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Abstract 

    As the world economy grows, the energy demand is increasing. The use of large amounts of fossil 

fuels has contributed to environmental degradation. Renewable power systems have gained significant 

attention, as they can effectively solve the energy security problem. The most important benefit of 

renewable power systems is to generate electricity with zero carbon emissions, which aligns with the 

environmentally friendly concept of today's social development. However, renewable energies are 

intermittent and dependent on weather conditions, such as sunshine, wind, and operating temperature. 

Therefore, maximum Power Point Tracking (MPPT) is an essential technique to extract the maximum 

power from renewable systems, such as Photovoltaics (PVs), for the conditions at a particular instant 

of time.  

In this research, a detailed simulation model is performed in MATLAB/Simulink, which has three 

parts: 1) detailed PV output electric power simulation, 2) four different MPPT methods, including two 

conventional methods of Perturbation and observation (P&O) and Incremental conductance (INC), one 

advanced intelligent method of Fuzzy logic (FLC), and one improved fuzzy logic-based variable step 

size INC (FL-INC), and 3) the buck-boost DC-DC converter that can be used in the system to optimize 

the PV output voltage, based on the duty cycle values corrected by the MPPT system. 

    The developed simulation model is validated using an indoor experimental system, including a solar 

simulator and standard test cell, and also an outdoor test setup, including three PV parallel panels with 

nominal power of 160 W for each, a  MS-40S Pyranometer to measure the incident solar radiation on 

the tilted PV surface, a LM335 temperature sensor, and a data acquisitor to collect the values of current, 

voltage, power, and operating temperature.  

Validation of the simulation results with the indoor experimental system reveals that even if the 

nominal power is very low, the new FL-INC method can track the maximum power faster and more 

accurately than other methods. Furthermore, validation of the model with the collected one-year solar 

incident radiation and temperature data from the outdoor test setup shows that the Fuzzy Logic control 

strategy can generate more than 2.04% extra power than the conventional P&O control strategy. 

Surprisingly, the new FL-INC method generates more energy than the FLC method and more than 

2.12% power than the P&O method.  

 

 

Keywords: Control strategy; Fuzzy logic; Maximum power point tracking; Photovoltaic system; DC-

DC converter. 
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Chapter 1 

Introduction 

 

1.1 Background and Literature Review 

Energy plays a vital role in today's society's life and economy. The demand for fossil fuels has 

increased considerably since the economy has grown. In recent years, a significant increase in the 

demand for energy leading to a shortage of fossil fuels. Therefore, people are starting to turn their 

attention to renewable energy, because it can effectively solve the energy security problem [1]. 

Renewable energy can be harnessed from nature, such as solar, wind, biological, and waves [2]. The 

most significant benefit of renewable energies is to generate electricity with zero carbon emissions, 

which aligns with the environmentally friendly concept of today's social development. 

 

 

Figure 1.1. Per capita primary energy consumption (Adapted from [3]). 

 

Figure 1.1 indicates the per capita primary energy consumption in 2021. It is not difficult to find 

that even in this modern society, people still have a high dependence on fossil fuels which will 

exacerbate environmental degradation. On the contrary, the use of renewable energy is minimal; even 

Photovoltaic (PV) and wind power combined are far less than oil. The use of renewable energy has 

become urgent. 

One of the most widely used forms of renewable energy is solar energy, which can be utilized by 

photovoltaics to generate electricity. The principle of photovoltaic power generation is based on the 

semiconductor properties of the P-N junction of silicon material. The best feature of photovoltaic 
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electricity is that it can be generated in remote and isolated locations. With the development of 

technology, photovoltaics has been more widely used. Nowadays, we can find photovoltaics 

everywhere, such as on the home's roof and the electric light at the side of the road [4] 

The output power of a solar PV varies on environmental conditions such as irregular solar irradiance, 

wind speed, and ambient temperature. For example, if a cloud suddenly appears in the sky and its 

shadow hides part of the photovoltaic panel, it can also cause unstable operation. This is one reason 

causes the low efficiency of PV systems. Some techniques are required to solve this problem. The 

maximum power point is a working point of the system where the power delivered to the load is 

maximized [1-4]. Based on stochastic and non-predictable features of solar irradiation, Maximum 

Power Point Tracking (MPPT) strategies are used to keep the operating point working at the MPP to 

obtain more output power in a renewable energy system. The MPPT strategies can be divided into two 

main groups. The first group includes classic strategies, like incremental conductance (INC) and 

Perturb and Observe (P&O). The second group covers intelligent strategies, like Fuzzy Logic (FLC), 

Artificial Neural Networks (ANN) [5]. 

 

 
Figure 1.2. Structure of MPPT in a hybrid system. 

 

Figure 1.2 is the typical model of MPPT. The MPPT controller receives the current and voltage 

from the PV module and calculates the error of the duty cycle, the new calculated duty cycle as input 

of the DC-DC converter, which can modify the position of the operating point. The main requirements 

for maximum power point tracking are simple implementation and lower cost, fast tracking speed 

under rapid changes in solar irradiation and temperature changes, and fewer oscillations for operating 

points [6]. 

As mentioned before, the PV or wind system output is unstable because of their operating 

environment. The MPPT controller will try its best to extract as much power as possible. As the desire 

for renewable energy study and implementation grows, interest in MPPT technology becomes even 

greater. There are two conventional hill climbing strategies, P&O (Perturb and Observe) and INC 

(Incremental Conductance), which are the two most widely used strategies in this renewable energy 

field. These two techniques have the advantages of simple algorithms and are easy to implement. There 
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is a case that P&O has been applied in one integrated stand-alone hybrid PV-wind-battery system 

installed in Kasuga city, Japan [7]. It verified that P&O has a good performance in controlling hybrid 

renewable energy systems. But the INC method is logically better than P&O. In this study, INC is 

proved to be easily implemented with minimal components and reduces the cost [8]. And many 

comparative analyses of P&O and INC have been done. In these works, the advantages and 

disadvantages of both methods are well explained in detail [9-10]. But classic methods have some 

drawbacks, such as rapid solar irradiance changes that will cause the operating point to oscillate around 

one of the multiple peak powers, which may cause slow tracking and fluctuation. Therefore, intelligent 

control strategies play a vital role in the MPPT controller. The two most common intelligent methods 

are Fuzzy Logic and Artificial neural networks. Most of the research applied fuzzy logic with solar 

and wind system. Fuzzy logic is a type of multi-valued logic that is different from P&O and INC; it is 

a process of uncertain human perception and cognition. Its range is not limited from 0 to 1, which 

makes this technique more accurate. After applying this intelligent algorithm in a renewable energy 

system, the operating point can track the new MPP faster and more accurately when ambient conditions 

change [11-13]. As previously mentioned, when the operating point of P&O and INC methods reach 

the MPP, it will oscillate around MPP because of their fixed step size. To solve this problem, some 

improved methods have been introduced. One improved P&O MPPT technique with confined search 

space is applied with a photovoltaic system to show its superiority. This new technique confined search 

space to restrict the operating point, giving a performance boost to traditional P&O methods [14]. 

Other research modified the INC with some techniques to make it has a variable step size. This is a 

fantastic solution to the fluctuation problem, which gives the operating point a more stable and faster-

tracking speed [15-16]. Table 1.1 shows the recent MPPT strategies for photovoltaic and wind systems. 

 

Table 1.1. A review of recent MPPT strategies for PV and wind systems. 

 

Configuration 
Energy 

Sources  

MPPT  

strategies 
Converter type Ref 

Stand-alone 
Hybrid  

PV-wind-battery 

Perturb and 

Observe  

(P&O) 

Buck converter      [7] 

Stand-alone Photovoltaic  

Incremental 

Conductance 

(INC) 

Buck-boost 

converter 
     [8] 

Stand-alone Photovoltaic 
    Fuzzy Logic 

(FLC) 
Buck converter      [12] 

Stand-alone Photovoltaic 
    Fuzzy Logic 

(FLC) 

Buck-boost 

converter 
     [13] 
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Stand-alone Photovoltaic 
    Improved  

P&O 
Boost converter      [14] 

Stand-alone Photovoltaic 
    Improved  

INC 
Boost converter      [17] 

Stand-alone 
Hybrid 

PV-wind-battery 

    Artificial 

Neural 

Networks  

(ANN) 

Boost converter      [18] 

 

 

 

1.2 What will be elucidated in this research 

    This study aims to introduce a novel MPPT technique based on a combination of fuzzy logic (FLC) 

and incremental conductance (INC) methods to extract output power from photovoltaic systems at a 

higher MPP with faster tracking. The first part of this study focuses on detailed dynamic simulating 

work with different MPPT methods. In this novel method, fuzzy logic is used to produce a variable 

step size for INC that solves the problem caused by the fixed steps in this method. The proposed MPPT 

will be tested in outdoor and indoor experimental systems to prove its high accuracy and stability 

compared to other traditional and commercial methods.  

The rest of the thesis is organized as follows: Chapter 2 covers four different MPPT methods, 

including Perturb and Observe (P&O), Incremental Conductance (INC), Fuzzy Logic (FLC), and 

Fuzzy logic based INC (FL-INC). This section explains the principles, advantages and disadvantages 

of these methods in detail. In Chapter 3, the mathematical model of photovoltaic output is introduced 

in detail first, then the  DC-DC converter is presented, especially the mathematical model and 

parameters’ calculation of buck-boost DC-DC converter. The simulation model used in this study is 

also carried out to compare different MPPT methods’ performance at standard testing conditions (STC) 

in this chapter. Chapter 4 includes indoor experimental system validation and simulation results, taking 

into account a real case study of a PV module with nominal power 480W whose input data was 

collected by the outdoor experimental device installed in Chikushi campus, Kyushu University. Finally, 

chapter 5 concludes the research of more efficient maximum power point tracking techniques with a 

brief addition of future work. 
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Chapter 2 

Maximum Power Point Tracking techniques 

 

2.1. Perturb and Observe method (P&O) 

The Perturb and Observe (P&O) method is a conventional hill climbing method. In this algorithm, 

the operating point is always perturbed, even if it is close to the MPP. The controller compares the 

voltage and power of the operating point at sample time (K) with sample time (K-1) to forecast the 

perturbing direction. As shown in Figure 2.1. It has a fixed step size. If the operating point worked at 

the left side of MPP, that means with voltage increasing (𝑑𝑃 > 0), the changed value of power output 

is also greater than 0 (𝑑𝑃 > 0), and the voltage perturbation is continued in the same direction. If in 

this perturbation direction that gives a negative response (𝑑𝑃 < 0), the perturbation should be opposite 

[19].  

 

 
Figure 2.1. PV power-voltage characteristic curve. 

 

Figure 2.2 shows the flow chart of Perturb and Observe method. In the P&O method, if the operating 

point at the left side of MPP produces a signal to reduce the duty cycle of the DC-DC converter to 

bring the operating point close to MPP. On the contrary, if the operating point exceeds the MPP 

operating on the right side, the duty cycle will be increased to decrease the operating point's voltage to 

prohibit it from moving further to the right.  

However, some drawbacks exist in the P&O method, such as slow tracking speed. When dramatic 

solar radiation or temperature changes happen, the operating point will fluctuate around one of the 

local peak powers because of its fixed step size. But as a traditional MPPT method, it is still one of the 

most commonly used methods. 
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Figure 2.2. P&O algorithm flow chart. 

 

 

2.2. Incremental Conductance method (INC) 

The Incremental Conductance (INC) method compares the conductance (𝐼/𝑉) of the PV system 

with its partial derivative (𝑑𝐼/𝑑𝑉) to find the maximum power point. The real-time location of the 

operating point is estimated by the following equations [20]: 

 

                                                                      
𝑑𝐼

𝑑𝑉
= −

𝐼

𝑉
  ,      𝐴𝑡 𝑡ℎ𝑒 𝑀𝑃𝑃                                                     (2.1) 

 

                                                                     
𝑑𝐼

𝑑𝑉
> −

𝐼

𝑉
  ,      𝐴𝑡 𝑡ℎ𝑒 𝑙𝑒𝑓𝑡 𝑠𝑖𝑑𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑀𝑃𝑃                     (2.2) 

 

                                                                     
𝑑𝐼

𝑑𝑉
< −

𝐼

𝑉
  ,      𝐴𝑡 𝑡ℎ𝑒 𝑟𝑖𝑔ℎ𝑡 𝑠𝑖𝑑𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑀𝑃𝑃                   (2.3) 

 

Figure 2.3 is the flow chart of the Incremental Conductance method, which describes the algorithm 

in detail. If (𝑑𝐼/𝑑𝑉) > (−𝐼/𝑉), the voltage of the operating point should be increased. If (𝑑𝐼/𝑑𝑉) <

(−𝐼/𝑉), the duty cycle should be increased. If 𝑑𝑉 = 0 , the value of 𝑑𝐼 should be compared with 0. 

This INC method is theoretically superior to P&O. However, the tracking speed of INC is not fast 

enough due to its fixed step size. The fluctuations would be eliminated theoretically when the operating 

point work at MPP, but it is difficult because it's a fixed step. There is an improved method that can 

solve this problem will be introduced in the next subsection. Although this method has some 

drawbacks, it is still one of the most widely used methods in the industry. 
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Figure 2.3. INC algorithm flow chart. 

 

 

2.3. Fuzzy Logic Control method (FLC) 

Fuzzy logic appeared in the fuzzy set background proposed by Lotfi Asker Zadeh [21]. This is a 

multi-valued logic whose value is not limited from 0 to 1, like human perception and cognition 

processes are uncertain. The most important features in this logic are fuzzy rules and membership 

functions. In conventional logic, a 0 means “totally false” or a 1 means “totally true”. But in fuzzy 

logic, a fuzzy set assigns a degree of membership, which can express ambiguities more accurately. A 

fuzzy logic controller includes four main components: fuzzification interface, knowledge base 

(database and rule base), decision-making unit, and defuzzification interface. These components and 

the general structure of a FLC are shown in Figure 2.4. 

The fuzzification interface transforms the numerical inputs into fuzzy inputs based on fuzzy rules 

and membership functions. After this step, input variables become linguistic variables that can express 

changed values more accurately and be recognized by the decision-making unit. Finally, the expected 

crisp output is derived by defuzzification techniques. One of the most commonly used defuzzification 

methods is Centroid Method. 
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Figure 2.4. Structure of fuzzy logic controller. 

 

The fuzzy logic controller has been widely used in renewable energy systems. The applications of 

the fuzzy logic controller have increased in recent years because of its highly robust.  

There are two inputs: error 𝐸(𝑘) and changed value of error 𝐶𝐸(𝑘) that correspond to the operating 

point tangential slope on the P-V curve and movement direction of the operating point; both of them 

can help us estimate the position of the operating point. The expression of 𝐸(𝑘) and 𝐶𝐸(𝑘) are shown 

in equations (2.4) and (2.5) as follows [12]: 

 

                                                                 𝐸(𝑘) =
𝑃(𝑘) − 𝑃(𝑘 − 1)

𝑉(𝑘) − 𝑉(𝑘 − 1)
=

∆𝑃

∆𝑉
                                                 (2.4) 

 

                                                                𝐶𝐸(𝑘) = 𝐸(𝑘) − 𝐸(𝑘 − 1) = ∆𝐸                                                (2.5) 

 

The output of FLC ∆𝐷(𝑘) is a variation of the duty cycle, which is responsible for adjusting the 

duty cycle of the DC-DC converter in order to track the MPP of the PV system [12]. An accumulator 

has been made to calculate the value of the duty cycle in equation (2.6): 

 

                                                                  𝐷(𝑘) = 𝐷(𝑘 − 1) + ∆𝐷(𝑘)                                                         (2.6) 

Where, 𝑘 is the sample time. 

Triangular membership functions are used for inputs and output. They have a different universe of 

discourse. Figure 2.5, 2.6, and 2.7 shows the detail of the membership function for inputs and output. 
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Figure 2.5. Membership function of 𝐸(𝑘). 

 

 

Figure 2.6. Membership function of 𝐶𝐸(𝑘). 

 

Figure 2.7. Membership function of ∆𝐷(𝑘). 

 

According to the figures above, the universe of discourse for 𝐸(𝑘) is (-60 to 10), (-5 to 5) for 𝐶𝐸(𝑘), 

and (-0.01 to 0.01) for ∆𝐷(𝑘). There are five linguistic labels for input variables and output variables: 

Negative Big (NB), Negative Small (NS), Zero (ZE), Positive Small (PS), and Positive Big (PB). Table 

2.1 displays the 25 fuzzy rules used for the PV system.  
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Table 2.1. Fuzzy rules for the PV system. 

 

 
CE 

NB NS ZE PS PB 

E 

NB ZE PB PB PB PB 

NS PB PB PS ZE ZE 

ZE PS ZE ZE ZE NS 

PS ZE ZE NS NB NB 

PB ZE NB NB NB ZE 

 

 

While applying these five linguistic labels on P-V characteristic curve, the P-V curve can also be 

divided into five regions like Figure 2.8. In regions PB and PS, 𝐸(𝑘) is positive, which means the 

operating point is working at the left side of MPP. For example, if 𝐸(𝑘) is PS and 𝐶𝐸(𝑘) is also PS  

indicates the operating point is getting away from MPP to the left side. At this condition, FLC produces 

NB to reduce the duty cycle and move the OP towards MPP. In region ZE, the operating point is very 

close to MPP. In regions NS and NB, when 𝐸(𝑘) is negative but 𝐶𝐸(𝑘) is positive, it means OP is 

moving towards MPP from the right side. So the fuzzy controller output is ZE or PB to accelerate its 

approach to the MPP. 

 

 

 
Figure 2.8. P-V curve divided into five regions. 
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Figure 2.9. Surface view of fuzzy logic used in PV. 

 

Figure 2.9 shows the 3D fuzzy surface waveform of FLC for two inputs 𝐸(𝑘), 𝐶𝐸(𝑘), and output 

∆𝐷(𝑘). It shows more intuitively the changing pattern of fuzzy rules. If any change occurs in the given 

inputs, the output can automatically be found according to the input change. 

 

 

2.4. Fuzzy logic-based Incremental Conductance (FL-INC) 

The most widespread MPPT techniques are Perturb and Observe (P&O) and Incremental 

Conductance (INC). Recently, many researchers have considered how to improve the performance of 

P&O, and some unique methods have been formed. Such as, some techniques are used to vary the step 

size of P&O or improve its tracking speed. And these new technically improved P&O methods have a 

significant performance improvement.  

INC is also popular because its logic is superior. But the conventional INC algorithm consists of 

some division computations that demand a stronger microcontroller, including high frequency and 

large memory. It will cost a lot of money to implement [22]. Furthermore, the operating point will 

oscillate around MPP with the INC method due to its fixed step size, which will decrease tracking 

efficiency. To solve this problem, a novel fuzzy-logic-based INC (FL-INC) will be introduced in this 

research. The structure of the load-connected PV array with the fuzzy-logic-based variable step size 

INC is shown in Figure 2.10. 

There are two inputs for the fuzzy-logic-based INC: the instantaneous conductance (𝐼/𝑉) and the 

changed value of instantaneous conductance (𝑑𝐼/𝑑𝑉). And the desired output is the variable voltage 

step size reflected by the variable duty cycle step size applied to change the duty cycle of the DC-DC 

converter. The characteristic I-V curve and P-V curve can be divided into five regions according to 

their positions with respect to the maximum power point [23]. If 𝑑𝑃/𝑑𝑉 ≫ 0, 𝐼/𝑉 ≫ −𝑑𝐼/𝑑𝑉, which 

means the voltage of the operating point is much lower than the voltage of MPP from the left side, the 

proper voltage step size is positive big (PB). If 𝑑𝑃/𝑑𝑉 > 0, 𝐼/𝑉 > −𝑑𝐼/𝑑𝑉, which means the voltage 
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of the operating point is a little lower than the MPP voltage at the left side of the MPP, the suitable 

step size should be positive small (PS). If 𝑑𝑃/𝑑𝑉 ≈ 0, 𝐼/𝑉 ≈ −𝑑𝐼/𝑑𝑉 , the OP is very close to the 

MPP, so the step size needs to be very small (VS). And vice versa. According to the characteristics of 

the INC method, fuzzy rules for producing the suitable variable step duty cycle of FL-INC can be 

shown below in Table 2.2. 

 

Figure 2.10. Structure of variable step size FL-INC. 

 

Table 2.2. Fuzzy rules for generating the variable step duty cycle [23]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The important membership functions of inputs and output are shown in Figures 2.11, 2.12, and 2.13. 

The fuzzy inputs and output have been carefully designed at specific conditions [23]. When the solar 

irradiance and temperature change, the effective value for inputs and output will change.  

 

𝑑𝐼/𝑑𝑉 

VL L VC H VH 

𝐼/𝑉 

VL PB PS PS VS NS 

L PB PS VS NS NB 

VC PB PS VS NS NB 

H PB PS VS NS NB 

VH PB PS PS NS NB 
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Figure 2.11. Membership function of 𝐼/𝑉. 

 

 

Figure 2.12. Membership function of 𝑑𝐼/d𝑉. 

 

 

Figure 2.13. Membership function of ∆𝐷. 
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This unique fuzzy logic-based INC method has an outstanding performance that will be 

demonstrated in the next chapter. This method not only enhances output DC power and has more minor 

fluctuations but also reduces the convergence time to reach the steady-state condition with instantly 

variable weather conditions. In the next chapter, this method will be applied for the first time 

connecting to the buck converter with minor adjustments. 

 

 
Figure 2.14. Surface view of FL-INC used in PV. 

 

Figure 2.14 shows the 3D fuzzy surface waveform of FL-INC for two inputs 𝐼/𝑉, 𝑑𝐼/𝑑𝑉 and output 

∆𝐷(𝑘). It shows more intuitively the changing pattern of fuzzy rules. If any change takes place in the 

given inputs, the output can automatically be found according to the change in the inputs. 
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Chapter 3 

MPPT Simulation Model 

 

3.1. Principle of Photovoltaic (PV) system 

One PV module consists of many solar cells; the main components of a solar cell are n-type silicon 

and p-type silicon [24]. The basic concept circuit is shown in Figure 3.1. Due to material properties 

and special processes, n-type silicon has many free electrons (negative), but p-type silicon has many 

holes (positive). When two materials come into contact with each other, a concentration difference of 

electrons and holes is created at the contact surface. As a result, some electrons move from n-type 

silicon to p-type silicon, and holes move from p-type to n-type silicon. Then, an internal electric field 

is formed inside the two materials, with the direction of this electric field pointing from n-side to p-

side that, preventing diffusion movements due to concentration differences. When the solar radiation 

reaches the surface of the PV cell, the electrons are excited, moving towards the n-side, the holes move 

in the opposite direction, and eventually, the n-type silicon becomes a negative electrode of the external 

circuit. 

 

 

Figure 3.1. Basic concept of the solar cell (Adapted from [25]). 

 

 

 

3.2 Mathematical model of PV 

The solar cell is a semiconductor device that converts sunlight energy into electricity. Figure 3.2 

represent the single-diode equivalent model of a PV cell. It includes a series resistor and a shunt resistor. 
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Figure 3.2. Equivalent circuit of the single-diode PV cell. 

 

For drawing the electrical characteristic curve of the PV system, according to Kirchhoff’s current 

law (KCL) the following equations are used [7]:  

 

𝐼 = 𝐼𝑝ℎ − 𝐼𝑑 − 𝐼𝑠ℎ                                                                                              (3.1) 

 

Where 𝐼 is the output current of solar module (A), 𝐼𝑝ℎ is the current source of the solar module by 

irradiance (A), 𝐼𝑑 is current of the diode (A) and 𝐼𝑠ℎ is the leakage current across the parallel resistor 

(A). The photocurrent produced by cell 𝐼𝑝ℎ is expressed by the following equation [26]:  

 

𝐼𝑝ℎ = 𝐼𝑠𝑐 × (1 + 𝐾𝑖 × (𝑇𝑎 − 𝑇𝑛)) ×
𝐺

𝐺𝑛
                                         (3.2) 

 

Where: 

𝐼𝑠𝑐: short circuit current at standard conditions (A) 

𝐾𝑖: temperature coefficient of 𝐼𝑠𝑐 [0.00175 (A/K)] 

𝑇𝑎: given temperature of the cell (K) 

𝑇𝑛: cell temperature at STC (298 K) 

𝐺: solar irradiance on the cell surface (𝑊/𝑚2) 

𝐺𝑛: nominal value of irradiance (𝑊/𝑚2) 

 

The current of the diode is expressed as follows: 

 

  𝐼𝑑 = 𝐼0 × (𝑒
𝑉𝑑
𝑉𝑇 − 1)                                                             (3.3) 

 

The reverse saturation current of the diode 𝐼0 is calculated by: 

 

                                                                 𝐼0 = 𝐼𝑜𝑛 × (
𝑇𝑎

𝑇𝑛
)

3

× 𝑒
𝑞×𝐸𝑔

𝐴×𝐾
×(

1
𝑇𝑛

−
1

𝑇𝑎
)
                                               (3.4) 
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𝐼𝑜𝑛 is the reverse saturation current of the diode at reference temperature: 

 

                                                                              𝐼𝑜𝑛 =
𝐼𝑠𝑐

𝑒
𝑞×𝑉𝑜𝑐

𝐴×𝐾×𝑇𝑛
−1

                                                                (3.5) 

 

Where: 

𝑞: electric charge of the electron (1.60 × 10−19𝐶)  

𝐸𝑔: material band gap [1.12 (25℃)] 

𝐴: ideality factor of the diode (value range from 1 to 2) 

𝐾: Boltzmann constant (1.38 × 10−23𝐽/𝐾) 

𝑉𝑜𝑐: open circuit voltage at normal condition (V) 

 

In equation (3.3), 𝑉𝑑 is the voltage across the diode and 𝑉𝑇 is expressed as below: 

 

𝑉𝑇 =
𝐾𝑇𝑎

𝑞
× 𝐴 × 𝑁𝑠                                                             (3.6) 

 

 

𝑉𝑑 = 𝑉 + 𝐼 × 𝑅𝑠                                                                (3.7) 

 

Where 𝑁𝑠 is the number of cells, 𝑅𝑠 is series resistance. The leakage current going through the shunt 

resistor 𝐼𝑠ℎ can be calculated as: 

 

𝐼𝑠ℎ =
(𝑉 + 𝐼𝑅𝑠)

𝑅𝑠ℎ
                                                                (3.8) 

𝑅𝑠ℎ is the value of shunt resistance. 

 

Combining the equations above, the output current of the PV module is: 

 

𝐼 = 𝐼𝑝ℎ − 𝐼0 [𝑒
𝑞(𝑉+𝐼𝑅𝑠)
𝐴𝐾𝑇𝑎𝑁𝑠 − 1] −

(𝑉 + 𝐼𝑅𝑠)

𝑅𝑠ℎ
                                    (3.9) 

 

To present this mathematical model of the photovoltaic system more clearly and intuitively, a 

flowchart is made in Figure 3.3: 
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Figure 3.3. Flowchart of PV’s mathematical model 

 

Table 3.1 shows the electrical data of Panasonic’s photovoltaic module type VBHN245SJ25, which 

is used to test the developed mathematical model. The characteristic I-V curve of the panel is shown 

in Figure 3.4.  

Figure 3.5 represents the characteristic I-V curve extracted from using the developed model 

Panasonic PV module.  

 

Table 3.1. Electrical data of Panasonic’s type VBHN245SJ25 PV module 

 

Number of cells (𝑁𝑠) 72 

Maximum power (𝑃𝑚𝑎𝑥) 245 [𝑊] 

Maximum power voltage (𝑉𝑚𝑝) 44.3 [𝑉] 

Maximum power current (𝐼𝑚𝑝) 5.54 [𝐴] 

Open circuit voltage (𝑉𝑜𝑐) 53.0 [𝑉] 

Short circuit current (𝐼𝑠𝑐) 5.86 [𝐴] 

Series resistance (𝑅𝑠) 0.0001 [Ω] 

Shunt resistance (𝑅𝑠ℎ) 1000 [Ω] 
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Figure 3.4. Characteristic I-V curve of selected Panasonic PV module. 

 

 
Figure 3.5. Simulation result of MATLAB code. 

 

 

Comparing the MATLAB simulation result with I-V characteristic curve given by the Panasonic 

panel with solar radiation range from 200W/m2 to 1000W/m2, it can be observed that,  the characteristic 

I-V curves of the simulation result are generally consistent with the given I-V curve by the Panasonic 

manufacturer. 
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3.3. DC-DC converter introduction 

There are three common DC-DC converters: buck converter, boost converter, and buck-boost 

converter. They are introduced below: 

 

3.3.1 Buck DC-DC converter 

As its name suggests, the main function of a buck converter is to step down the voltage. The structure 

of the buck converter is shown in Figure 3.6, which is composed of one switch, one diode, one inductor, 

and one capacitor. The output voltage of this kind of converter is lower than the input voltage. The 

relationship between the output voltage and the input voltage is shown in equation (3.10). 

 

 
Figure 3.6. Structure of buck converter (Adapted from [27]). 

 

                                                                                  𝑉𝑜 = 𝐷 × 𝑉𝑖                                                                    (3.10) 

Where: 

𝑉𝑜: Output voltage (𝑉) 

𝑉𝑖: Input voltage (𝑉) 

𝐷: Duty cycle 

 

The principle of the buck converter is when the switch is on, current flows through the inductor, and 

electrical energy is converted into magnetic energy and stored in the inductor. When the switch is 

turned off, the energy stored in the inductor is converted to electricity supplied to the load as the source 

that can decrease the voltage. This type of converter is used for the circuit whose load demand voltage 

is lower than the input voltage; it is widely used in renewable energy modeling. 

 

 

3.3.2. Boost DC-DC converter 

It is different from a buck converter; the main function of a boost converter is to step up the voltage. 

The structure of the boost converter is shown in Figure 3.7, which has the same number of switches, 

diode, inductor, and capacitor as the buck converter but configurated differently. As a result, the output 

voltage of this kind of converter is higher than the input voltage. The relationship between the output 

and input voltage is shown in equation (3.11). 
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Figure 3.7. Structure of boost converter (Adapted from [27]). 

 

                                                                             𝑉𝑜 =
𝑉𝑖

(1 − 𝐷)
                                                                     (3.11) 

 

The principle of the buck converter is when the switch is on, and current flows through the inductor, 

electrical energy is converted into magnetic energy and stored in the inductor. At the same time, the 

capacitor supplies electricity to the load. When the switch is turned off, the diode is conducted, and 

the energy stored in the inductor is converted into electricity supplied to the capacitor and the load. 

The capacitor supplies the energy to load continuously. As a result, the output voltage becomes higher 

than the input voltage. This type of converter is used for the circuit whose load demand voltage is 

higher than the input voltage, and it is also widely used in renewable energy modeling. 

 

3.3.3. Buck-boost DC-DC converter 

The conventional buck-boost converter has the same number of components as the buck or boost 

converter. The buck-boost converter not only can step up, but also step down the voltage. It can be 

considered as a buck converter connected with a boost converter in series. The structure of the buck-

boost converter is shown in Figure 3.8. The relationship between the output and the input voltage is 

shown in equation (3.12). 

 

 
Figure 3.8. Structure of buck-boost converter (Adapted from [27]). 

 

                                                                       𝑉𝑜 = −𝑉𝑖 × (
𝐷

1 − 𝐷
)                                                                (3.12) 
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The output voltage of a conventional buck-boost converter has the opposite polarity if the number 

of components is the same as the simple buck or boost converter. The reason is explained below: 

In the positive volt-second of the inductor (𝑇𝑜𝑛): 

 

                                                                                  𝑉𝑖 × 𝑇𝑜𝑛                                                                          (3.13) 

 

In the reverse volt-second of the inductor (𝑇𝑜𝑓𝑓): 

 

                                                                          −𝑉𝑜 × (𝑇 − 𝑇𝑜𝑛)                                                                   (3.14) 

 

Combining equations (3.13) and (3.14), the opposite polarity output of the buck-boost converter can 

be clarified. However, because of the negative output voltage, the use of a buck-boost converter is 

limited. Although the buck converter was selected to control the output voltage in this previous 

research, it can only step down the input voltage. The advantage of a buck-boost converter is not only 

that the voltage can be stepped up or down as required, but also it can handle a wide range of input 

voltage, which is more suitable for solar energy.  

 

3.3.4. Mathematical model of the buck-boost converter: 

Mathematical modeling of the buck-boost DC-DC converter is one of the basic subjects in the 

analysis of its performance. There is a comprehensive mathematical model which is able to obtain the 

values of inductor current and output voltage in each instant of the time [28]. In order to make the 

whole complex mathematical model look more intuitive, the flow chart is made in Figure 3.9. as below: 

 

 

Figure 3.9. Flow chart of buck-boost converter mathematical model. 
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Where: 

𝐿: Inductance (H), 

𝐶: Capacitance (F), 

𝑅: Resistance (Ω), 

𝑅𝐿: Equivalent resistance of inductor (Ω), 

𝑛: The number of switching time intervals, 

𝑚: A unit time variable, 

𝑇: Switching period, 

𝑡1 means the switch is on, 𝑡2 means the switch is off. 

 

This integrated model can be applied in Continuous Conduction Mode (CCM) and Discontinuous 

Conduction Mode (DCM). In the application of solar energy, the output voltage of the DC-DC 

converter is controlled by the duty cycle. The mathematical model of average output voltage versus 

duty cycle of the buck-boost converter is described as follows [28]: 

The initial values of inductor current in steady state at [0, DT]: 

 

                       𝑖𝐿0,𝑠𝑠 =
[1 − 𝑒−𝛼𝑇−𝛾𝑡1 (𝑐𝑜𝑠𝜔𝑡2 −

𝛾
𝜔 𝑠𝑖𝑛𝜔𝑡2)] 𝑏1 −

𝑒−𝛼𝑇−𝛾𝑡1𝑠𝑖𝑛𝜔𝑡2

𝜔𝐿 𝑏2

1 − 2𝑒−𝛼𝑇𝑐𝑜𝑠𝜑𝑇 + 𝑒−2𝛼𝑇
                  (3.15) 

 

The initial values of output voltage in steady state at [0, DT]: 

 

                     𝑣𝑜0,𝑠𝑠 =

𝑒−𝛼𝑇+𝛾𝑡1𝑠𝑖𝑛𝜔𝑡2

𝜔𝐶 𝑏1 + [1 − 𝑒−𝛼𝑇+𝛾𝑡1 (𝑐𝑜𝑠𝜔𝑡2 +
𝛾
𝜔 𝑠𝑖𝑛𝜔𝑡2)] 𝑏2

1 − 2𝑒−𝛼𝑇𝑐𝑜𝑠𝜑𝑇 + 𝑒−2𝛼𝑇
                  (3.16) 

 

The initial values of inductor current in steady state at [DT, T]: 

 

𝑖𝐿1,𝑠𝑠 = {
[1−𝑒−𝛼𝑇−𝛾𝑡1(𝑐𝑜𝑠𝜔𝑡2−

𝛾

𝜔
𝑠𝑖𝑛𝜔𝑡2)]𝑏1−

𝑒−𝛼𝑇−𝛾𝑡1 𝑠𝑖𝑛𝜔𝑡2
𝜔𝐿

𝑏2

1−2𝑒−𝛼𝑇𝑐𝑜𝑠𝜑𝑇+𝑒−2𝛼𝑇 } × 𝑒−(𝛼−𝛾)𝑡1 +
𝑉𝑖

𝑅𝐿
× [1 − 𝑒−(𝛼−𝛾)𝑡1](3.17) 

 

The initial values of output voltage in steady state at [DT, T]: 

 

         𝑣𝑜1,𝑠𝑠 =

𝑒−𝛼𝑇+𝛾𝑡1𝑠𝑖𝑛𝜔𝑡2

𝜔𝐶 𝑏1 + [1 − 𝑒−𝛼𝑇+𝛾𝑡1 (𝑐𝑜𝑠𝜔𝑡2 +
𝛾
𝜔 𝑠𝑖𝑛𝜔𝑡2)] 𝑏2

1 − 2𝑒−𝛼𝑇𝑐𝑜𝑠𝜑𝑇 + 𝑒−2𝛼𝑇
× 𝑒−(𝛼−𝛾)𝑡1         (3.18) 

 

The average value of output voltage is equal with: 

 

𝑉𝑂 =
𝑣𝑜0,𝑠𝑠

(𝛼 + 𝛾)𝑇
(1 − 𝑒−(𝛼+𝛾)𝐷𝑇) +

𝑖𝐿1,𝑠𝑠

𝜔𝐶
(𝑎0𝑎1 + 𝜔𝑎3) + 𝑣𝑜1,𝑠𝑠[𝑎0 (𝑎2 −

𝛾

𝜔
𝑎1) − 𝑎3(𝛾 − 𝛼) (3.19) 
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In average output voltage calculation equation, 𝑎0, 𝑎1, 𝑎2, 𝑎3 are defined as: 

 

                                                                                𝑎0 =
𝑒−𝛼𝑡2

(𝛼2 + 𝜔2)𝑇2
                                                               (3.20) 

                                                                 𝑎1 = −𝛼𝑇 𝑠𝑖𝑛 𝜔𝑡2 − 𝜔𝑇𝑐𝑜𝑠 𝜔𝑡2                                              (3.21) 

                                                                 𝑎2 = −𝛼𝑇 cos 𝜔𝑡2 + 𝜔𝑇 sin 𝜔𝑡2                                             (3.22) 

                                                                               𝑎3 =
1

(𝛼2 + 𝜔2)𝑇
                                                                  (3.23) 

 

By applying these values 𝑉𝑖 = 17𝑉, 𝑅 = 40Ω , 𝐶 = 0.25𝑚𝐹, 𝐿 = 7𝑚𝐻, 𝑎𝑛𝑑 𝑓 = 1𝑘𝐻𝑧  in 

equations (3.15)-(3.19), the variations characteristic curve of average output voltage in steady state 

versus duty cycle is plotted in Figure 3.10 [28]. In order to confirm the feasibility of this mathematical 

model, the same parameter values have been applied in MATLAB code; the result is shown in Figure 

3.11. The model can be validated by comparing Figure 3.11 with the reference paper [28]. 

 
Figure 3.10. Variation curve of average output voltage versus duty cycle from reference (Adapted from [28]) 

 

 
Figure 3.11. Variation curve of average output voltage versus duty cycle result from MATLAB code. 
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3.3.5. Buck-boost converter design 

There is no specific calculation of the inductance and the capacitance required by the power 

converter with the PV system as the non-linear input source [29]. The most significant design in the 

DC converter is determining the inductance and capacitance used in the MPPT converters. If the 

inductance is too small, the dc converter will work in the discontinuous mode. While the inductance 

is too large, the transient response will become slow. For capacitance, if it is too small, the voltage 

ripple of the converter becomes large. While the value of capacitance is too large, the response of the 

converter will also become slow. And not only does the value of parameters influence the performance 

of the DC converter, but the number and configuration of components also affect the output. Table 3.2. 

indicates the different parameters' influence on the DC-DC converter’s performance. 

 

Table 3.2. Comparison of converter design parameters and effects [30]. 

 

Parameter Perturbation Cost Loss Ripple Efficiency 
Mode of 

Conduction 

Switching 

Frequency 

Increase high high low high CCM 

Decrease high low high low DCM 

Inductance 

Increase high high high N/A CCM 

Decrease low low low N/A DCM 

Capacitance 

Increase low high low low CCM 

Decrease high low high N/A DCM 

Resistance 

Increase high high high low CCM/DCM 

Decrease low low low high 
DCM/Non-

Operational 

 

Generally, there are two methods that can be used to calculate the inductance of a buck-boost 

converter: 

 

                                                                               𝐿 ≥
𝑉𝑖𝑛 ∗ 𝐷

𝑓 ∗ ∆𝑖
                                                                      (3.24) 

Where Δ𝑖 is the maximum current ripple. 

 

     or                                                          𝐿 ≥
𝑅𝐿𝑚𝑎𝑥 ∗ (1 − 𝐷𝑚𝑖𝑛)2 

2 ∗ 𝑓
                                                       (3.25) 
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Where 𝑅𝐿𝑚𝑎𝑥 is the maximum value of load resistance. 

The above two inequalities can determine the minimum inductance value in a buck-boost converter. 

When coming to the capacitance calculation, inequation (3.26) is introduced below: 

 

                                                                                     𝐶 ≥
𝑉𝑜 ∗ 𝐷

𝐹 ∗ ∆𝑉𝑜 ∗ 𝑅
                                                               (3.26) 

 

Where: 

𝑉𝑜: Output voltage (𝑉) 

Δ𝑉𝑜: Output voltage ripple 

𝑅: Load resistance 

 

For example, design a PWM buck-boost converter used in a PV system that meets the following 

specifications: 𝑉𝐼 = 30𝑉 ± 2𝑉, 𝑉𝑂 = 40𝑉, 𝐼𝑂 = 6.5𝐴 − 7.5𝐴, 𝑓 = 15𝑘𝐻𝑧 is given in Table 3.3. 

 

Table 3.3. Detailed design of a PWM buck-boost converter 

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑝𝑜𝑤𝑒𝑟:                                          𝑃𝑂𝑚𝑎𝑥 = 𝑉𝑂𝐼𝑂𝑚𝑎𝑥 = 40𝑉 × 7.5𝐴 = 300𝑊                            

𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑝𝑜𝑤𝑒𝑟:                                            𝑃𝑂𝑚𝑖𝑛 = 𝑉𝑂𝐼𝑂𝑚𝑖𝑛 = 40𝑉 × 6.5𝐴 = 260𝑊                            

𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑙𝑜𝑎𝑑 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒:                    𝑅𝐿𝑚𝑖𝑛 =
𝑉𝑂

𝐼𝑂𝑚𝑎𝑥
=

40𝑉

7.5𝐴
= 5.33𝛺                                

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑙𝑜𝑎𝑑 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒:                    𝑅𝐿𝑚𝑎𝑥 =
𝑉𝑂

𝐼𝑂𝑚𝑖𝑛
=

40𝑉

6.5𝐴
= 6.15𝛺                                

𝑀𝑖𝑛𝑖𝑚𝑢𝑛 𝑑𝑐 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛:               𝑀𝑉𝐷𝐶𝑚𝑖𝑛 =
𝑉𝑂

𝑉𝑖𝑚𝑎𝑥
=

40

32
= 1.25                               

𝑀𝑎𝑥𝑖𝑚𝑢𝑛 𝑑𝑐 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛:              𝑀𝑉𝐷𝐶𝑚𝑎𝑥 =
𝑉𝑂

𝑉𝑖𝑚𝑖𝑛
=

40

28
= 1.43                                

𝐴𝑠𝑠𝑢𝑚𝑒 𝑡ℎ𝑒 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝜂 = 85%,  𝑡ℎ𝑒 𝑑𝑢𝑡𝑦 𝑐𝑦𝑐𝑙𝑒:                                                                   

                                                                                  𝐷𝑚𝑖𝑛 =
𝑀𝑉𝐷𝐶𝑚𝑖𝑛

𝑀𝑉𝐷𝐶𝑚𝑖𝑛 + 𝜂
=

1.25

1.25 + 0.85
= 0.595 

                                                                                𝐷𝑚𝑎𝑥 =
𝑀𝑉𝐷𝐶𝑚𝑎𝑥

𝑀𝑉𝐷𝐶𝑚𝑎𝑥 + 𝜂
=

1.43

1.43 + 0.85
= 0.627 

𝑇ℎ𝑒 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑖𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒:              𝐿𝑚𝑖𝑛 =
𝑅𝐿𝑚𝑎𝑥(1 − 𝐷𝑚𝑖𝑛)2

2𝑓
=

6.15 × (1 − 0.595)2

2 × 15000
= 33.6𝜇𝐻,   

𝑝𝑖𝑐𝑘                     𝐿 = 35𝜇𝐻                                               

𝑅𝑖𝑝𝑝𝑙𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑎𝑐𝑟𝑜𝑠𝑠 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒:                    𝑉𝐶𝑝𝑝 = ∆𝑉𝑜 = 1%𝑉𝑚𝑝 = 1% × 30𝑉 = 0.3𝑉             

𝑇ℎ𝑒 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒:                                  𝐶𝑚𝑖𝑛 =
𝐷𝑚𝑎𝑥

𝑓𝑅𝐿𝑚𝑖𝑛
∗

𝑉𝑂

𝑉𝐶𝑝𝑝
= 1.04𝑚𝐹                                  

 

Regarding the negative output voltage of buck-boost converter, there are many ways to deal with 

this problem. The simplest way is to change the number and configuration of components, such as the 

diode, switch, etc. For example, a model with two switches and two diodes with positive output voltage 
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is shown in Figure 3.12. 

 
Figure 3.12. The positive output configuration of buck-boost converter [31]. 

 

All the calculated values in Table 3.3 were applied in the Simulink model with INC MPPT method 

measurement, which will be explained in the next section. 

 

3.4. MPPT Simulink model: 

A detailed simulation model was performed in MATLAB Simulink to assess the performance of the 

different MPPTs, shown in Figure 3.13. The model consists of 3 parallel strings; each string includes 

one PV module composed of 36 cells, the MPPT controller, the DC-DC buck converter, one DC link, 

and the load. The characteristic electrical specification of the solar panels is given in Table 3.4. The 

input variables of the simulation model are solar irradiance and cell temperature. The subsystem of the 

proposed fuzzy logic-based variable step INC is shown in Figure 3.14. The fuzzy logic block produces 

the proper duty cycle step size, which can be used as the new step size of the incremental conductance 

method. 

 

 
Figure 3.13. PV module Simulink model. 
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Figure 3.14. Subsystem of fuzzy-logic-based INC. 

 

Table 3.4. Characteristic electrical specifications of the solar panels 

Number of cells (𝑁𝑠) 36 

Maximum power (𝑃𝑚𝑎𝑥) 160 [𝑊] 

Maximum power voltage (𝑉𝑚𝑝) 17.9 [𝑉] 

Maximum power current (𝐼𝑚𝑝) 8.94 [𝐴] 

Open circuit voltage (𝑉𝑜𝑐) 21.6 [𝑉] 

Short circuit current (𝐼𝑠𝑐) 9.47 [𝐴] 

Temperature coefficient of 𝑉𝑜𝑐 -0.38 [%/℃] 

Temperature coefficient of  𝐼𝑠𝑐 0.1 [%/℃] 

 

Considering the irradiation change is 0-0.06s: 1000𝑊/𝑚2, 0.06s-0.12s: 800𝑊/𝑚2, 0.12s-0.18s: 

400𝑊/𝑚2, and 0.18s-0.24s: 1000𝑊/𝑚2. The cell temperature keeps at 25℃. The simulation result is 

shown in Figure 3.15 below. 

It can be found from Figure 3.15 that the novel FL-INC method can track the MPP faster and more 

accurately. It is obvious that, intelligent control techniques are superior to conventional control 

techniques. The red line represents INC, the blue one is P&O, the yellow line is fuzzy logic, and the 

violet one expresses the FL-INC method. When the simulation model starts working, the new FL-INC 

method can track the MPP at the fastest speed, followed by fuzzy logic, P&O, INC. In addition, FL-

INC has less fluctuation and oscillation around MPP at the steady state. 
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Figure 3.15. Comparison of the simulation results of the four MPPT methods. 

 

Figure 3.16 shows a more transparent and precise comparison between MPPTs methods, 

considering different modes of steady state, the dramatic reduction in irradiation, and the sharp 

increase in irradiation. The results emphasize the advantages of reducing the convergence time and 

improving tracking speed when applying the fuzzy logic variable step INC strategy. 

 

 

 
(a) 
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(b) 

 

 
(c) 

 

Figure 3.16. Comparison between the four methods: (a)the first steady state; (b)the dramatic reduction in irradiance; 

(c)the sharp increase in irradiance. 

 

As shown in Figure 3.16(a), the FL-INC technique can first find the MPP and then work on it with 

fewer oscillations. Figure 3.16(b) shows that, the FL-INC method is capable of tracking the MPP 

quickly, in contrast to conventional methods, even when the solar irradiation suddenly declines from 

800 𝑊/𝑚2  to 400 𝑊/𝑚2 . As indicated in Figure 3.16(c), when the irradiation rises again to 

1000𝑊/𝑚2, the FL-INC can find the MPP quickly, unlike other methods, especially P&O and INC, 

which take more time on convergence. Comparing these four MPPT control strategies indicates that 

FL-INC is better at fast and accurate tracking of the MPP, resulting in additional power out from the 

PV panel. 

In order to estimate how good performance the new FL-INC-based MPPT has, the simulation model 

was carried out, considering the standard testing condition in which the solar radiation is assumed to 

be 1000𝑊/𝑚2 at 25℃. The results are represented in Figure 3.17. The simulation results revealed that 
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all four methods gradually stabilized around the maximum power point after 0.025 seconds. But the 

higher speed and accurate tracking method used in FL-INC-based MPPT provides a 6.29% extra output 

power in the short time period, compared with the traditional P&O MPPTs. The extra power generated 

from the FL-INC-based MPPT at the standard test condition compared with other methods is given in 

Table 3.5. 

 

 

 

 
Figure 3.17. Simulation result at standard condition. 

 

 

When comparing the conventional P&O method with the intelligent fuzzy logic method, The FLC 

method can generate up to 2.54% more electricity than the P&O method. However, comparing 

conventional P&O methods with the new FL-INC, the FL-INC method surprisingly generates 

approximately 2.5 times the extra electricity generation in the general FLC during testing. Based on 

this result, it is evident that the FL-INC method performs better than the other three MPPT methods. 
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Table 3.5. Estimation of extra electricity generated in the 0-0.025s from different MPPT methods 

 

Compare P＆

O with FL-

INC 

Cumulative 

Electricity generation  

Extra Electricity 

generation 

P＆O: 9.913 𝑊𝑠 

6.29% 

FL-INC: 10.537 𝑊𝑠 

Compare P＆

O with FLC 

Cumulative 

Electricity generation 

Extra Electricity 

generation 

P＆O: 9.913 𝑊𝑠 

2.54% 

FLC: 10.537 𝑊𝑠 

Compare 

FLC with FL-

INC 

Cumulative 

Electricity generation 

Extra Electricity 

generation 

FLC: 10.165 𝑊𝑠 

3.65% 

FL-INC: 10.537 𝑊𝑠 
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Chapter 4 

Experimental Validation 

 

4.1. Indoor experimental validation 

In order to further analyze their respective strengths and weaknesses, the simulation model results 

for all MPPTs were validated with indoor and outdoor experimental systems. Figure 4.1. shows the 

standard type solar simulator (Single light type) installed at the Energy and Environmental Systems 

(EES) laboratory was used to validate the simulation results. The solar simulator uses a high-pressure 

xenon lamp as a light source with an irradiation intensity of 1 SUN and a spectral distribution similar 

to sunlight (AM 1.5 G) received on the ground. 

 

 
Figure 4.1. Standard-type solar simulator installed at the EES lab. 

 

This experimental system consists of a PV cell whose nominal maximum power is 102.318 𝑚𝑊, a 
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solar radiation producer which can meet the standard testing condition requirements (solar radiation at 

1000 𝑊/𝑚2 and cell temperature at 25℃ ) and a voltage-current source monitor system to generate 

PV characteristic curve (Figure 4.2).  

 

 
Figure 4.2. Voltage-current source monitor system. 

 

The technical parameters of the testing PV cell are reported in Table 4.1. 

 

Table 4.1. Technical parameters of the testing PV cell.  

 

Number of cells (𝑁𝑠) 1 

Maximum power (𝑃𝑚𝑎𝑥) 102.318 [𝑚𝑊] 

Maximum power voltage (𝑉𝑚𝑝) 0.4460 [𝑉] 

Maximum power current (𝐼𝑚𝑝) 229.429 [𝑚𝐴] 

Open circuit voltage (𝑉𝑜𝑐) 0.5694 [𝑉] 

Short circuit current (𝐼𝑠𝑐) 246.910 [𝑚𝐴] 

Series resistance (𝑅𝑠) 239.788 [𝑚Ω] 

Shunt resistance (𝑅𝑠ℎ) 13.108 [Ω] 

 

From Table 4.1, it is clear that the testing cell is a very small solar cell whose rated maximum power 

is just 0.102 𝑊. Based on these parameters given above, the experimental result is shown in Figure 
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4.3. To validate the simulation model results, the same parameters’ values have been applied in 

MATLAB/Simulink to compare with it. 

 

 

Figure 4.3.  I-V curve of the standard cell based on the measured data. 

 

 
Figure 4.4. PV characteristic curve extracted from the Simulink model. 

 

Comparing the experimental result with the Simulink result, the accuracy of the experimental setup 

is verified.  

The results of the simulation model for all four different MPPT methods (Perturb and Observe 

(P&O), Incremental Conductance (INC), Fuzzy Logic (FLC), and Fuzzy-logic based INC (FL-INC)) 
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are shown in Figure 4.5.  Obviously, in this figure, all of the MPPT methods tracked the MPP precisely 

within a short time. However, the novel FL-INC method can track the MPP faster and more accurately, 

even for the low nominal power of 0.1023 𝑊.  

 

 
Figure 4.5. Results of four MPPT methods in Simulink. 

 

 

4.2. Outdoor experimental validation: 

The outdoor experimental system installed at Chikushi campus, Kyushu University, consists of three 

PV parallel panels with nominal power of 160 W for each, a  MS-40S Pyranometer to measure the 

incident solar radiation on the tilted PV surface, a LM335 temperature sensor, and a data acquisitor to 

collect the values of current, voltage, power, and operating temperature (see Figure 4.6). 

 

 
Figure 4.6. Outdoor experimental system. 
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The data measured on solar irradiation and PV output power for eniter one year was used in the 

simulation model to validate the results. The data on ambient temperature was collected from the Japan 

Meteorological Agency [32]. It is worth noting that the temperature measured by the meteorological 

agency can not be used directly because what can be recognized in Simulink is cell temperature. Cell 

temperature will be affected by the intensity of solar radiation and wind speed; there is an equation 

that is established for cell temperature [33]: 

 

                                   𝑇𝑐𝑒𝑙𝑙 = 0.943 × 𝑇𝑎 + 0.028 × 𝐺𝑆 − 1.528 × 𝑆𝑤 + 4.3                                        (4.1) 

Where: 

𝑇𝑎: Ambient temperature (℃ ) 

𝐺𝑠: Solar irradiance (𝑊/𝑚2) 

𝑆𝑤: Wind speed (𝑚/𝑠) 

 

In this study, only solar irradiance greater than 100 𝑊/𝑚2 was used in the analysis because when 

solar irradiance is lower than 100 𝑊/𝑚2 the MPPT controller can’t work well, and the output power 

is very small. Figure 4.7 represents the solar radiation on the PV panel’s surface and cell temperature 

at 12 am on July 22nd in, 2020. Figure 4.8 shows the simulation result of the different MPPT methods 

in this research for a short period of ten minutes of simulation on this summer sunny day. As shown 

in Figure 4.8, the FL-INC method extracts more power with higher speed and less fluctuation than the 

P&O method. The hourly estimation of the PV module output power is reported in Table 4.2. The New 

FL-INC method has better performance than other MPPT methods.  

 

 

 
 

Figure 4.7. Solar radiation and cell temperature at 12 am on July 22nd in 2020. 
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Figure 4.8. PV output power in different MPPT at 12 am on July 22nd. 

 

Table 4.2. One day simulation results on July 22nd. 

Time 
Solar Radiation 

 [𝑾/𝒎𝟐] 
Cell temperature 

 [℃] 
P&O 

[𝑾𝒉] 
Fuzzy 

[𝑾𝒉] 
FL-INC 

[𝑾𝒉] 
Extra 

 [𝑾𝒉] 

7:00 113.9 31.4091 47.80 49.22 49.76 P&O with 

FL-INC: 

2.04% 

8:00 308.3 37.5386 134.12 135.95 136.38 

9:00 511.1 44.2089 219.54 222.18 222.46 

10:00 694.4 50.0957 288.85 295.83 296.15  

11:00 838.9 52.0872 349.55 354.60 355.12 P&O with 

FLC: 

1.93% 

12:00 941.7 54.4976 387.11 393.72 393.95 

13:00 958.3 55.1283 390.89 399.47 399.40 

14:00 922.2 52.8593 381.98 388.66 388.93  

15:00 838.9 49.8441 352.94 358.60 358.92 FLC with 

FL-INC: 

0.10% 

16:00 669.4 44.9776 285.76 292.14 292.10 

17:00 366.7 31.8394 162.48 167.19 167.46 

18:00 219.4 35.768 92.75 96.02 96.34 
 

Total Power [𝑾𝒉] 3093.77 3153.58 3156.97 

 

The simulation result in different climatic conditions and time periods is shown in Figure 4.9 and 

Figure 4.10. One cloudy winter day (October 7th, 2020) was selected to conduct the analysis. The solar 

irradiance and temperature on this day are lower than in July. The hourly estimation is shown in Table 

4.3. As can be seen from the results, even on cloudy days with lower solar radiation, the new FL-INC 

method has better performance than other MPPT methods. 
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Figure 4.9. Solar radiation and cell temperature at 14pm on October 7th in 2020. 

 

 

 
Figure 4.10. PV output power in different MPPT at 14 pm on October 7th. 

 

Table 4.3. 1-day simulation results on October 7th. 

Time 
Solar Radiation 

 [𝑾/𝒎𝟐] 
Cell temperature 

[℃] 
P&O 

[𝑾𝒉] 
Fuzzy 

[𝑾𝒉] 
FL-INC 

[𝑾𝒉] 
Extra 

 [𝑾𝒉] 

8:00 —— P&O with 

FL-INC: 

2.13% 

9:00 197.2 28.3245 82.33 89.11 89.20 

10:00 366.7 33.2399 163.52 166.36 166.48 

11:00 491.7 38.9996 215.54 219.16 219.24  

12:00 461.1 38.4973 202.78 205.61 205.63 P&O with 

FLC: 

2.09% 

13:00 444.4 37.4089 194.02 198.87 198.96 

14:00 586.1 37.4491 262.06 264.43 264.48 

15:00 411.1 31.476 184.87 188.57 188.64  

16:00 350 32.6099 156.32 158.85 158.94 FLC with 

FL-INC: 

0.04% 

17:00 172.2 28.3108 74.81 77.34 77.40 

18:00 —— 

19:00 —— 
 

Total Power [𝑾𝒉] 1536.25 1568.30 1568.97 
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The simulation model was carried out, for the selected days of the year, considering different climate 

conditions in each month (see Table 4.4). The analysis result for the one-year simulation is summarized 

in Table 4.5. The result revealed that the fuzzy logic method could obtain approximately 2.04% more 

accumulative power than the conventional P&O. When the fuzzy-logic-based variable step INC 

method is compared with the conventional P&O method, the FL-INC method is able to generate 2.12% 

more accumulative power than general fuzzy logic method. 

Table 4.4. Selected date in this study. 

Sunny days Cloudy days 

January 25th January 11th 

February 19th February 5th 

March 25th March 6th 

April 7th April 21st 

May 7th May 17th 

June 2nd June 5th 

July 22nd July 11th 

August 30th August 28th 

September 8th September 23rd 

October 6th October 7th 

November 4th November 28th 

December 28th December 10th 

 

Table 4.5. One-year simulation results. 

Time 
P&O Power 

(𝒌𝑾𝒉) 

Fuzzy Power 

(𝒌𝑾𝒉) 

FL-INC Power 

(𝒌𝑾𝒉) 

Difference of 

P&O, Fuzzy 

(𝒌𝑾𝒉) 

Saving 

(%) 

Difference of 

P&O, FL-INC 

(𝒌𝑾𝒉) 

Saving 

(%) 

January 31.80 32.36 32.37 0.56 1.76% 0.57 1.79% 

February 44.98 45.82 45.83 0.84 1.87% 0.85 1.89% 

March 55.65 56.77 56.79 1.12 2.01% 1.14 2.05% 

April 65.83 67.61 67.64 1.78 2.70% 1.81 2.75% 

May 68.80 70.03 70.14 1.23 1.79% 1.34 1.95% 

June 61.71 62.91 63.06 1.2 1.95% 1.35 2.19% 

July 33.18 33.91 33.94 0.73 2.20% 0.76 2.29% 

August 55.56 56.63 56.66 1.07 1.93% 1.1 1.98% 

September 50.04 51.16 51.21 1.12 2.24% 1.17 2.34% 

October 59.53 60.77 60.79 1.24 2.08% 1.26 2.12% 

November 37.95 38.63 38.65 0.68 1.79% 0.7 1.84% 

December 26.47 26.97 26.98 0.5 1.89% 0.51 1.93% 

Total power 591.50 603.57 604.06 12.07 2.04% 12.56 2.12% 
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Chapter 5 

Conclusion 

 

This research introduced a novel fuzzy-logic-based Incremental Conductance (FL-INC) variable 

step size MPPT technique to track the maximum power point of the photovoltaic systems in the real 

indoor experimental system and outdoor setup, whose performance is also compared with conventional 

Perturb and Observe (P&O) method, Incremental Conductance (INC) method, and intelligent Fuzzy 

Logic (FLC) method. To this aim, a simulation model was developed in MATLAB/Simulink, which 

included three main parts: 1) detailed PV output electric power simulation, 2) four MPPT methods, 

and 3) the buck-boost DC-DC converter that can be used in the system in order to optimize the PV out 

voltage, based on the corrected the duty cycle values generated by the MPPT. 

First, the validation of the simulation results with the indoor experimental system revealed that even 

if the nominal power is very low, the new FL-INC method can track the maximum power faster and 

more accurately than other methods.  The excellent performance of the FL-INC method also can be 

seen from the comparison in Simulink with different solar irradiance changes; when the solar radiation 

has a gradual decrease or sharp increase. 

Second, the validation of the results with the outdoor setup installed in Chikushi Campus,  using the 

one-year real measured solar radiation data and temperature, emphasized the superiority of the 

intelligent MPPT performance over the conventional hill climbing method with approximately 2% 

extra output power in one year. Compared to existing commercial systems on the market, the proposed 

MPPT can realize an extra 12.56 kWh of electricity per year from each kilowatt of installed capacity 

of solar panels on the Chikushi campus. While costs are important, the advantage of using such MPPT 

is that it can facilitate the rapid deployment of hybrid renewable-based microgrids in the residential 

sector in Japan. 

Future work could concentrate on developing other intelligent and advanced MPPT methods to 

improve control accuracy, speed, and stability in renewable energy systems. The aim is to obtain more 

output power with less power loss. 
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