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ABSTRACT 

Renewable energy are a key and powerful alternative sources widely used having 

many advantages comparing to the conventional power generation. Most known 

alternative power generation sources are solar, wind  geothermal, hydro, and 

biomass. Therefore energy generated naturally from the sunlight as is it called solar 

energy in particular has been used now for years as an optional way to power 

multiple devices.  However the energy generated depends proportionally  on the 

amount of the radiation that varies constantly during the day because of the weather 

which influence negatively in voltage stability. Using a converter such as boost 

converter is an ideal option to step-up the power so that the usage requirement can 

be met. Hence  ANFIS based MPPT controller is designed  to control the duty 

cycle of the generated pulses and track the maximum power generated by the entire 

system plant. 
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CHAPTER 1 : INTRODUCTION 

1.1 Introduction  

Much research has been undergoing on solar, wind, tidal, and so on to minimize 

the world energy crisis. Apart from available renewable sources, solar is one of the 

special alternative sources to meet the required power demand towards rural 

electrification of residences and industries. Photo-voltaic(PV) panel or the so 

called solar panel, is one of the many renewable energy sources, which is 

commonly use as its low price and relatively easy to maintain[1]. The solar power 

technology is mature enough for commercial use and does not involve any raw 

material, which makes it a highly attractive second option for large-scale 

electrification. Generally, photovoltaic (PV) systems are organized in strings. In 

order to attain a sufficiently high voltage, PV strings consist of 10 to 20 PV 

modules connected in series. At given insolation and temperature, the PV modules 

supply maximum power at a particular point-the maximum power point (MPP). If 

all modules were identical and evenly illuminated, they would have a common 

MPP. However, in practice, this is never the case. Shading by chimneys, trees, 

power lines, dust, and panel mismatch cause PV modules within a PV string to 

exhibit different I-V characteristics from one another. This makes it impossible to 

find an operation point at which all the modules in a string operate at the MPP, 

which results in a mismatch among the modules.  

Switch-mode power conversion has been a column of modern electronics 

technology across a bunch of sectors including utility, industrial, commercial, and 

consumer markets for many years. In low-power DC/DC conversion applications, 

conversion is done using different types of converters such as boost converter, 

buck converter, or both together. These electrical devices work as step-up and step-

down to supply regulated DC voltage offering a lower operating duty cycle and 

higher efficiency across a wide range of input and output voltages. 

MPPT control technique that is widely used to be performed on the duty cycle 

automatically to place the PV module at its best and optimal output value whatever 

the differences of the weather conditions or the change in the value of loads which 

can happen at any moment 
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Generally direct and indirect methods are used for PV MPP.   Constant Voltage 

Method: it is a direct method and focuses on PV voltage for controlling and 

maintaining the  MPPT. This method is not very much efficient up to the 

benchmark on altering heather conditions[2]. Fractional Open Circuit Voltage : 

pinpoints to the fact that a maximum power point voltage is obtained by the product 

of constant K and open circuit voltage[2,3]. 

P&O is one of most used MPPT indirect method, which works by introducing 

small disturbance causing changes of power in PV array. then voltage is further 

gone on increasing in that direction or else the direction of voltage has to be 

changed in opposite direction (slope reference of P-v characteristics)[4]. Because 

of some disadvantages of P&O method, Incremental conductance is introduced to 

overcome these shortcomings by investigating  the voltage operating point at 

which the conductance is equal to the IC. Fuzzy logic controller which is based on 

IF-THEN rules is as well one of techniques used for MPPT due to complexity and 

nonlinearity of the system. The Artificial Neural Network is designed by training 

it through data collected from FLC System [5,6]. A combination of these 

techniques, adaptive methods are also applied to improve performance response 

and overcome drawbacks of mentioned techniques. Therefore, a combination of 

neural network and fuzzy logic controller is the focus of this paper, aiming to 

improve certain limitation of prescribed methods. 

 

1.2   BACK-GROUND OF THE PROJECT 

The conventional power grid system generation  aging and its generation is against 

environment laws causing known serious problems such as climate change. Due to 

that a lot of research has been carry out  in the area of renewable energy mainly in 

solar photovoltaic system where energy is naturally generated from sun-light an 

ideal alternative for clean energy.  

Energy generated from this source depends on the amount of sunlight that 

continuously varies during the day. Hence the use of  buck-boost converter which 

has output voltage either greater or less than the input voltage magnitude to step 

up and down the voltage to desired output. They are used as switching regulators 

which use switching element typically one or two MOSFET and an energy storage 
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device such as inductor to efficiently regulate input voltage to lower or higher 

output voltage. .However many control techniques are developed in order to keep 

track of power generated such as MPPT, Perturb and Observer 

1.3 PROBLEM DEFINITION 

PV solar is one of the most reliable alternative source of power that the humanity 

have because of its great benefits mainly of emission free pollutants and no moving 

parts. This technology has been a focus of many scientist and many research has 

been carried out. Due to changes of the environment, the energy being generated 

decreases significantly. Moreover a need to track the sunlight is a must. Many 

MPPT controllers have been developed for its fine tracking but because of its non-

linearity properties still a big challenge. This paper focus on designing an optimal 

controller ANFIS MPPT based solar power.  

 

1.4 SCOPE OF THIS PROJECT 

In real life design scenarios controllers are used to control and improve the 

performance of the plant. An ANFIS based MPPT controller is designed and 

implemented to PV system in order to track the power and control the output 

voltage. 

A theoretical analysis about PV system design and DC-boost converter is provided 

as well as its working principles  for better understanding of the system overall.  

 

1.5 CONCLUSION  

In this first chapter an introduction is given about solar system and step-up 

converter. Because of sunlight variations boost converter helps stepping-up the 

voltage at the desired output level required. In order to achieve that a controller is 

designed to control the duty cycle of the system. 
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CHAPTER 2 LITERATURE REVIEW OF PV MODULE AND STEP-UP 

CONVERTER 

2.1 INTRODUCTION 

This chapters discusses a brief and general review about PV and step-up converter. 

Renewable energy present a field of big research because of its advantages on 

providing clean and green energy. Because of continuously varying sun-light 

irradiation the amount of  power generated is unstable. Therefore many control 

techniques such as MPPT based PV controller, P&O based MPPT and so on are 

applied to track the power and regulate the voltage. 

 

2.2 PHOTOVOLTAIC MODULE  

The PV cell is composed of semiconductor material. The exposure of 

semiconductors in light, makes it absorb the light’s energy and transfers it to 

charged particles called electrons. Electrons flow through the material as electric 

currents. By using conductive metal material, the current is extracted from solar 

cells. The building blocks that compose an entire photovoltaic system are called 

solar cells. A device that converts photons' energy into electricity is called a solar 

cell 

It operates silently and has no moving parts and is environmental emissions, solar 

systems have developed from being niche market applications into a mature 

technology used for mainstream electricity generation. A rooftop system recoups 

the invested energy for its manufacturing and installation purpose within 0.7 to 2 

years and produces approximately  95 percent of net clean renewable energy over 

a 30-year service lifetime. Approximately 99 percent of all European countries and 

most American solar power systems are connected to the electrical grid, while in 

some cases off-grid systems are somewhat more common in some other countries 

like Australia and South Korea.  
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2.3 ADVANTAGES OF PV  

Some of advantages of this great resource can be cited here as it is today’s most reliable 

and used second source of power generation. The energy can be used both to generate 

electricity and heat in the house, it is economy-friendly energy providing a great 

opportunity to create savings on electric bill, environmentally friendly energy and the 

discharge of waste and pollution is unavoidable in relation to the production of solar 

cells.[7] 

 

Application Operation 

Solar Electric Power Generation 

 

By means of photovoltaic cells the 

electricity can be produced 

Solar Thermal Power Production 

 

used to heat up a working fluid or any 

other volatile liquid 

Solar Green Houses 

 

acts as a solar collector and plants are 

grown by means of solar  

Solar pumping For water irrigation purpose 

Solar cooling Portable refrigeration system 

Table.2.1: Application of PV 

 

2.4 STEP-UP CONVERTER  

A step-up converter is a DC-to-DC power converter that boosts the voltage from its 

low input value to high output voltage. It is a class of switched-mode power supply 

containing at least two different semiconductors such as a diode and a transistor and at 

least one energy source or storage element: a capacitor, inductor. Filters made of 

combination with inductor and capacitor are usually added together to these converters' 

output and input to reduce the voltage ripple.  

DC generators, solar panels, batteries, and rectifiers are some of the DC sources of the 

boost converter. DC-to-DC conversion is a process of stepping up or down the voltage. 

A diode acts as a switch for current. It is basically a semiconductor device that allows 

the current to flow in one direction and restricting it from flowing in opposite direction. 
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To switch and amplify electronic signal devices a widely known semiconductor named 

Metal Oxide Semiconductor Field Effect is used which has three terminals: source, 

gate, and drain. An inductor is an important device that allows the current to flow 

during off switching periods. Whereas a capacitor stores the energy in form of an 

electric field. 

2.5 ADVANTAGES OF  STEP UP CONVERTERS 

 Gives the high output voltage 

 Low operating duty cycles 

 Low voltage on MOSFET 

 PV cells reduction 

2.6 APPLICATIONS OF STEP-UP CONVERTERS 

 Automotive applications 

 Power amplifier applications 

 Adaptive control applications 

 Battery power systems 

 Consumer Electronics 

 Communication Applications 

 

2.7 CONCLUSION  

In this chapter an introduction of PV and buck boost converters is described, its 

advantages as well as its applications in many different conditions. Based on that 

it became clear how important is the PV together with boost converter. In the next 

chapter will be introduced the mathematical model of both PV and boost converter.  
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CHAPTER 3: MATHEMATICAL MODEL OF PV AND STEP-UP 

CONVERTER 

3.1 INTRODUCTION 

The PV cell is exposed to solar radiation and some of this radiation is absorbed by 

the junction creating pairs of electron-hole. The electric field separates these 

charges in E: the electrons migrate in the “n-type” area and the holes migrate in 

the “p-type” area and due to this effect electric current is generated. Considering a 

single-diode PV model with series resistance  and a parallel resistance a practical 

PV cell can be investigated. Below in fig3.1 equivalent PV circuit is shown.  

V
RP

RS

 D

ID

IPV

I

Ideal PV cell Practical pv

device
Load

LIGHT

RL

   Fig.3.1: Equivalent electrical circuit of PV module. 

Where:  

Rs: cell series resistance 

Rp: cell parallel resistance  

RL : cell inductance 

V: PV voltage  

I: PV current  

Ipv: Current developed from sun  

Io: saturation current 
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The main equations to describe the I-V characteristics of an ideal PV cell are [8][9] 

 

                              I =  Ipv − ID                                                                        (3.1) 

                ID = I0 [exp (
qV

aKT
− 1)]                                                                  (3.2) 

                           I = IPV − I0 [exp (
qV

aKT
) − 1]                                                (3.3) 

3.2 PV MODULE MODELLING  

For analysis of PV cell researchers show that some supplementary parameters need 

to be used into equation(3.3)[8][10] 

𝐼 =  𝐼𝑃𝑉 − 𝐼0 [𝑒𝑥𝑝 (
𝑉+𝑅𝑆

𝑎𝑉𝑇
) − 1] −

𝑉+𝑅𝑆𝐼

𝑅𝑃
                                      (3.4) 

𝑉𝑇 =
𝑘𝑇

𝑞
                                                                       (3.5) 

Where:  

k: Boltzmann constant  

T : operating temperature in Kelvin 

𝑉𝑇: diode thermal voltage 

𝐼0: saturation current  

𝑅𝑃: parallel resistance 

𝑅𝑆: series resistance  

q: electron charge 

In order to assure the parameters required a photovoltaic system has to be made by 

a sufficient number of PV cells, connected in series or in parallel, usually called 

arrays.  

The current generated by the photovoltaic panel depends directly on the solar 

irradiation and is influenced by the temperature according to the next relation [11]: 

𝐼𝑃𝑉 = (𝐼𝑝𝑣,𝑛 + 𝐾𝐼∆𝑇)
𝐺

𝐺𝑛
                                          (3.6)  
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∆𝑇 = 𝑇 − 𝑇𝑛                                                   (3.7) 

The open voltage is as well influenced by the temperature  

                                             𝑉0𝑐 = 𝑉0𝑐,𝑛(1 + 𝐾𝑉∆𝑇) + 𝑉𝑇ln (
𝐺

𝐺𝑛
)                    (3.8) 

Where: 

𝑉0𝑐: open circuit voltage 

n: ideality factor of the diode  

The saturation current of the diode depends also on the temperature [12] 

                                      𝐼0 = 𝐼0,𝑛 (
𝑇𝑛

𝑇
) 13𝑒𝑥𝑝 [

𝑞𝐸𝑔

𝑎𝐾
(

1

𝑇𝑛
−

1

𝑇
)]                             (3.9) 

Where 𝐸𝑔 is the band gap energy of the semiconductor (𝐸𝑔 = 1.2 ) 

The value of the saturated nominal current is given by [13] 

                                                  𝐼0,𝑛 =
𝐼𝑠𝑐,𝑛

exp(
𝑉0𝑐,𝑛
𝑎𝑉𝑇,𝑛

)−1
                                          (3.10) 

Efficiency of PV module is defined as the ratio of peak power to input solar 

power 

𝜂 =
𝑉∗𝐼

1(
𝑘𝑤

𝑚2)𝐴(𝑚2)
                                                              (3.11) 

The efficiency will be maximum if the power is well tracked in different 

environment 

3.2.1: BLOCK BUILDING DIAGRAM OF PHOTOVOLTAIC MODULE 

In order to model a solar module basic parameters need to be determined and then 

the calculation of parameters such as photo-current, saturation current and so on. 

The bock diagram in fig.3.2 shows a basic parameters and steps to take into 

consideration while designing a PV module  
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Modeling of 

Photocurrent

Modeling of 

Shunt 

current

Modeling of 

series 

resstance 

current

Modeling of 

leakage 

curent

Modeling of 

Solar panel 

Sum all 

previous 

steps

Define input 

parameters  

of PV module

Start

End

 

Fig. 3.2: Block diagram of PV module calculation 

3.2.2 PV PARAMETERS  

Maximum power 240W 

Cells per module 60 

Open circuit voltage Voc  36 

Short-circuit current(Isc A) 9.2 

Voltage at maximum power point 

Vmp (V) 

30.72 

Current at maximum power point Imp 

(A) 

8.28 

Temperature coefficient of Voc 

(%/deg.C) 

-0.359 

Temperature coefficient of Isc 

(%/deg.C) 

0.102 

Light-generated current IL (A) 9.20 
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Diode saturation current I0 (A) 3.387e-10 

Diode ideality factor 0.982 

Shunt resistance Rsh (ohms) 70.14 

Series resistance Rs (ohms) 0.343 

Table: 3.3: PV parameters 

Simulink model based on numerical equations of PV model 

Fig. 3.3: PV Module based on numerical equations 

Regardless that a Simulink Model for PV array can be designed based on the PV 

module equations MATLAB Simulink in its library has already an embedded  PV 

module block, where parameters  can be easily and with flexibility modified. 
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Fig. 3.4 : MATLAB Simulink block of PV array 

 

3.2.3 PV MODULE CHARACTERISTICS CURVES 

It is difficult to determine the maximum power point of solar PV because of its 

non-linearity characteristics. Below is shown the I-V and P-V characteristics of PV 

module in variables weather conditions. 

 

 

Fig.3.5:  I-V characteristics of PV module at different irradiations and fixed 

temperature of 25 degree 

 

Fig.3.6:  P-V characteristics of PV module at different irradiations and fixed 

temperature of 25 degree 

3.3 WORKING PRINCIPLE OF STEP-UP OPERATION  

The boost converter is one of the principal non-isolated converters. A boost 

converter is a power converter with an output dc voltage greater than its input dc 

voltage [14]. It is a class of switching-mode power supply composed of two 

semiconductor switches and one energy storage element. In order to improve the 
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performance of step-converters filters made of inductor and capacitor 

combinations are often added to a converter's output. 

The circuit diagram of a step-up operation of the DC-DC converter is shown in 

Figure 3.4. When the switch 1 S is closed for time duration 1 t, the inductor current 

rises and the energy is stored in the inductor. If the switch 1 S is opened for time 

duration 2 t, the energy stored in the inductor is transferred to the load via the diode 

D1 and the inductor current falls. 

Below is represented equivalent electric circuit of the step-up dc-dc converter. 

 

Fig. 3.7 Step up equivalent electric circuit 

 

Based on fig.3.7 of the step-up converter, numerical equations can be derived as 

follows when the mosfet is turned on, the voltage across the inductor is 

𝑣𝐿 = 𝐿
𝑑𝑖

𝑑𝑡
                                                             (3.12) 

The peak to peak ripple current in the inductor is given by 

∆𝐼 =  
𝑉𝑆

𝐿
𝑇1                                                                        (3.13) 

The average output voltage is 

𝑣0 = 𝑉𝑆 +
∆𝐼

𝑇2
= 𝑉𝑆 (1 +

𝑇1

𝑇2
) = 𝑉𝑆

1

1−𝐷
                                                   (3.14) 
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3.3.1 Modes of operation of step-up converter  

The function of boost converter can be divided into two modes: 

In mode one (1) begins when transistor  is switched on at time t equal zero. The 

input current rises and flows through inductor L and transistor  

In mode two (2) the transistor  is switched off at time t equal to t1. The input 

current now flows through L, C, load, and diode D. The inductor current falls 

until the next cycle. The energy stored in inductor L flows through the saturation 

current (Io) 

The circuits for the two modes of operation are shown below: 

 

 

Fig.3.8: Mode operation 1 of step-up converter 

 

 

Fig. 3.9: Mode operation 2 of step-up converter 
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For constant rectangular pulse 

𝑖 =
𝑣𝑡

𝐿
+ 𝑖0                                                                       (3.15) 

When the transistor is switched: 

                                                         𝑖𝑝𝑘 =
(𝑉𝑖𝑛−𝑉𝑡𝑟𝑎𝑛𝑠)𝑇𝑜𝑛

𝐿
+ 𝑖0                                          (3.16) 

And when the transistor is switched off the current is: 

𝑖0 = 𝑖𝑝𝑘 −
(𝑉𝑜𝑢𝑡−𝑉𝑖𝑛+𝑉𝐷)𝑇𝑜𝑓𝑓

𝐿
                                    (3.17) 

Where: 

𝑉𝐷 : is the voltage drop across the diode  

𝑉𝑡𝑟𝑎𝑛𝑠 : voltage drop across the transistor  

Equating above equations, we can solve for 𝑉𝑜𝑢𝑡 : 

                      
(𝑉𝑖𝑛−𝑉𝑡𝑟𝑎𝑛𝑠)𝑇𝑜𝑛

𝐿
=

(𝑉𝑜𝑢𝑡−𝑉𝑖𝑛+𝑉𝐷)𝑇𝑜𝑓𝑓

𝐿
                                         (3.18) 

𝑉𝑖𝑛 − 𝑉𝑡𝑟𝑎𝑛𝑠𝐷 = (𝑉𝑜𝑢𝑡 − 𝑉𝐷)(1 − 𝐷) 

𝑉𝑜𝑢𝑡 =
𝑉𝑖𝑛−𝑉𝑡𝑟𝑎𝑛𝑠𝐷

(1−𝐷)
− 𝑉𝐷                                                   (3.19) 

Neglecting the voltage drops across the diode and the transistor: 

𝑉𝑜𝑢𝑡 =
𝑉𝑖𝑛

1−𝐷
                                                               (3.20) 

 From Equation 3.13,  the following observations can be made:  

The voltage across the load may be boosted by varying the duty ratio (D)  

 The minimum voltage output  is Vs and is acquired when duty cycle is 

equal to zero  

 The step-up converter cannot be switched on continuously such that duty 

ratio is equal to unity . For values of duty ratio tending to unity, the output becomes 

very sensitive to changes in D For values of duty ratio tending to unity, the output 

voltage becomes very sensitive to changes.  
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The biggest challenge when designing a converter is the type of inductor to be 

used. According to  above mentioned equations, it can be noted that the inductance 

is inversely proportional to the ripple current. So in order to reduce the ripple a 

larger inductor must be used. Fig 3.10 shows representation diagram of a boost 

converter  

PV 

VOLTAGE 

SOURCE

SWITCHING 

CONTROL

SWICTHING 

DEVICE

STORAGE 

DEVICE

OUTPUT 

VOLTAGE 

RECTIFIER

AND 

FILTER

 

Fig.3.10: Block building diagram of a step-up 

The PV acts as input DC voltage source providing to the switch control, and also 

to the magnetic field storage device(inductor or capacitor element). The block 

containing switch control directs the action of the switching device, whereas the 

output rectifier and filter deliver an acceptable DC voltage to the output. 

3.4.CONCLUSION 

Based on the design of PV array and design of step-up converter as shown above 

where different equations where derived from equivalent electric circuit, it can be 

summarized that the duty ratio plays an important role in increasing or decreasing 

of the output power and voltage. However, the next chapter will introduce 

controller design applying control techniques to track the maximum power point 

of our system. 
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CHAPTER 4: CONTROL TECHNIQUES FOR PV MPPT 

4.1 INTRODUCTION 

Designing a controller is an important and main step for any control system. 

However, two basic components are essential to know before designing it such as 

the system plant which describes the mathematical model behavior of the system 

and the output which is the target desired to reach.  

Since photovoltaic systems exhibit nonlinear behavior, the maximum power 

point varies with solar insolation, and there is a unique solar panel operating point 

at which the power output is at a maximum. Therefore for maximum efficiency, 

MPPT algorithm technique are used to deliver optimal available solar output 

power at various different operating points to the load. Various are control 

techniques and much research has been carried out for solar optimization 

techniques. Most popular techniques include Perturbation and observation(P&O) 

and incremental conductance approaches.  

4.2 TECHNIQUES USED FOR MAXIMUM POWER POINT TRACKING 

(MPPT) 

A lot of MPPT algorithms have been introduced and proposed to overcome 

certain disadvantages that other techniques have. All the methods vary in 

complexity, number of sensors required, digital or analogue implementation, 

convergence speed, tracking ability, and cost effectiveness. Furthermore, the type 

of application can have a huge impact on the selection of MPPT technique. 

Tracking the maximum power point (MPP) of a photovoltaic array is an essential 

stage of a PV system [15] [16] 

4.2.1 PERTURBATION AND OBSERVATION(P&O) TECHNIQUE  

One of method used for tracking the maximum power point of solar array is the 

P&O. It consist of introducing a small disturbance causing variation of power in 

PV module. Its output is measured continuously and compared with the previous 

https://file.scirp.org/Html/6-1770054_49283.htm#r7
https://file.scirp.org/Html/6-1770054_49283.htm#r8
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status. If both power and voltage keep increasing the operating points are 

adjusted by control system. At each perturbation point, the algorithm continues to 

operate in the same manner [17] [18]. Because of solar irradiation not changing 

quickly hence it shows good performance and the oscillation of operating point of 

the MPP voltage at steady state normally fluctuates lightly. Moreover the 

perturbation frequency should be low enough at mentioned state in order to avoid 

negative effect of next perturbation. The step size of perturbation should be enough 

so that it is not affected by noise measurement which generates changes in PV 

module. These can be considered advantages of this technique. One of 

disadvantages of this technique which need to be highlighted here is the poor 

efficiency at low irradiation.  

Fig.: 4.1 shows the flowchart of the P&O algorithm implementation. The sensor is 

used to perform voltage and current measurement and put in solar cells. Then the 

algorithm applied and performed calculations and comparisons with previous 

power. Settings done through the duty cycle using the new PV power voltage  

 

https://file.scirp.org/Html/6-1770054_49283.htm#r10
https://file.scirp.org/Html/6-1770054_49283.htm#r11
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Start the P&O

Algorithm

Measures: 

V(k), I(k)

ΔP>0

Decrease 

module 

voltage

Increase 

module voltage
Increase 

module voltage

Decrease 

module voltage

P(k)=V(k)*I(k)

ΔP=P(k)-P(k-1)

V(k)=V(k-1)>0V(k)=V(k-1)>0

Update 

V(k-1) = v(k)

P(k-1)=P(k)

yesno

yesno
yes

no

 

Fig. 4.1 : Flowchart of Perturb and Observer 

As we can see from the flowchart, the process starts by measuring the solar voltage 

and rating PV current from the photovoltaic module so that its value will be 

obtained. According to the value acquired from the measurement of the current, 

the same is compared to the previous measurement value of power. If the 

difference between the two measurements values is equal to zero  then the value 

of the PV voltage, current and power will be used as the value of the latest. But if 

the value of the difference between its different from zero then it will be given the 

addition and subtraction of voltage in accordance with the specified reference 

voltage. From this voltage value obtained perturb power latest. The block diagram 

for the P&O controller design is represented in fig. 4.2 



20 | P a g e  

 

PV 

MODULE 

STEP-UP 

CONVERTER 

Perturb and 

observer 

LOAD

D
u

ty
 

cy
cl

e

voltage

current

IRRADIANCE

TEMPERATURE

P
W

M
 

G
E

N
E

R
A

T
O

R

Fig.4.2: P&O based MPPT design 

4.2.2 INCREMENTAL CONDUCTANCE ALGORITHM  

Due to some disadvantages of P&O algorithm, the incremental conductance 

technique is used to overcome such limitations by using the incremental 

conductance of the photovoltaic. This technique works by investigating  the 

voltage operating point at which the conductance is equal to the IC. Once that 

happens, the operating point is not perturbed anymore. The advantage of 

incremental conductance technique is the ability it has  to ascertain the relative  

distance to the maximum power point, determining when the maximum power 

point has been reached. In variable weather conditions, this techniques tracks 

precisely the MPP, and exhibits less oscillatory behavior around the MPP 

compared to the P & O method, even when the P & O method is optimized [19]. 

Using a derivative operation in this technique tends to create instability of the 

system. This last is one of drawbacks of incremental conductance algorithm. Also 

under low levels of insolation, the differentiation process difficult and prone to 

measurement noise; and results can be unsatisfactory [20] . 
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START

ΔI=I(k) - I(k - 1)

ΔV= V(k) -v(k - 1)

ΔV=0

ΔI=0I + (ΔI/ΔV)V=0

I+ (ΔI/ΔV)V> 0 ΔI > 0

Decrease V Increase V Decrease V Increase V  

Return to 

yesno

yes

yes yesno no

no no

Measures: V(k), I(k)

 

Fig.4.3 Incremental conductance method 

4.2.3 FUZZY LOGIC CONTROLLER FOR MPPT BASED CONTROL 

Fuzzy logic controller are specially used to deal with non-linear systems. Fuzzy by 

nature is non-linear controller as it is complex to describe mathematically when 

compared to proportional integral derivative controller which can be considered 

one of its disadvantage. The control strategy consists of IF-THEN rules which 

allow professional to deal with it in a very easy way.  

This controller consists of fuzzification block, rule base, inference system and 

defuzzification block. It can be seen from fig.4.4 the basic building of fuzzy logic 

controller elements.  
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Fuzzification element investigates the membership function and drive as well the 

membership grades. Based on the learning rule it evaluates the input 

measurements. All collected rules is done by the rule base element which defines 

the output of the system. For the purpose of mapping the input windows to output 

the fuzzy inference engine is used. Finally follows the defuzzification block in 

which the control signal are to a non-fuzzy control signal.    

FUZZIFICATION

RULE BASE

DEFUZZICATION
ENGINE 

INFERENCE

PLANT 

MODEL

ERROR

 

CHANGE 

IN ERROR 

 

Fig.4.4 Block diagram of fuzzy logic controller 

Error and change in error are called the inputs of the system and inside these 

elements are fuzzy variables. The input and output range built to track the 

maximum power point of our system are for error and change in error we have: (-

1, -0.8. -0.6, -0.4, -0.2 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 1). Rule base table is 

shown in table 4.1. 

 

 

  

ERROR NB NS ZERO PS PB 

CHANGE 

IN ERROR 

NB PB PS NB NS NS 
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NS PS PS NB NS NS 

ZERO NS NS PB NB PB 

PS NS PB PS NB PB 

PB NB PB PB PS PB 

Table. 4.1 Rule base for use in fuzzy controller 

 

 

Fig.4.5: Membership function for input and output of the controller 

4.2.3 ARTIFICIAL NEURO-FUZZY INFERENCE SYSTEM   

Adaptive Network-based Fuzzy Inference System is a neuro-fuzzy algorithm 

where the combination of neural network and the fuzzy inference system is made. 

By using both mentioned techniques, the estimation of the parameters can be 

represented by the ANFIS architecture. Imprecision and uncertainty of the system 

being modeled are dealt with by the fuzzy logic whilst the neural network focuses 

on tuning the fuzzy rules so that the system can become adaptable. Data-driven 

series of steps for the synthesis of Adaptive Network-based Fuzzy Inference 

System networks are generally based on clustering a training group of numerical 

samples of the unknown function to be estimated. Since its introduction, ANFIS 

networks have been successfully applied to classification tasks, rule-based process 

control, pattern recognition, and similar problems. 

4.2.3.1 ANFIS ARCHITECTURE 
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The ANFIS architecture is composed by five layers, having two inputs and one 

output. The rule base contains the fuzzy if-then rules of Takagi and Sugeno’s type 

[21] as follows: If X is A and Y is B then z is f(X,Y)  

Where: A and B are the fuzzy sets in the previous 

 z = f(x, y) is a crisp function in the consequent. usually, f(x, y) is a polynomial for 

the input variables x and y. When f(x,y) is a constant, a zero-order Sugeno fuzzy 

model is formed which may be considered to be a special case of mundane fuzzy 

inference system [22] where each rule base consequent is specified by a fuzzy 

singleton. if  f(x, y) is taken to be a first-order polynomial a first-order Sugeno 

fuzzy model is formed for a first-order two rule Sugeno fuzzy inference system, 

the two rules can be stated as: 

1) rule : if x is a1 and y is b1 then we can put f1 to be as f1 = p1x + q1y + r1  

2) rule : if x is a2 and y is b2 then we can put f2 to be as f2 = p2x + q2y + r2  

here type-3 fuzzy inference system proposed by Takagi and Sugeno [22] is used. 

It is clear that in the output of each rule above is a linear combination of the inputs 

added by a constant term. The final output is the weighted average of each output 

rule. In fig.4.4 the equivalent ANFIS architecture is shown in fig. 4.6. 
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Fig. 4.6: ANFIS architecture 
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Description of the above ANFIS structure it is important to understand the entire 

process working principle. The first layer takes the input values and decides 

the membership functions belonging to them and the membership of each 

function are computed by using the premise parameter set. 

                                           𝑂𝑖
1 = 𝜇𝐴𝑖(𝑥)                                         (4.1) 

Where:  

x: input to node i 

𝐴𝑖: linguistic variable associated with the node 

𝜇𝐴𝑖: membership function of 𝐴𝑖 

                                𝜇𝐴𝑖(𝑥) = 𝑒𝑥𝑝 {−((
𝑥−𝑐𝑖

𝑎𝑖
)
2

)}                                       (4.2) 

Where: 

x: is the input 

 𝑎𝑖, 𝑏𝑖, 𝑐𝑖: are the premises parameter set 

The 2nd layer is responsible of generating the firing strengths for the rules. Due to 

that is denoted as rule layer.  

                                         𝑂𝑖
2 = 𝜔𝑖 = 𝜇𝐴𝑖(𝑥) × 𝜇𝐵𝑖(𝑦), 𝑖 = 1,2                   (4.3) 

The role of the 3rd  layer is to normalize the computed firing strengths, by dividing 

each value for the total firing strength.  

𝑂𝑖
3 = �̅�𝑖 =

𝜔𝑖

𝜔1+𝜔2
,   𝑖 = 1,2                                 (4.4) 

The 4th  layer takes as input the normalized values and the consequence parameter 

set. All values returned by this 4th  layer are the defuzzification ones and are passed 

to the last layer to return the final output 

                        𝑂𝑖
4 = �̅�𝑖𝑓𝑖 = �̅�𝑖(𝑝𝑖𝑥 + 𝑞𝑖𝑦 + 𝑟𝑖),   𝑖 = 1,2                   (4.5) 

Where: 

�̅�𝑖:  is the output of Layer 3 and {𝑝𝑖,  , 𝑞𝑖 , 𝑟𝑖} is the consequent parameter set 

https://en.wikipedia.org/wiki/Membership_function_(mathematics)
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Layer 5: This layer comprises of only one fixed node that calculates the overall 

output as the summation of all incoming signals. 

𝑂𝑖
5 = 𝑎𝑙𝑙 𝑜𝑢𝑡𝑝𝑢𝑡 = ∑ �̅�𝑖𝑓𝑖 =

∑ 𝜔𝑖𝑓𝑖𝑖

∑ 𝜔𝑖𝑖
𝑖                   (4.6) 

4.2.3.2 Learning Algorithm 

In the ANFIS structure, it is observed that given the values of premise parameters, the 

final output can be expressed as a linear combination of the consequent parameters. 

The output f in Fig. 4.1 can be written as 

𝑓 =
𝜔𝑖

𝜔1 + 𝜔2
𝑓1 +

𝜔𝑖

𝜔1 + 𝜔2
𝑓2 

= �̅�1𝑓1 + �̅�2𝑓2 

= (�̅�1𝑥)𝑝1 + (�̅�1𝑦)𝑞1 + (�̅�1)𝑟1 + (�̅�2𝑥)𝑝2 + (�̅�2𝑦)𝑞2 + (�̅�2)𝑟2    (4.7) 

Where f is linear in the consequent parameters (𝑝1, 𝑞1, 𝑟1, 𝑝2, 𝑞2, 𝑟2). 

In the forward pass of the learning algorithm, consequent parameters are identified 

by the least squares estimate. In the backward pass, the error signals, which are the 

derivatives of the squared error with respect to each node output, propagate 

backward from the output layer to the input layer. In this backward pass, the 

premise parameters are updated by the gradient descent algorithm [23]. 

Below is shown the building block diagram of ANFIS based MPPT 
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Fig.4.7: Block diagram of ANFIS controller based MPPT 

In order to build ANFIS based MPPT  controller, the two input parameters which 

are the temperature and irradiance must be given to initialize the training process. 

Random values for temperature and irradiance are obtained based on the 

characteristics and parameters of the solar module. It can be noted from the 

fig.4.8 a clear picture of the training process.  

ANFIS training data in Matlab after running a code.  

 Number of nodes: 35 

 Number of linear parameters: 9 

 Number of nonlinear parameters: 18 

 Total number of parameters: 27 

 Number of training data pairs: 1000 

 Number of checking data pairs: 0 

 Number of fuzzy rules: 9 

Start training ANFIS ... 

   1   3.84745e-07 

   2   8.72226e-05 
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Fig.4.8: Screen showing after data is loaded for training of ANFIS controller 

After the data is loaded, follows  the generation of fuzzy inference system by 

selecting the Grid partition and clicking on Generate FIS. Once clicked defining a 

number of membership functions is a must. According to fig. 4.9, three 

membership functions are selected followed by the type of membership function 

which is triangular function. 

 

 

Fig.4.9: Selection of number of membership function for the ANFIS controller 

The optimization method selected is hybrid and the number of epochs is 50. As it 

can be seen in fig. 4.8 the error obtained is low approximately 3.56e-07. 

 



29 | P a g e  

 

Fig.4.10: Training error for 50 epochs 

After training the data, the same is tested. See fig.: 4.11 

 

Fig.4.11: Testing the trained data 

After testing the trained sets, it is possible to check for the structure of the ANFIS 

model 

 

Fig.4.12: ANFIS model structure 

4.2.4 PROPORTIONAL INTEGRAL CONTROLLER  
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A PID Controller is a feedback control loop mechanism widely used in many 

industries for the purpose of control of their processes. The Proportional integral 

derivative controller  calculates the error  by means of the difference between the 

measured variables and the desired set point. 

As noted above, the word PID consists of three elements denoted by P, I, and D. 

In the present system plant only the combination of proportional and integral are 

used 

Design of PID controller  

The mathematical formula for PID is as follows: 

𝑢(𝑡)=𝐾𝑝 + 𝐾𝑖 ∫ 𝑒(𝑡)𝑑𝑡
𝑡

0
+ 𝐾𝑑

𝑑

𝑑𝑡
𝑒(𝑡)                                                 (4.8) 

Where: 

𝐾𝑝 : proportional gain 

𝐾𝑖 : integral gain 

𝐾𝑑 : derivative gain 

 

4.3 CONCLUSION 

In this chapter is introduced and discussed about different control algorithms used 

to track the maximum power point of the PV module. However its seen that in spite 

of some disadvantage of Perturbation and observation method, it is one of most 

popular technique applied. Incremental Conductance algorithm improves some 

drawbacks of P&O method. FLC has capability to deal with non-linear and 

complex problems. Therefore, since this paper focusses on ANFIS based MPPT 

controller, a combination of ANN and FLC   it is introduced and proposed resulting 

in better performance overcoming shortcomings of other well-known techniques.   
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CHAPTER 5 CONTROLLER DESIGN OF THE SYSTEM PLANT 

5.1 DESIGN OF STEP-UP CONVERTER 

Before designing the controller, all parameters must be known in order to have a 

clear picture of the plant to be controlled. With that being said, inductor, 

capacitor and resistance values for the step-up converters are calculated and then 

fed to the system.  

Taking into account our input voltage source from the PV module that is 36V and 

its desired to boost the output voltage to 120 voltage 

Parameters of the step-up converter design  

Input voltage from the source 36 volts 
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Power of the source 230 watts 

Switching frequency  25KHZ 

Efficiency 100% 

Table 5.1 : Parameters for Step-up design 

By the down equation the duty cycle can be determined  

𝐷 = 1 −
𝑉𝑆

𝑉0
∗ 𝜂                                                              (5.2) 

Where: 

D: duty cycle 

𝑉𝑆: input voltage from the source 

𝑉0: desired output voltage 

𝜂 : efficiency  

So solving, we get 

𝐷 = 1 −
36

120
∗ 100 = 0.7 

Once the duty cycle is determined, follows the calculation for the inductor which 

plays an important role in the system. With that being said, first the output 

current (𝐼0) is determined by using the following formula:  

𝑃 = 𝑉0 ∗ 𝐼0 = 𝑉𝑆 ∗ 𝐼𝑆                                                   (5.3) 

Where P is the power from the source. 

Calculation, we get the values as follows:  

Output current 

𝐼0 =
240

120
= 2 𝐴 

Inductance current:  

𝐼𝐿 =
240

36
= 6.67 𝐴 
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Now taking  ΔL𝑖  30% of the inductance current following calculation can be 

performed  

∆IL = 30% ∗ 𝐼𝐿                                                         (5.4) 

∆V0 = 30% ∗ 𝐼𝐿                                                          (5.5) 

So, calculations can be done 

∆IL = 0.3 ∗ 6.67 = 2.001 

∆V0 = 0.01 ∗ 120 = 1.2 

Now finding the value of the inductor by using the following formula 

𝐿 =
𝑉𝑠(𝑚𝑖𝑛)∗𝐷

𝑓𝑠∗Δ𝐼𝐿
                                                                   5.6 

Where: 

L: inductance  

𝑓𝑠: switching frequency  

𝐿 =
𝑉𝑠(𝑚𝑖𝑛) ∗ 𝐷

𝑓𝑠 ∗ Δ𝐼𝐿
=

36 ∗ 0.7

25 ∗ 103 ∗ 0.3 ∗ 6.67
= 503 ∗ 10−6 

Capacitor calculation 

Taking into account that 𝑉𝐶 = 𝑉0,  Δ𝑉𝐶 can be obtained by taking 1 to 5% of the 

desired output voltage 

∆V0 = 1% ∗ 𝑉0                                                         (5.7) 

So we get  

∆V0 = 1% ∗ 𝑉0  = 1.2 

Now determining the value of the capacitor by using the following equation 

𝐶 =
𝐼0(𝑚𝑎𝑥)∗𝐷

𝑓𝑠∗Δ𝑉𝐶
                                                               (5.8) 

Calculating we get  

𝐶 =
𝐼0(𝑚𝑎𝑥) ∗ 𝐷

𝑓𝑠 ∗ Δ𝑉𝐶
=

2 ∗ 0.7

25 ∗ 103 ∗ 1.2
= 46.6 ∗ 10−6𝐻 
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 Load at rated power can be calculated as follows: 

𝑃 = 𝑉0
2 ∗ 𝑅                                                                   (5.9) 

𝑅 =
𝑉0

2

𝑃
=

1202

240
= 60 𝑜ℎ𝑚 

5.2 State space equations 

Based on boost converter electric circuit, equation can be derived by applying 

KVL and KLC principles we get the following equations 

 

Fig.5.1: Switch on equivalent circuit 

𝐿
𝑑𝑖

𝑑𝑡
= 𝑉𝑖𝑛 − 𝑅 ∗ 𝑖𝐿 − 𝑅𝐿 ∗ 𝑖𝐿                                 (5.10) 

𝑉𝑜𝑢𝑡 = 𝑖0 ∗ 𝑅                                                  (5.11) 

𝐶
𝑑𝑉𝑐

𝑑𝑡
+

𝑉𝑜𝑢𝑡

𝑅
= 0                                                 (5.12) 

And 

𝑉𝑜𝑢𝑡 = 𝑉𝑐 + 𝑖𝑐 ∗ 𝑅𝑐 

𝑉𝑜𝑢𝑡 = 𝑉𝑐 [
𝑅

𝑅𝐶
]                                                           (5.13) 

From above equations 

𝐶
𝑑𝑉𝑐

𝑑𝑡
=

−𝑉𝑐

𝑅 + 𝑅𝐶
 

𝑖𝑖𝑛 = 𝑖𝐿 

Based on that we get the following state equation representation 

[
𝑑𝑖𝐿
𝑑𝑡

𝑑𝑉𝐶
𝑑𝑡

] = [

−(𝑅𝑜𝑛+𝑅𝐿)

𝐿
0

0
−1

𝐶(𝑅+𝑅𝐶)

] [
𝑖𝐿
𝑉𝐶

] + [
1

𝐿

0
] 𝑉𝑖𝑛                                    (5.14) 
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Where:  

𝑉𝑜𝑢𝑡 = [0
𝑅

𝑅 + 𝑅𝐶
] [

𝑖𝐿
𝑉𝐶

] 

𝐴 =

[
 
 
 
−(𝑅𝑜𝑛 + 𝑅𝐿)

𝐿
0

0
−1

𝐶(𝑅 + 𝑅𝐶)]
 
 
 
 

𝐵 = [
1

𝐿
0

] 

𝐶 = [0
𝑅

𝑅 + 𝑅𝐶
] 

𝐷 = [0] 

 

 

 

 

 

5.3 PV module design in Simulink 

According to derived equations obtained in PV modelling, the following 

subsystem block is obtained.  

 

Fig.: 5.2 PV PV modelling in Simulink                                                                       
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Based on model of PV obtained, I-V and P-V characteristics are plotted as shown 

in fig.5.3 

 

 

Fig.5.3 I-V AND P-V characteristics of PV module at different irradiance and 

fixed temperature of 25 degree 

 

 

 

5.4 Step-up converter design  connected with PV Module in Simulink/Matlab 

Fig.3 represents a PV module connected with step-up converter in Simulink. The 

pulse generator is configured to duty ratio equal to 0.7. 
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Fig.5.4: PV connected with step-up converter in Simulink 

 

Fig.5.5: Voltage output at duty ratio 0.7 and irradiance 1000 and temperature at 

25 degree 

 

 

Fig.5.6: Power output at duty ratio 0.7 and irradiance 1000 and temperature at 25 

degree 
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From the above simulations plot we can see that the maximum power point is 

tracked successfully by setting the duty ratio at 0.7 

5.5 Fuzzy logic controller  

Fig 5.7 shows the design of fuzzy controller based MPPT in Simulink/Matlab.   

 

Fig.5.7: Fuzzy logic controller design in Simulink 

Fig 5.8 shows the complete system of Fuzzy based MPPT controller. 

 

Fig.5.8: Fuzzy based MPPT design in Simulink 

The Simulations results are shown below at fixed temperature and at varying 

irradiance. 
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Fig.5.9 Fuzzy logic output voltage result 

 

Fig.5.10: Fuzzy logic output power at 1000 and 800 irradiance and fixed 

temperature of 25. 

 

Fig. 5.11 Output power using fuzzy logic 
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Fig. 5.12 Output voltage using fuzzy logic 

5.6 ANFIS controller design in Simulink 

Fig 5.13 shows the controller design of ANFIS based MPPT controller  

 

Fig.5.13 :ANFIS controller design in Simulink 
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Fig. 5.14: ANFIS based MPPT Controller design 

 

Fig.5.15 ANFIS voltage result at 1000 irradiance 

 

Fig.5.16 ANFIS power output result at 1000 irradiance 

 

Fig.5.17 ANFIS current output result at 1000 irradiance 
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Fig.5.18 ANFIS power result at 800 irradiance 

 

Fig.5.19 ANFIS voltage result at 800 irradiance 

 

Fig.5.20 ANFIS current result at 800 irradiance 
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Fig.5.21 ANFIS voltage result at 600 irradiance 

 

Fig.5.22 ANFIS power result at 600 irradiance and 25 degree 

 

Fig.5.23 ANFIS current result at 600 irradiance and 25 degree 
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Irradia

tion 
T 𝐼𝑜𝑢𝑡 𝑉𝑜𝑢𝑡 𝑃𝑜𝑢𝑡 

1000 25 1.4 84.06 117.7 

800 25 1.37 82.66 113.9 

600 25 1.353 81.18 146 

Table 5.2 Fuzzy based MPPT controller simulation results 

 

Irrad T 𝐼𝑜𝑢𝑡 𝑉𝑜𝑢𝑡 𝑃𝑜𝑢𝑡 

1000 25 1.616 96.95 156.6 

800 25 1.448 86.87 125.8 

600 25 1.376 82.55 147.6 

Table 5.3 ANFIS based MPPT controller simulation results 

 

5.7 Conclusion 

Two different controller were designed to control the duty ratio and track the 

maximum power point of our entire nonlinear plant. As noted from the simulation 

results both designed controller perform in a very good way and the power is 

tracked successfully. However the ANFIS based MPPT controller showed better 

result  when compared to fuzzy based MPPT controller  
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CHAPTER 6 CONCLUSION AND FUTURE WORK 

6.1 Conclusion  

This paper discusses about ANFIS based MPPT controller connected with step-up 

converter implementation in order to boost the voltage and track the maximum 

power generated by the system plant overall. ANFIS controller performs better 

according to the simulation result obtained when compared to fuzzy logic.  

6.2 Future works 

ANFIS MPPT controller showed great performance in tracking the maximum 

power point of our solar system. Many other controllers can be developed in order 

to overcome some inefficiency of  ANFIS like a combination of PSO with ANFIS 

which could provide better performance and it is for sure a purpose of future works 

in developing a robust controller for MPPT power tracking. 
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APPENDIX  

MATLAB PROGRAM DATA GENERATION CODE FOR ANFIS 

MODELLING  

 

clear all 
ISCS = 9.2;     % short circuit current  
IMPS = 8.28;      %maxim current of v 
VMPS = 30.7; 
VOCS = 36;      % open circuit voltage 
VMP =   40.7;       % maximum voltage f pv 
alpha = 0.102;  % current temperature 
beta = - 0.36901;  % voltage temp from manufacture 
Gs = 1000;             %standard irradiatin 
Ts = 25;             % standard temperature 
for i = 1:1000 
    Tmin = 15; 
    Tmax=35; 
    T = (Tmax - Tmin)*rand + Tmin;  
    Gmin = 0; 
    Gmax = 1000;  
    G= (Gmax - Gmin)*rand + Tmin; 
    IMP(i) =IMPS * (G/Gs)*(1 + (alpha*(T-Ts))); 
    VMP(i) = VMPS +(beta *(T-Ts)); 
    PMP(i) = VMP(i)* IMP(i) 
    imput(i, :) = [G T]; 
    output(i, 1) = VMP(i); 
    output1(i, 1) = IMP(i); 
    output2(i, 1) = PMP(i); 
   data(i, :) = [G T output(i, 1)]; 
end 

 

 

 

 

 

 

 

 

 

 

 

 


