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Abstract: This study enhances the Akbaba Model by integrating temperature effects on PV panels to improve accuracy and efficiency in 

photovoltaic system modelling and performance. This paper presents and analyzes the temperature impacts on PV panels within the Akbaba 

Model, which is used to derive the V-I properties of PV panels. Traditional diode equations have notable disadvantages: they are very 

complex, lack analytical solutions, and require repetitive and time-consuming operations necessitating a computer. Due to these 

disadvantages, the Akbaba Model, which provides an easier and more analytical solution, has been proposed and investigated in detail to 

easily obtain the V-I electrical characteristics of photovoltaic generators (PVG). Incorporating temperature influences helps the Akbaba 

Model in PV systems to improve accuracy by presenting fresh equations that account for temperature effects. A comparative study of the 

original and upgraded Akbaba Models shows that the temperature-adapted model performs better. Most importantly, for developing and 

maintaining more effective renewable energy systems, the upgraded model provides a more consistent instrument to enhance PV system 

efficiency. The study also indicates potential applications and model enhancements, directing further research. These improve PV 

installation reliability and performance and deepen the knowledge of PV system modelling. Most importantly, experimental application 

has been conducted to investigate the performance of the Akbaba Model under different temperatures for the first time in the literature. 
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1. Introduction 

The interest in clean and renewable energy sources has 

made photovoltaic (PV) systems a vital part of the 

worldwide energy change. Optimizing PV system 

performance and efficiency becomes even more critical as 

the market for renewable energy rises. Maximum Power 

Point Tracking (MPPT) approaches to guarantee that PV 

systems run at their maximum power output under different 

climatic circumstances, so this optimization mainly relies on 

their application. 

Over the years, MPPT methods have been investigated and 

refined. Focusing on their energy efficiency and operational 

features, Dolara et al. [1] performed a comparative study of 

seven MPPT strategies, offering a basic knowledge of the 

advantages and disadvantages of every approach. Reisi et al. 

[2] likewise examined many MPPT methods, classifying 

them according to their methodological approaches and 

analyzing their relative performance. 

Additionally, innovative control methods are intended to 

improve PV system efficiency. Arif et al. [3] greatly 

increased the total energy production of PV systems by 

developing a microcontroller-based sun tracker control 

system for real-time solar tracking. Hasanah et al. [4] used 

a computer-based solar tracking system to show further how 

automation may maximize PV performance. 

Another critical area of inquiry is PV panel characterization. 

Designed especially for PV panels, Zegrar et al. [5] created 

an I-V curve tracer for thorough performance assessment. 
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De Riso et al. [6] presented a wireless self-powered I-V 

curve tracer for online characterization, highlighting 

diagnostic power and monitoring capacity developments. 

Furthermore, hybrid approaches and intelligent control 

strategies show encouraging outcomes. Reviewing hybrid, 

optimum, and traditional MPPT methods, Bollipo et al. [7] 

and Hohm et al. [8] highlighted combining artificial 

intelligence and meta-heuristic algorithms to increase 

tracking accuracy and efficiency under many circumstances. 

Investigating MPPT methods under uniform and non-

uniform solar irradiation, Ali et al. [9] showed how well-

improved algorithms might adapt to changing 

environmental circumstances. 

Additionally, artificial neural networks (ANN) mixed with 

conventional MPPT methods have been investigated. 

Dkhichi et al. [10] combined ANN with the Perturb & 

Observe method to enhance the power production of PV 

systems, therefore attaining more efficiency and stability. 

Messalti et al. [11] showed enhanced performance via 

hardware implementation and simulation via a variable step-

size ANN-MPPT controller. 

Researchers have also concentrated on creating new MPPT 

techniques catered to particular circumstances. López-

Lapeña et al. [12] presented a novel MPPT technique for 

low-power solar energy collecting to solve the particular 

difficulties of low-power applications. Setiawan et al. [13] 

investigated PV-inverter setup and solar panel performance 

for tropical environments, offering insightful analysis for 

optimizing PV systems in particular climatic situations. 

Thorough assessments and classifications of MPPT 

procedures have been undertaken to provide a 

comprehensive view of the area. Karami et al. [14] 

presented a comparison table for simple categorization and 

a broad overview and classification of many MPPT 

approaches, guiding readers to choose the most appropriate 

method. Reviewing the most utilized MPPT systems, 

Motahhir et al. [15] discussed every technique's idea, 

advantages, and disadvantages and advised appropriate low-

cost integrated boards for hardware deployment. 

Additionally, advanced MPPT methods grounded on meta-

heuristic algorithms are investigated for their efficiency 

under partial shade situations. Using four partial shade 

patterns, Rezk et al. [16] contrasted CS and PSO approaches 

with traditional incremental resistance (INR), assessing the 

tracking performances of MPPT algorithms using 

MATLAB simulation. Yang et al. [17] analyzed 62 methods 

divided into seven categories and thoroughly summarized 

MPPT techniques under partial shading situations. 

Moreover, new MPPT controllers grounded on 

sophisticated algorithms have been suggested. Using the 

Ant Colony Optimization (ACO) method, Titri et al. [18] 

presented an MPPT controller with great accuracy and 

resilience against fast weather fluctuations. Using an 

upgraded particle swarm optimization (PSO) approach, 

Shankar and Saravana Kumar [19] established a model for 

lowering partial shading effects in PV array topologies, 

demonstrating better monitoring of maximum power peak 

performance. 

Improving the dependability and efficiency of PV systems 

depends on ongoing research and improvement of MPPT 

methods [11] [14],[20]-[21]. Researchers and engineers 

may maximize the performance of PV systems by using 

cutting-edge monitoring systems, sophisticated algorithms, 

and advanced control techniques, thereby influencing the 

worldwide scene of renewable energy [22],[23]. 

In this study, we improve the Akbaba Model equations by 

adding recently obtained equations to include the 

temperature impact on PV panels. Incorporating 

temperature influences helps improve the Akbaba Model in 

PV systems. It presents fresh equations, including 

temperature influences on PV panels, therefore enhancing 

the correctness of the model. A comparison study of the 

original and improved Akbaba Models shows that the 

temperature-adapted model is better. Crucially for designing 

and running more efficient renewable power systems, the 

improved model offers a more dependable tool for 

improving PV system efficiency. Also, the study suggests 

possible uses and improvements to the model, guiding 

further studies. These efforts develop an understanding of 

PV system modelling and increase PV installation 

performance and dependability. The findings show that 

adding temperature significantly improves the Akbaba 

Model's effectiveness, as determined in [24]. This 

improvement not only raises the forecast accuracy of the 

model but also offers a more trustworthy instrument for 

maximizing PV panel efficiency under different 

environmental circumstances. 

The rest of the paper delineates the mathematical 

formulation and theoretical justification of novel equations 

that account for temperature effects. The results section 

compares the original and enhanced Akbaba Models, 

emphasizing their performance metrics and evaluation 

criteria. The conclusion underscores the model's accuracy, 

highlighting its contributions to the field and future research 

directions. The main findings are summarized, with a 

particular emphasis on the impact of temperature 

adaptation. 

2. Akbaba Model 

The conventional V-I characteristics of PVs, which are 

employed in literature [24], are highly complicated, need 

more analytical solutions, and need to use a computer to 

carry out time-consuming, repetitive operations. Therefore, 

in contrast to traditional ones, the Akbaba Model, which has 

a more straightforward and analytical solution, is utilized to 
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derive the V-I electrical characteristics of the PVG. The 

Akbaba Model equations are given in Equation (1) [24]. 

𝐼 =
(𝑉𝑜𝑐−𝑉)

𝐴+𝐵𝑉2−𝐶𝑉
                                                                               

(1) 

Here, Akbaba Model parameters A, B, C, Voc and Isc are 

determined for many selected G value, solar radiation of 

PVG. A parameter can be defined as in Equation (1) and 

Equation (2) can be examined using detailed procedures 

[25]. 

𝐴 =
𝑉𝑜𝑐

𝐼𝑠𝑐
                                                                                          

(2) 

where, 𝑉𝑜𝑐  and 𝐼𝑠𝑐  are the open circuit voltage and the short 

circuit current of the solar panel respectively. Output power 

of PVG is given as following Equation (3): 

𝑃 = 𝐼𝑉 =
𝑉(𝑉𝑜𝑐−𝑉)

𝐴+𝐵𝑉2−𝐶𝑉
                                                                     

(3) 

PV panels operate best when they are very close to reaching 

their maximum power trajectory because installation costs 

are too expensive. The voltage Vmax needed for maximum 

power Pmax can be calculated by setting the derivative of P, 

given in (3), with respect to V to zero, as 𝑑𝑃/𝑑𝑉 = 0. With 

presented mathematical equalities on obtaining maximum 

output power of PVG, formulation of Vmax can be derived 

as following: 

𝑉𝑚𝑎𝑥 = (
𝑉𝑜𝑐

𝐼𝑠𝑐
(𝐶 − 𝐵𝑉𝑜𝑐)) (

1

√(1−(1−𝐼𝑠𝑐(𝐶−𝐵𝑉𝑜𝑐)))
) (4) 

Then, Imax and Pmax can be written from (3) and (4) as: 

𝐼𝑚𝑎𝑥 =
(𝑉𝑜𝑐−𝑉𝑚𝑎𝑥)

(𝐴+𝐵𝑉𝑚𝑎𝑥
2 −𝐶𝑉𝑚𝑎𝑥)

                                                               

(5) 

𝑃𝑚𝑎𝑥 = 𝑉𝑚𝑎𝑥𝐼𝑚𝑎𝑥                                                                         

(6) 

By comparing the V-I characteristic produced using 

parameters A, B, and C with the conventional V-I 

characteristic provided in [25], the accuracy of the V-I 

characteristic is determined. Fig. 1 shows the changes of the 

calculated A, B, C, and parameters for the PV panels utilized 

in this study concerning the per cent solar radiation G. 

3. Adaptation of Temperature Effect to Akbaba Model 

To find the maximum power of the PV panel with the 

temperature effects, some mathematical operations are used 

as follows: 

𝑇𝑐𝑒𝑙𝑙 = 𝑇𝑎 +
(𝑁𝑂𝐶𝑇−20)𝐺

80
                                                               

(7) 

where, G is percent solar radiation and NOCT is 48oC. 𝑇𝑐𝑒𝑙𝑙 

is obtained as: 

𝑇𝑐𝑒𝑙𝑙 = 𝑇𝑎 + 0.35𝐺                                                                      

(8) 

According to (7), cell temperature increases above ambient 

levels, with increasing solar irradiance for different module 

types [26]. 𝑇𝑎 is the ambient temperature and e 

approximated as seasonal average for Çankırı-Türkiye. 

Seasonal average temperature stored in the microprocessor 

is given in Table 1. 

Table 1. Seasonal average temperature of Çankırı 

Decembe

r -

February 

March-May 
June-

August 

September

-November 

18 oC 24 oC 28 oC 25 oC 

 

From data of (7), Imax is modeled, but not generalized for all 

PVGs as: 

𝐼𝑚𝑎𝑥 = 0.0061𝐺                                                                          

(9) 

Parameters A, B, and C are determined experimental data at 

a cell temperature controlled at 25oC. Therefore, A, B, and 

C are named as standard parameters and 𝑉𝑚𝑎𝑥  calculated 

with these is called as standard maximum power point 

voltage 𝑉𝑚𝑎𝑥,𝑠𝑡. From (1), (10) can be obtained as following: 

𝐼𝑚𝑎𝑥 =
(𝑉𝑜𝑐,𝑠𝑡−𝑉𝑚𝑎𝑥,𝑠𝑡)

(𝐴+𝐵𝑉𝑚𝑎𝑥,𝑠𝑡
2 −𝐶𝑉𝑚𝑎𝑥,𝑠𝑡)

                                                       

(10) 

𝑉𝑜𝑐,𝑠𝑡 is given in terms of G as in (10), also 𝑉𝑚𝑎𝑥,𝑠𝑡  is 

computed as: 

𝑉𝑚𝑎𝑥,𝑠𝑡 =
𝑄2−4𝑄1𝑄3

2𝑄1
                                                                     

(11) 

where; 𝑄1 = 𝐵𝐼𝑚𝑎𝑥  , 𝑄2 = 𝐶𝐼𝑚𝑎𝑥 − 1, 𝑄3 = 𝐴𝐼𝑚𝑎𝑥 −

𝑉𝑜𝑐,𝑠𝑡 

Finally, 𝑉𝑚𝑎𝑥  is calculated as in (12). Experimental results 

have shown that 𝑉𝑚𝑎𝑥  decreases as 0.18% /o C. Therefore, 

with respect to 𝑉𝑚𝑎𝑥,𝑠𝑡, 𝑉𝑚𝑎𝑥 reduces with temperature as 

following: 

𝑉𝑚𝑎𝑥 = 𝑉𝑚𝑎𝑥,𝑠𝑡 − 0.036𝑇𝑐𝑒𝑙𝑙                                                      

(12) 

𝑃𝑚𝑎𝑥 = 𝑉𝑚𝑎𝑥 − 𝐼𝑚𝑎𝑥                                                                   

(13) 

Then, from (9), (12), and (13) 𝑃𝑚𝑎𝑥  can be derived as 

following: 

𝑃𝑚𝑎𝑥 = 0.0061𝐺𝑉𝑚𝑎𝑥,𝑠𝑡 − 0.00022𝐺𝑇𝑎 − 0.0000768𝐺         

(14) 
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4. Results 

The graph's curves in Fig. 1 show that when solar radiation 

rises, parameters A and C decrease inversely. The graph's 

curves show that parameter B first rises as solar radiation 

increases, and that it then decreases despite the increase in 

solar radiation after around 50% of the radiation. The graph 

illustrates how the 𝐼𝑠𝑐  value rises in direct proportion to 

increase in solar radiation. 

 

Fig. 1.  Variations of A, B, C and Isc with percent solar 

radiation G 

In Fig. 2, 𝑉𝑜𝑐  and 𝑉𝑚𝑎𝑥 values increase with increasing solar 

radiation, according to the curves in the graph. The P-V 

characteristics of the Solar Panel which is plotted using 

these measured values are shown in Fig. 3. 

 

Fig. 2.  Variations of 𝑉𝑜𝑐  and 𝑉𝑚𝑎𝑥 with percent solar 

radiation G 

 

Fig. 3.  P-V characteristics of used panel in several solar 

radiation 

Fig. 3 the change curves of the panel output power in 

relation to the panel output voltage at varying solar radiation 

levels as the radiation increases. Plotting of the panel P-V 

characteristics at G = 100, maximum solar radiation, using 

the PVG power directly determined from the measured 

values and the panel P-V characteristics calculated using the 

Akbaba Model equation, is depicted in Fig. 4. It is seen that 

little differ from one another at all. This demonstrates the 

Akbaba Model's accuracy. 

However, in Figs. 2-3, the effect of temperature is not taken 

into consideration. By considering the temperature effect, 

the accuracy of the Akbaba Model will be further enhanced. 

As mentioned above 𝑉𝑜𝑐  values calculated at 25°C panel 

temperature is used, as this value of panel temperature is for 

climate of city of Çankırı in Türkiye. For other locations 

another suitable average panel temperature could be used. 

The V-I and P-I characteristics at various temperature of 

panel obtained by using Temperature Effect adapted 

Akbaba Model are shown Fig. 4 and Fig. 5 respectively. 

 

Fig. 4.  V-I characteristic at various temperature 

 

Fig. 5.  P-I characteristic at various temperature 

As can be expected from Fig. 4 and clearly seen from Fig. 

5, current at maximum power, 𝐼𝑚𝑎𝑥 , is almost independent 

of temperature, but maximum power decreases significantly 

with temperature. Decrease in power is due to the decrease 

in the voltage at maximum power, 𝑉𝑚𝑎𝑥, as temperature 

rises. 
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Since 𝐼𝑚𝑎𝑥 is independent of cell temperature, it is measured 

and plotted according to the change of G which is percent 

solar radiation as given in Fig. 6. 

 

Fig. 6.  Imax versus G 

𝑃𝑚𝑎𝑥  values at different temperatures and different percent 

solar radiations have been calculated using (14) and the 

results are shown in Table 2.  

Table 2. 𝑃𝑚𝑎𝑥  values at different temperatures and 

different percent solar radiations 

%

G 

𝑇𝑐𝑒𝑙𝑙  at 

 𝑇𝑎 = 25 o 

C 

𝑉𝑚𝑎𝑥,𝑠𝑡 

(V) 

𝑉𝑚𝑎𝑥 

(V) 

𝑃𝑚𝑎𝑥  (W) 

at 

 𝑇𝑎 =

50 o C 

𝑃𝑚𝑎𝑥  (W) 

at 

 𝑇𝑎 =

50 o C 

52 16.56 16.56 15 4.76 4.47 

73.

5 

17.43 17.43 15.6 6.99 6.59 

80 17.81 17.81 15.9 7.76 7.32 

10

0 

18.56 18.56 16.4 10 9.45 

 

In Table 2, it is seen that the 𝑃𝑚𝑎𝑥  changes at different 

temperatures and different solar radiation. It is seen that 

𝑃𝑚𝑎𝑥  decreases with the increase in temperature for solar 

radiation of the same value. Thus, Pmax decreases inversely 

proportional to the increase in temperature. 

5. Conclusion 

In this study, we investigated the temperature effects of a 

newly designed microcontroller-based MPPT circuit [24]. 

The first application of the Akbaba Model to a PV array with 

temperature effects provides a more realistic and accurate 

system performance assessment. Conventional diode 

equations for the I-V characteristics of PVs [25] 

demonstrate that panel efficiency is temperature-dependent. 

Understanding the extent of this temperature influence is 

highly beneficial for PV panel designs. We improved the 

MPPT circuit's accuracy by including temperature effects; 

our investigation indicated that it is more cost-effective and 

more straightforward to operate than other systems in the 

literature.  As a result, the system's efficiency was improved 

over previous work [24]. For instance, under 100 % solar 

radiation, the experimental output power in the previous 

study without temperature influence was 10 W. With 

temperature consideration in this study, the output power 

remained at 10W at Ta=25°C, indicating that the Akbaba 

Model equations produce consistent results at this ambient 

temperature. However, this study is critical as temperature 

variations impact outcomes in different environments. 
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