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Abstract. A new model for predicting daily solar irradiation based on a Takagi-Sugeno
fuzzy algorithm is reported. The study was conducted with data measured at the me-
teorological station of Timisoara, Romania. The model construction and its operation
are presented in detail. The proposed model is based on a simple algorithm with two
input variables and one output variable. The daily clearness index, calculated from the
measured daily global solar irradiation represents the physical quantity processed by
the fuzzy algorithm. Basically, the model forecasts the clearness index at time ¢ on the
basis of two previous values, measured at time #-/ and #-2. An assessment of the ac-
curacy of the algorithm was performed. Overall results show that the new forecasting
model achieves an acceptable accuracy. The simplicity of the model makes it conve-
nient for potential users. The algorithm can be applied successfully in other locations
only by re-computing the model coefficients.
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1. INTRODUCTION

Models for forecasting solar resources represent a useful tool in operating the
power grids. The forecasting procedures are commonly developed using traditional
statistical methods. In the last years, artificial intelligence (AI) has become an in-
creasingly used tool in modelling solar radiation. Al-based instruments have been
introduced in forecasting solar resources too, aiming to improve the forecasts accu-
racy (Blaga et al., 2019; Ahmed et al., 2020). The fuzzy sets theory is a class of Al
modeling widely used in science and engineering (Zadeh, 1965). There are many
studies that deal with solar radiation modeling using fuzzy sets theory (Mellit, 2008;
Boata and Paulescu, 2014; Boata and Pop, 2015; Paulescu et al., 2017; Benmouiza
and Cheknane, 2019). A fuzzy system consists of a map between input, named an-
tecedent part, and output, named consequent part, represented by if - then rules. Two
major classes of fuzzy systems can be defined. The first class contains the so-called
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fuzzy logic models. In this class, the antecedent and the consequent parts are linguis-
tic expressions. The second class includes the Takagi-Sugeno fuzzy models (Takagi
and Sugeno, 1985), where the consequent part is represented by a mathematical func-
tion and only the antecedent part is a linguistic expression. Additional references can
be found in Zimmermann (1996). The solar irradiance at the Earth surface can be
defined as superposition of two terms, one deterministic and the other stochastic.
The deterministic variation of solar irradiance, seasonal and diurnal, is described by
astronomical relationships. The stochastic component can be isolated by means of
clearness index (Liu and Jordan, 1960):

kt,i = G/Gezt (1)

In Equation (1), G represents the horizontal global solar irradiance at ground
level and

Gezt = Ggo e sinh )

is the horizontal extraterrestrial irradiance. G g = 1366.1 W / m? (Gueymard, 2004)
denotes the solar constant, ¢ is the Earth’s orbit eccentricity correction factor and i
is the sun elevation angle.

Clearness index, defined by Equation (1), represents a measure of the atmo-
spheric transparency. Clearness index can also be defined for global solar irradiation
over a given time interval. Tovar-Pescador (2008) presents a review of statistical
behavior of solar radiation components based on clearness index.

Let’s denote by H and H.,; the daily global horizontal solar irradiation at the
ground level and the daily horizontal solar irradiation at the top of the atmosphere,
respectively. Daily clearness index for global solar irradiation can be defined as:

kt :H/Hext (3)

In this paper a new model based on Takagi-Sugeno fuzzy technique for fore-
casting daily global solar irradiation is proposed. Daily clearness index for global
solar irradiation is the physical quantity processed by the algorithm. As a case study,
the model development is illustrated with data measured at the radiometric station
of Timisoara, Romania. The current model is based on the results obtained by us
in Boata (2018). The difference lies in the use of the fuzzy clustering procedure for
partitioning and defining membership functions for the main linguistic input variable.

2. MODEL DESCRIPTION AND DATABASE

The Takagi-Sugeno fuzzy algorithm was developed using 1095 data of daily
global solar irradiation (H;) recorded over three years 1998 - 2000 at the station
Timisoara (latitude 45°47° N, longitude 21°17’ E, elevation 80 m). Data was used
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for training fuzzy algorithm, i.e. establishing attributes and membership functions,
developing the rule table and fitting the output functions. Data measured during
a period of four years, 2001, 2021, 2022 and 2023 were used to test the model.
Data were collected from the World Radiation Data Center, St. Petersburg, Russia
(WRDC, 2024), a global repository for radiometric data. Firstly, the raw data was
pre-processed aiming to compute clearness index, k; (Equation 3). Mathematically,
the database used for constructing the proposed fuzzy model is defined as:

M = {(z¢,y:)}, t=2..1095 “)
where:

xr ={ki—1,ki—2}, ye={ke} )

The input variables k;—; and k;_o are the clearness index values measured at
the times ¢ — 1 and ¢ — 2, respectively. The output variable k; is clearness index
forecasted by the Takagi-Sugeno algorithm for the moment ¢. Practically, in this
study we have constructed a model for one day ahead forecasting of daily global
solar irradiation. The forecasted value depends only on the two previous measured
values.

In compliance with the Takagi-Sugeno fuzzy theory, a number of attributes
for every input variable were assigned. Using the fuzzy clustering procedure, five at-
tributes were established for the variable k;_1, denoted B1, B2, B3, B4 and B5. For
the variable k;_o only two attributes were assigned, denoted A1 and A2. For k;_1,
the membership functions were generated computationally, by using the fuzzy clus-
tering procedure (Zimmermann, 1996). For each attribute the membership function
is expressed by the equation:

c1itesiki—1+es, ik terik] ekt
Itcoike—1+cak? | +eeiki_ | +es ki,

mB;(ki—1) = if crites,ike-rtesi ki ferikiteoikiy 1 ,i=1.5 (6
I4coiki—1+ca ki +eeiki_j+es ki

1 otherwise

The values of the coefficients ¢;;, i = 1..5, j = 1..9, are listed in Table 1. Figure
1 shows the membership functions of all five attributes.

For the second input variable, k;_o, the membership functions have been cho-
sen as standard trapezoidal shape (Figure 2):

ki—o—d .
mA;(ki—2) = max (0’ 1= ﬁ) if dy <kio )
1 otherwise
ma:z:(() @) if ko <e
mAz(k?tfz) = ’ea—dy t—2 2 )
1 otherwise
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Table 1

The coefficients of the variable k1 membership functions

i
Ci.g 1 2 3 7 5
10583 0.235 0.056 | 0.104 0.042
2 [ -13.671 | -14358 | 9762 | 0.190 29270
316133 | 3985 | -0588 | -0.861 | -0.499
4 [ 73298 | 82970 | 35.759 | 15.624 | 30.995
j 5123632 | 22962 | 2.248 | 0.900 2219
6 | -181.685 | -219.166 | -58.219 | -90.382 | -44.211
7 [ 39435 | 51.764 | -3.704 | 4.390 4419
8 | 177403 | 220392 | 35542 | 101.792 | 23.031
9 | 24073 | 39588 | 2225 | 6217 3347
Bl B2 B3 B4 BS
1
0,
0 0.4 0.8
kt—j

Fig. 1 — Membership functions associated to the input variable k;_1.

The coefficients in Equations (7a) — (7b) are: d; = ds = 0.2 and e; = eo = 0.6.

The rule-base represents a mapping of the inputs to the output of the fuzzy sys-
tem. This was elaborated in a heuristic way using the training data set and following
the Takagi-Sugeno structure of a fuzzy model. In this model, the rule-base consists
of a collection of 10 rules, expressed as:

#Ry:if ky_ois Ak and if ki—q is Bk then yx, = yp(ki—1,kt—2), k=1..10 (8)

where Ak and Bk are fuzzy sets corresponding to the partitioned domains of the
input variables k;_o and k;—;. The matrix of the rule-base is listed in Table 2.

The output functions y; were chosen in the simplest form, i.e. linearly in k;_;
and k;_o:

yi(ki—1,ki—2) = a; + biki—1 +ciki—2, 1 =1..10 )

The coefficients of the output functions y; were estimated using the bivariate
least square regression. The coefficients are listed in Table 3.
This section presented in detail the procedure of development of the new Takagi-
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Fig. 2 — Membership functions associated to the input variable k;_o.

Table 2

The system rules-base matrix. Each rule is a fuzzy implication in the Equation (8) sense

ki1
The rules-base BT TB2 B3 | B4 | BS

Al y1 | y2 | ¥3 | ya | ¥s
ko A2 ye | Y7 | ¥s | yo | Y10

Sugeno fuzzy algorithm. At this stage, the algorithm is fully operational, for every
input pair k;—; and k;_o the algorithm returns the output value k;.

Table 3
Coefficients in the Equation (9)
i 1 2 3 4 5 6 7 8 9 10
a; | 0.220 | 0.411 0.609 —0.289 | —0.272 | —0.036 | —0.002 | 0.373 | 0.273 | 0.273
b; | 0.106 | o0.011 0.102 —0.001 | 0.564 0.362 0.240 0.405 | 0.045 | 0.045
c; | 0.285 | —0.090 | —0.501 1.427 0.976 1.221 0.937 | —0.406 | 0.423 | 0.423
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3. MODEL OPERATION

This section illustrates step by step the Takagi-Sugeno fuzzy algorithm opera-
tion. Three values of daily global solar irradiation measured on 20, 21 and 22 August
2001, corresponding to the Julian days 232, 233 and 234, are used for this illustra-
tion. From these data, the following values of the clearness index were calculated:
koszo = 0.657, kozz = 0.621 and ko34 = 0.639. The first step in the operation of a
fuzzy algorithm is fuzzification. At this step, the confidence levels of the attributes
for the input variable are calculated with Equation (6) and Equations (7a) — (7b):

mBl(k‘Qgg) =0.006
mB2(k233) =0.024
mB3(k5233) =0.025
mB4(kasz) = 0.069
mB5(kys3) = 0.831
mAl(kggg) =0
mA2(k232) =1

The second step in the operation of a fuzzy algorithm is the inference. Accord-
ing to the rule-base, all the rules are set up. The fuzzy operator AND is applied to
generate the fuzzy output values:

my = min[mAl(k232),mBl(k233)] =0
mgo = min[mAl(kasz), mB2(kas3)] =0
ma = min[mAl(k232),mB3(k233)] =0
myg = min[mAl(kasz),mB4(kas3)] =0
ms = min[mAl(kggg),mB5(k233)] =0

me = min[mA?(kgg,z),mBl(kzg,g)] = 0.006
my = min[mA2(kasz), mB2(kass] = 0.024
mg = min[mA2(k232),mB3(k233)] =0.025
mg = min[mAQ(kzggg),mB4(k¢233)] =0.069
mio = min[mA2(k232),mB5(k233)] =0.831

Finally, in the last step of the algorithm, namely defuzzification, the forecast (a
crisp value) is issued (Takagi and Sugeno, 1985):

10 10
k234,est = Z’mzyz/Zmz =0.581 (10)
i=1 i=1

Therefore, the forecasted value of the clearness index in the Julian day 234 is
kosa est = 0.581, with a relative error (k24 est — k234)/k234] - 100 = —9.07%.
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4. ASSESSMENT OF MODEL PERFORMANCE

Data recorded in four different years 2001, 2021, 2022 and 2023 at the station
of Timisoara were used to assess the model performance. Figure 3 shows the time
dependence of measured and forecasted daily clearness index. A good agreement
between measured and forecasted values can be observed.

Measured — Forecasted

0.0 ! LIELIMILDLLL WLEDRGRT, (b)
0.8

(c)

0.0
0.8

00 . (d)
0 90 180 240 360
Julian day

Fig. 3 — Comparison between forecasted and measured daily clearness index at the station of
Timisoara, in four different years: (a) 2001, (b) 2021, (c) 2022 and (d) 2023.

The model accuracy was measured in term of two statistical indicators: the root
mean square error (rmse):

1N , 1/2
rmse = {N;(F — ) ] (11
and the mean bias error (mbe):
| X
mbe = N~;(Fi—yi) (12)

where y; and F; are i-th measured and computed values, respectively, /N denotes the
number of measurements taken into account. The statistical indicators of accuracy of
the proposed model are gathered in Table 4.

The final aim of the proposed Takagi-Sugeno fuzzy algorithm is the forecasting
of daily global solar irradiation. Using Equation (3), the time series of forecasted
daily global solar irradiation can be reconstructed from the time series of clearness
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Table 4

Statistical indicators of accuracy when the proposed forecasting model

was tested against measured data

Forecasted quantity Statistical indicator | 2001 | 2021 2022 2023
Daily clearness index rmse 0.207 | 0.220 | 0.221 | 0.219
mbe 0.030 | -0.001 | -0.014 | -0.001
Daily global solar irradiation | rmse [kWh/m2] 1.587 | 1.546 1.534 1.593
mbe [kWh/m2] 0.094 | -0.142 | -0.223 | -0.109
[ I'Measured — Forecasted

H [kWh/m2] H [kWh/m2] H [kWh/m2] H [kWh/m?2]

0 90 180 240 360
Julian day

Fig. 4 — Comparison between forecasted and measured daily global solar irradiation at the station of
Timisoara in four different years: (a) 2001, (b) 2021, (c) 2022 and (d) 2023.

index forecasts. Figure 4 displays the results. The values of the statistical indicators
computed with Equation (11) and Equation (12) are also listed in Table 4, indicating
that the forecasting accuracy is relatively constant over time.

5. CONCLUSIONS

A new Takagi-Sugeno fuzzy model for forecasting daily global solar irradia-
tion is proposed. The variable directly processed by the fuzzy algorithm is clearness
index computed from measured global solar irradiation. Based on the results it can
be concluded that the accuracy of the proposed model is acceptable for practice. The
balance between simplicity and accuracy of the fuzzy model developed in this study
recommends it for photovoltaics applications. For potential users the model construc-
tion is described step by step. The results presented for Timisoara, the radiometric
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station from which data were collected for the development and testing of the model,
can be viewed as a case study. The model can be applied easily in any other location,
only a recalculation of the membership functions coefficients being necessary.
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