,1)

%Calculation of matrix A:
for i=1:1:2%k+1
for j=1:1:1+1

if j==
A(i,j)=-1;
else
A(i,j)=A(1,j-1)*(E-k-1);
end
end

end

%Calculation vector of coefficients a:
AT=A";

ATA=AT=*A;

invATA=inv (ATA);

a=-invATA*AT;

end

Figure 4. Matlab script file used to calculate vector of coefficients a

4. Results and discussion

The method described above was applied to the PV data output presented
in Figures 1-3 with different values of parameters | and k. For each case the
energy was calculated as an area under the fitted curve and compared to the total
energy measured from the system. A relative error for the calculated energy was
obtained from Equation (7):

_ E—-Fsg

"="F

-100 [%] (7)

where

E — the energy measured from the PV output data

FEsg — the energy calculated from the PV fitted data after using the Savitzky-
Golay method.

Figures 5—8 show the measurements and estimated PV power after Savitzky-
Golay fit into the data for a partly cloudy day. Calculations were performed out
with parameter [ equal to 1, and the k set as 30, 60, 90 and 120.

As can be seen from Figure 5 to Figure 8 the increasing number of points
in the window (parameter k) leads to a more smooth curve fitted into the data.
Single output data reach the level of 80 W. However, due to clouds which decrease
the output power to almost at a zero level, the maximum peak of the fitted curve
is between 50 W and 60 W. It depends on the number of points taken into account.
The energy relative error for these parameters varies from 0.2 to 1.7 percent (see
Table 1).
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Figure 6. Measurements and estimated power PV output; [ =1, k=60

Figures 9—10 present the results of the averaged power output for a higher
polynomial degree. In this case the Savitzky-Golay method becomes more sensitive
on changes of the power output. A period in which the power output is very low for
relatively long time (approx. 1 hour) can be seen in Figure 9. For this reason the
fitted curve is also low. The influence of this gap on the fitted curve is decreasing
with the increasing parameter k (Figure 10).

After the change of the polynomial degree to the quadratic order the
accuracy of the estimation also improved. It can be seen from the error analysis
presented in Table 2. The maximum relative error of the calculated energy is
decreasing from 1.66% for [ =1 and k=120 to 1.37% for [ =2 and the same
value of k. However, further increasing of the polynomial degree did not improve
the relative error at all. It seems that the degree of the polynomial fitted into the
data equaling 2 is sufficient.
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Figure 8. Measurements and estimated power PV output; [ =1, k=120

Figures 11 and 12 present the fitting results for sunny and cloudy days,
respectively. A very good agreement of the estimated power curve with the regular
data can be seen in both cases.

The error analysis presented for a sunny day in Table 3 and for a cloudy
day in Table 4 shows that energy calculated on the basis of the fitted curve is
similar to the measured one. As one can expect, the relative error for the clear-sky
day is smaller than for the sky partially covered by clouds. However, the relative
error values for a cloudy day are higher. It is caused by the low value of the total
energy obtained on this day.

5. Conclusion

This paper presents application of the Savitzky-Golay method for the PV
data output obtained in different weather conditions: sunny, partly cloudy and
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Figure 9. Measurements and estimated power PV output; [ =2, k=60

100 |
| + PV data points
77777 e Savitzky-Golay fit~

80-—————: ———————— ;—5:-?--?_; _______ —_

PW]

Figure 10. Measurements and estimated power PV output; [ =2, k=120

Table 1. Relative error analysis of the energy obtained from the PV system for [ =1 and
different parameter k

Energy measured | Energy calculated | Relative error of

k from the system | after S-G fitting | calculated energy
[Wh] [Wh %]
30 280.84 0.23
60 279.50 0.71

281.50

90 278.57 1.04
120 276.81 1.66

fully clouded days. It has been shown that the quadratic function is sufficient for
fitting into the PV data. Energy was calculated on the basis of the averaged data.
The results of this calculation and the error analysis show that the presented
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Table 2. Relative error analysis of the energy obtained from the PV system for [ =2 and
different parameter k

Energy measured | Energy calculated | Relative error of
k from the system | after S-G fitting | calculated energy
[Wh] [Wh] (%]
30 280.90 0.21
60 279.69 0.64
281.50
90 278.33 1.12
120 277.64 1.37
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Figure 11. Measurements and estimated power PV output for clear-sky day; [ =2, k=60
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Figure 12. Measurements and estimated power PV output for clouded day; | =2, k=60

method gives an averaged power output for which the calculated energy is in
good agreement with the energy measured in the system in changing weather
conditions. For this reason the presented method is supposed to be a good tool
to predict the energy produced by a PV system at a given location.
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Table 3. Relative error analysis of the energy obtained from the PV system for a sunny day;

(=2

Energy measured | Energy calculated | Relative error of
k | from the system | after S-G fitting | calculated energy

[Wh] [Wh] (2]

30 462.51 0.11

60 461.62 0.30

463
90 460.33 0.58
120 458.01 1.08

Table 4. Relative error analysis of the energy obtained from the PV system for a cloudy day;

=2
Energy measured | Energy calculated | Relative error of
k | from the system | after S-G fitting | calculated energy
[Wh] [Wh] (2]
30 17.97 0.91
60 17.76 2.03
18.1
90 17.55 3.21
120 17.32 4.47
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