ANNALS OF WEST UNIVERSITY OF

S sciendo TIMISOARA PHYSICS
Vol. LX, 2018

DOI: 10.2478/awutp-2018-0004
MODELING OF DAILY GLOBAL SOLAR IRRADIATION IN TIMISOARA BY
USING A FUZZY APPROACH

Remus Boata

Romanian Academy Timisoara Branch, Timisoara Astronomical Observatory, A. Sever Sg. 1, 300210,

Timisoara, Romania

Article Info Abstract

Received: 04.06.2018 This paper proposes a new simple model to forecast daily global solar

Accepted: 30.07.2018 irradiation one day ahead using the Takagi-Sugeno fuzzy methods. The model is
based on solar radiation data measured in Timisoara, Romania. The daily clearness

Keywords: forecasting, index represents the direct variable used by the fuzzy algorithm. The model

fuzzy systems, solar forecasts the clearness index at the moment of time t on basis of two previous

irradiation values measured at time t-1 and t-2 . An assessment of the model accuracy is
performed.

1. Introduction

Models for computing solar radiation represent useful tools in various research areas.
Most of these models are based on traditional statistics. Other alternative methods in
modeling solar radiation are represented by the fuzzy algorithms [1]. An improvement in the
forecasting accuracy is expected from these algorithms. The applications of the fuzzy set
theory in solar radiation modeling are reported in many studies ([2], [3] and [4]).

A fuzzy system consists of a map between input and output (antecedent part and
consequent part) represented by if - then rules. There are two important classes of fuzzy
models, with a different structure of the consequent part. The first class encloses the fuzzy
logic models [5], where both parts, the antecedent and the consequent part, are linguistic
expressions. The second class includes the Takagi-Sugeno fuzzy models [6], where only the
antecedent part is a linguistic expression, while the consequent part is represented by
mathematical functions.

In this paper we report a new simple model for forecasting one day ahead daily global

solar irradiation, in Timisoara, Romania, by using the Takagi - Sugeno fuzzy technique. The
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direct variable used by the fuzzy algorithm is the clearness index, computed from the
measured data of the daily global solar irradiation. Based on the two previous values

measured at moments t-1 and t-2, the model forecasts the clearness index at time t.

2. Database and model description

The solar irradiance can be characterized by two components, deterministic and
stochastic. Seasonal and diurnal variations of solar irradiance represent the deterministic
variations. Using the astronomical relationships these variations can be computed. The
second component of the solar irradiance, the stochastic variation, can be isolated using the

instantaneous clearness index [7]:

ki =G/Gyy (1)

In Eq. (1) G represents the horizontal global solar irradiance at ground level and

G,, =G &sinh @)

is the horizontal extraterrestrial irradiance. Gsc = 1366.1 W/m? [8] represents the solar
constant, ¢is the eccentricity correction factor and h is the sun elevation angle.

The instantaneous clearness index, as defined by Eq. (1), represents a measure of the
atmospheric transparency. The clearness index can also be defined for the global solar
irradiation, on a given time interval. A review of the statistical behavior of the solar radiation
components based on clearness index is described in Ref. [9].

In this work the daily clearness index for global solar irradiation is used, defined as:

kt = H /Hext (3)

The terms H and H_, in Eq. (3) represent the daily horizontal global solar irradiation

ext
on ground level and the daily solar irradiation at the top of the atmosphere.
The Takagi-Sugeno fuzzy algorithm (TS) was developed by using 1460 data of daily

global solar irradiation (Hy) recorded over four years 1998 - 2001 at the station Timisoara

(latitude 45947°N, longitude 21917’E, elevation 90m). World Radiation Data Center, St.

Petersburg, Russia [10] represents the source of the measured data. From these data, the
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clearness index ki, was calculated using Eq. (3). The first 1095 values measured between

1998 and 2000 have been used to train the model and the data measured from 2001 are used
to test the model.

The input variables for TS model, ki1 and kt.p, are the clearness index measured at
the time t — 1 and t — 2, and the output variable, k¢, is the clearness index forecasted at the
moment t. Five attributes has assigned for variable k;_q and they are denoted B1, B2, B3, B4
and B5. For variable ki_o only two attributes, Al and A2, are established.

For the first variable, ki_1, the membership functions have been chosen as triangular

functions:
1 ifk,<cl
mB1i = 4a
(k) max( j otherwise (42)
bl cl
max(o, k;—azzj if k_, <c2
mB2(k. ,) = e (4b)
max (0, 1- j otherwise
b2 c2
max(o, ‘::3 _::] if k_, <c3
mB3(k,_,) = (4c)
max| 0,1— otherwise
b3 c3
max(o, k‘4 —aj} if k_, <c4
c4d-a
mB4(k, ) = (4d)
max(o,l j otherwise
b4—
1 ifk,,>c5
mB5(k, ,) = de
(k) = max( ks = j otherwise (4e)
c5-ab

Using our measured data, the determined values of the coefficients from Eq. (4a) to
Eq. (4e)are:cl=a2=0.1,a3=b1=c2=03,a4=0b2=c3=0.5,a5=b3=c4=0.7, b4
= ¢5 = 0.9. The membership functions of the attributes B1, B2, B3, B4 and B5, are plotted in
Figure 1.
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Fig 1. Membership functions associated to the first input variable, ki;.

For the second input variable, ki_o, the membership functions have been chosen as

trapezoidal functions, illustrated in Figure 2:

max(o, 1-MJ if d,<k_,
mAL(k,_,) = e,—d, (52)
1 otherwise
max(o, MJ if k_,<e,
mA2(k,_,) = e,—d, (5b)
1 otherwise
The coefficients of Eq. (5a) and Eq. (5b) are: d; =d, =0.2,e1 =€, =0.6
Al A2
1
mAi(k, ,)
0 .
0 0.4 0.8
Kea

Fig. 2. Membership functions associated to the second input variable, k..
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A mapping of the inputs to the output for one fuzzy system is represented by the
rules-base [5]. In this paper, the rules-base has been elaborated in a heuristic way using the

data from the training period and the TS model contains a set of 10 rules, expressed as:

#R itk _, is Ak and ifk_; is Bk thenf, = f, (k_i.k_,),k=1.10. (6)

where Ak and Bk are the fuzzy attributes corresponding to the input variables ki_o and k¢_1. In

Table 1. the structure of the rule-based matrix for our TS fuzzy algorithm is listed.

Table 1. The system rules-base. Each rule is a fuzzy implication in the Eq. (6) sense.

The rules-base Ke-1
Bl B2 B3 B4 B5
Al fy f, f3 fa fs
K- A2 fo f; fg fo fio

The output functions f; have been chosen linearly in k¢_q and k_o:

fi(ki-1, Kt-2) = aj + B ki-1 + 7j k-, i = 1...10. (7

The coefficients of the f; output functions have been computed using the multivariate

least square regression and they are listed in Table 2.

Table 2. Coefficients in the Eq. (7).
i1 2 3 4 5 6 7 8 9 10

a; | 0.185 | 0.211 | 0.219 | 0.049 | 1.294 | 0.132 | 0.191 | 0.207 | 0.021 | 0.544

pi 10108 | 0.116 | 0.129 | 0.137 | 0.129 | 0.228 | 0.179 | 0.086 | 0.014 | -0.001

yi 10568 |0.402 | 0.368 | 0.654 | -1 0.591 | 0.378 | 0.432 | 0.807 | 0.122

Once we have set a functional rules-base, the fuzzy algorithm is operational. In this
moment, the model can be run and for every inputs k.; and k.., the output value k; can be

computed.
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3. Model performance assessment

To assess the model performance we use data measured in the year 2001 at the station
Timisoara. The graphical representation of measured and forecasted values of daily clearness
index is illustrated in Figure 3(a). A good agreement between measured and forecasted values

of clearness index with the TS fuzzy model can be observed.

1
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Fig. 3. Comparison between: (a) forecasted and measured daily clearness index; (b) computed and measured
daily global solar irradiation. Data recorded in 2001 at station Timisoara are used.

The daily global solar irradiation forecasting is the main scope of this paper. Using Eq.

(3), with which we generated the clearness index ki, we can reconstruct the data series for

daily global solar irradiation. The obtained results are represented graphically in Figure 3(b).
In this stage of testing we use data measured at the station Timisoara in the year 2001. The

computed values for statistical indicators root mean square error (rmse) and mean bias error

(mbe) are: rmse = 1.178 [kWh/m2] and mbe = 0.005 [kWh/mZ]. Based on the obtained
results we can say that the accuracy of forecasting the daily global solar irradiation using the
TS fuzzy procedure is acceptable with a good balance between accuracy and simplicity.

4. Conclusions
In this paper a new simple model based on the Takagi-Sugeno fuzzy procedure for
forecasting daily global solar irradiation one day ahead is presented. The clearness index
computed from global solar irradiation is the direct variable processed by the TS fuzzy
algorithm. The obtained results in this work show that the accuracy of forecasting using this
new procedure is acceptable. The balance between accuracy and simplicity of the TS fuzzy
model presented in this work shows that it is suitable for practical applications. By simply re-

computing the coefficients, this model can be applied easily in other location.
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