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 The data of solar energy density in one area is very important when the area 
will constructed photovoltaic (PV) system. The data is as preliminary study 
to decide what the area is suitable or not to be constructed the PV application 
system. But, sometime the available data is missing because the limitation of 
weather equipment. An alternative technique for the available data of solar 
energy density should be done for the continuity of PV application system 
decision. An estimation technique of solar energy density is one part of good 
alternative to solve this problem. This paper presents the estimation of solar 
energy density using Adaptive Neuron Fuzzy Inference System 
(ANFIS). The ANFIS system has two input data of the measured daily 
minimum, maximum temperature and difference between maximum and 
minimum temperature. The measured solar energy density is as target data of 
ANFIS system. The data is recorded from Medan meteorological station 
through the web site of world weather online for the year of 2018. The result 
shows that the average estimated solar energy density is classified in the very 
high solar energy density and based on the percentage error shows that the 
estimated solar energy density is acceptable.
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1. INTRODUCTION  

Solar is fusion radiation process of the sun which its layer can be divided by two parts. They are 
inner and outer layer. The outer layer is cooler than the inner layer. The outer layer of sun produces radiation 
and it penetrates the extra-terrestrial and atmosphere region and arrives the surface of earth [1]. The solar can 
divided by solar power density in unit of W/m2 and solar energy density in unit of Wh/m2 or kJ/m2 or MJ/ m2. 
The solar power density or solar energy density is very important to determine the performance (voltage, 
current and power) of photovoltaic (PV) module. The higher solar power density or solar energy density will 
generated the higher voltage, current and power of PV module. Inversely, the lower solar power density or 
solar energy density will generated the lower voltage, current and power of PV module. 

The effect of solar power density or solar energy density on the performance of PV module has been 
study by [2], the performance of PV module increases on the condition of constant temperature and the 
increasing of solar power density or solar energy density. It means that the performance of PV module is 
proportional to the solar power density or solar energy density. The increasing of the performance of PV 
module related to the solar power density or solar energy density has been studied by [3] in single axis solar 
tracking and [4] in the two axis solar tracking. The performance of PV module in the two axis solar tracking 



Int J Pow Elec & Dri Syst ISSN: 2088-8694  
 

Solar energy density estimation using ANFIS based on daily maximum and minimum… (M. Irwanto) 

2207

is better than in the single axis solar tracking. It is due to the solar power density or solar energy density 
captured by two axis solar tracking is higher compared to the single axis solar tracking. The advantages of 
solar power density or solar energy density in the applications of PV module have realized in the solar water 
pump [5], solar PV powered inverter [6-13]. The systems are energized directly by PV module and their 
operation depend on the solar power density or solar energy density. 

A solar PV system is very depend on the solar power density or solar energy density in one area. 
The solar power density or solar energy density should be measured to obtain its potential to develop solar 
PV systems [14-20]. But, it is due to the limitation of weather measurement equipment or no equipment, thus 
it has missing data of solar power density or solar energy density in the area. Some techniques or methods 
have been developed to estimate the solar power density or solar energy density in one area. A combination 
Hargreaves method and linear regression has been conducted by [21] to estimate the solar energy density in 
Perlis, Northern Malaysia. The estimated solar energy density is compared to the measured solar energy 
density and validated using the statistical analysis of percentage error. The Hargreaves method is also applied 
to estimate solar energy density in Medan, North Sumatera, Indonesia [22]. The result shows that Medan is 
categorized in a very high solar energy density and has good potential to develop PV application systems. A 
modern technique is also applied in the estimation of solar energy using digital numerical by [23]. This 
technique developed computational method to estimate the potential of solar energy density Eastern Gongju, 
South Korea. Mathematical modelling of estimated solar energy density is applied by [24] and it predict the 
output voltage of PV module. Artificial Intelligent (AI) technique of fuzzy logic is applied to estimate the 
solar energy density based on the meteorological parameter by [25]. The latitude, longitude angle, 
temperature and mean sun shine are applied in the fuzzy logic to obtain the estimated solar energy density.  

This paper presents the solar energy density estimation using Adaptive Neuron Fuzzy Inference 
System (ANFIS) based on the daily maximum and minimum temperature. The measured data of solar energy 
density, maximum and minimum temperature are collected from Medan meteorological station through the 
web site of world weather online. Three estimation condition are conducted as training of ANFIS. The first 
condition is minimum temperature, maximum temperature and solar energy density, the second condition is 
maximum temperature, the difference between maximum and minimum temperature and solar energy 
density, the third condition is the minimum temperature, the difference between maximum and minimum 
temperature and solar energy density. The estimated and measured solar energy density are validated using 
statistical analysis of relative percentage error.  

 
 

2. RESEARCH METHOD  
This section discusses research method to estimate the solar energy density in Medan, Indonesia. 

Location and weather condition of Medan, Indonesia is explained briefly based on its latitude angle. The 
structure of ANFIS to estimate the solar energy density is explained in this section.  
 
 
2.1 Location of Medan  

Medan is the fifth largest city in Indonesia has land area of 265.1 km² and it is located on the 
latitude of 3.580 N as shown in Figure 1 [22]. Medan has average annual temperature of 26.4 oC and it is 
relative hot because it is in the equator line. Medan has good potential to be constructed PV system as 
reported by [22]. 

 
 

 
 

Figure 1. Location of Medan, Indonesia [22] 
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2.2 ANFIS system as estimator of solar energy density 
ANFIS is hybrid artificial intelligent system that it combines the algorithm of artificial neural 

network (ANN) and fuzzy inference system (FIS) [26]. The object of ANFIS is to enhance the capability of 
controller or estimator system based on the previous data. The operation of ANFIS follows a fuzzy controller 
of Takagi-Sugeno [27]. The structure of ANFIS consists of three parts (input data, process and output data) 
as shown in Figure 2.  

 
 

 
 

Figure 2. ANFIS structure using fuzzy controller of Takagi-Sugeno [27] 
 

 
The structure of ANFIS consists of five layers, each layer is constructed by some nodes as node 

function. The function of each layer is explained below following Figure 2. 
a. The first layer (Layer 1) is as fuzzification layer. The input data will be blurred by this layer using 

membership function. 
b. The second layer (layer 2) is as product layer. It multiplies the previous input data performing logic 

“AND” as a firing power. The multiplication process can be stated as in Eq. (1). 

 

𝑤ଵ ൌ 𝜇௫ଵx 𝜇௬ଵ (1) 

 

c. The third layer (Layer 3) is as normalized process. It normalizes the firing power. The determination of 
normalization is given by Eq. (2). 
 

𝑤ഥ௜ ൌ
௪೔

௪భ ା ௪మ 
 , for i = 1, 2  (2) 

 

d. The forth layer (Layer 4) is as defuzzifing layer. The desired output data should be set by the back 
propagation neural network and it have to match with the target data. The determination of defuzzifing 
is given by Eq. (3). 
 

𝑤ഥଵ𝑓௜ ൌ 𝑝௜𝑥 ൅  𝑞௜𝑦 ൅ 𝑟௜    (3) 

 
e. The fifth layer (Layer 5) is as output layer. It is adding the previous defuzzifing.  

The weather data needed in the research are minimum temperature, maximum temperature and solar 
energy density for the year of 2018 collected from Medan meteorological station through the web site of 
world weather online. The minimum, maximum temperature and the difference between maximum and 
minimum temperature are input data of ANFIS system. The measured solar energy density is as target data. 
There are three input data condition as shown in Figure 3(a) created by MATLAB. The first condition is for 
maximum temperature and minimum temperature, the second condition is for maximum temperature and the 
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difference between maximum and minimum temperature, the third condition is the minimum temperature and 
the difference between maximum and minimum temperature.  

Each input data is blurred to be three blurred data as shown in Figure 3(b). Its objective is to assign 
the difference number of membership function in the fuzzy inference system (FIS). It is due to each input 
data is blurred to be three data, thus FIS has 32 = 9 (nine) rules as shown in Figure 3(b) and (c). The blurred 
input data is processed following the rule by ANFIS system and generates an output data as the estimated 
solar energy density as shown in Figure 3(a) and (b).  

 
 

 
(a) Fuzzy logic designer 

 

 
(b) Model of neural network 

 
(c) Rule 

 
Figure 3. ANFIS structure in MATLAB 

 
 

2.3 Validation of measured and estimated solar energy density 
The measured solar energy density, Rmea,i and estimated solar energy density, Rest,i are validated 

using a relative percentage error, e in percent given by Eq. (4) [21]. The value of relative percentage error 
between -10% to +10% indicates that the estimated solar energy density is acceptable [21]. The mean 
percentage error is defined as a percentage deviation of daily measured and estimated solar energy density. 

 

𝑒 ሺ%ሻ ൌ
ோ೘೐ೌ,೔ ି ோ೐ೞ೟,೔

ோ೘೐ೌ,೔
   (4) 

 
 
3. RESULTS AND ANALYSIS  

This section presents and analysis the results of solar energy density using ANFIS system. The input 
and target data are plotted and analysed. The results of estimated data are interpreted in three scenarios based 
on the input data. The first scenario is for the input data of minimum and maximum temperature, the second 
scenario is for the input data of minimum temperature and difference between maximum and minimum 
temperature, the third scenario is for the input data of maximum temperature and difference between 
maximum and minimum temperature. Each scenario results the difference profile of estimated solar energy 
density with also difference minimum, maximum and average solar energy density. 
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3.1. Input and target data of ANFIS system 
Figure 4 shows the daily minimum, maximum and difference between maximum and minimum 

temperature for the year 2018. These data is used as input data of ANFIS system as shown in Figure 3(a). 
Every daily minimum, maximum and difference between maximum and minimum temperature is blurred to 
be three daily minimum, maximum and difference between maximum and minimum temperature with one 
temperature and the other is multiplied by the performing logic AND. This process is to train them to the 
target data of measured solar energy density (Figure 5).  

 
 

 
 

Figure 4. Input data of ANFIS system 
 

Figure 5. Target data of ANFIS system 
 
 

The measured solar energy density as target data in Figure 5 has the minimum, maximum and 
average solar energy density are 4.07 MJ/m2, 26.06 MJ/m2 and 18.09 MJ/m2, respectively. The average solar 
energy density value of 18.09 MJ/m2 is equivalent to 5.03 kWh/m2. It is above 4.00 kWh/ m2 and classified in 
the very high solar energy density [28]. It means that Medan, Indonesia has good potential for developing a 
PV power generation system.  

 
3.2. Estimation of solar energy density 

The estimation of solar energy density is simulated using MATLAB in three scenarios for the 
difference input data of ANFIS system. The first scenario (scenario 1) is for the input data of minimum and 
maximum temperature, the second scenario (scenario 2) is for the input data of minimum temperature and 
difference between maximum and minimum temperature and the third scenario (scenario 3) is for the input 
data of maximum temperature and difference between maximum and minimum temperature. 

Figure 6 shows the measured and estimated solar energy density for three scenarios. The values of 
minimum, maximum and average estimated solar energy density on the first scenario are 2.28 18.09 MJ/m2, 
26.67 MJ/m2 and 17.88 MJ/m2, respectively as shown in Table 1. It has also the percentage error, e of 2.72 
%, it indicates that the result of estimated solar energy density thought out of the year 2018 is acceptable. The 
values of minimum, maximum and average estimated solar energy density on the second scenario are higher 
than the first scenario, they are 3.13 MJ/m2, 26.85 MJ/m2 and 17.96 MJ/m2, respectively as also shown in 
Table 1. The result of daily estimated solar energy density is also acceptable following its percentage error, e 
of 2.71%. The third scenario has the highest minimum estimated solar energy density of 3.95 MJ/m2 
compared to the first and the second scenario. But, the maximum estimated solar energy density of 24.39 
MJ/m2 on the third scenario is the lowest value compared to the first and the second scenario. The average 
estimated solar energy density of 17.95 MJ/m2 on the third scenario is almost same with the first and the 
second scenario. The percentage error, e of 2.769% on the third scenario as shown in Table 1 is also still 
acceptable. The acceptation of estimated solar energy density for the first, second and third scenario is based 
on the required range value of -10% to +10% as stated by [21]. 

The average estimated solar energy density values of 17.88 MJ/m2, 17.96 MJ/m2 and 17.95 MJ/m2 
for the first, second and third scenario are equivalent to 4.97 kWh/m2, 4.99 kWh/m2 and 4.98 kWh/m2, 
respectively. The values are still above 4.00 kWh/m2, they are still classified in the very high solar energy 
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density. They also can be accepted as one information of solar energy density estimation that give 
information that Medan has good potential for PV application system.  

 

 
 

(a) Scenario 1 
 

 
(b) Scenario 2  

(c) Scenario 3 
 

Figure 6. Measured and estimated solar energy density with various input data of ANFIS system 
 
 

Table 1. The Minimum, maximum, average and percentage error of estimated solar energy 
 Scenario 1 Scenario 2 Scenario 3 

Minimum estimated solar energy density (MJ/m2) 2.28 3.13 3.95 
Maximum estimated solar energy density (MJ/m2) 26.67 26.85 24.39 
Average estimated solar energy density (MJ/m2) 17.88 17.96 17.95 

Percentage error, e (%) 2.72 2.71 2.69 

 
 
4. CONCLUSION  

An estimation of solar energy density in Medan, Indonesia has been conducted and analysed using 
ANFIS system. The input and target data of ANFIS system are taken from Medan meteorological station 
through the web site of world weather online for the temperature and solar energy density. Some conclusions 
of this paper can be stated below. 

The average measured solar energy density in Medan is 5.03 kWh/m2. It is a value of solar energy 
density above 4.00 kWh/m2 and it is classified in the very high solar energy density and it also gives good 
potential for PV application system.  

Three scenarios of input data of ANFIS system (minimum and maximum temperature, minimum 
temperature and difference between maximum and minimum temperature, and the maximum temperature 
and difference between maximum and minimum temperature) result the average estimated solar energy 
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density are 4.97 kWh/m2, 4.99 kWh/m2 and 4.98 kWh/m2, respectively. They are also classified in the very 
high solar energy density. 

Based on the analysis of percentage error shows that the estimated solar energy densities are 
acceptable because their values are in the required range of -10% to +10%.  
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