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Degree Master in Science 
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Date of Degree April 2013 

In this thesis, work is done in two-fold. First, a generalized Photovoltaic (PV) array 

simulator is developed in MATLAB/Simulink based on the five parameters equivalent 

electric circuit model. The values of the five unknown parameters are estimated using a 

stochastic optimization technique. Estimation problem is converted into an optimization 

problem where Differential Evolution (DE) as an efficient optimizing technique is 

employed to identify the model parameters at Standard Test Condition (STC) using only 

the data provided by the manufacturer. The effectiveness of the proposed method is 

analyzed by estimating the parameters of six PV panels of three different technologies 

and comparing the determined I-V curves with the experimental curves given in the 

datasheets. These identified parameters are then used to develop a precise PV simulator 

which is flexible enough to simulate any number of PV panels connected in series and 

parallel. The robustness of the proposed simulator is demonstrated under partial shaded 

conditions and its performance is verified by interfacing it with an actual power 

electronics converter and Maximum Power Point Tracking (MPPT) controller. 
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Second, an efficient Adaptive Neuro-Fuzzy Inference System (ANFIS) based MPPT 

controller is proposed that extract maximum possible power from PV under all operating 

condition. The proposed ANFIS-based MPPT controller has the capacity to track the 

optimum point under rapidly changing irradiation conditions with less fluctuations in 

steady state as compared to the conventional MPPT methods. Nonlinear time domain 

simulations have been carried out to assess the effectiveness of the proposed controllers 

under different disturbances and compared with the performance of conventional 

Incremental Conductance (InCond) method. The obtained results demonstrate that the 

proposed ANFIS-based MPPT controller has better dynamic and steady state 

performance than the conventional method. Finally, its performance is investigated 

experimentally where Real Time Digital Simulator (RTDS) is utilized to simulate a PV 

system in real time and proposed ANFIS-based MPPT controller is developed in 

dSPACE DS1104. The experimental results are compared with those obtained from 

MATLAB simulation to assess the validity and accuracy of the proposed controller. 

Simulation and experimental results show that the proposed ANFIS-based MPPT has fast 

dynamic response and fewer fluctuations in the steady state as compare to conventional 

InCond method. 
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THESIS ABSTRACT (ARABIC) 

 محمد شيراز خالد  :اسم الطالب

تصميم وتنفيذ وحدة تحكم لتتبع النقطة العظمي للطاقة الكھربيه المولده عن طريق  استخدام نظم   :عنوان الرسالة

 .الخ3يا الشمسية

 ماجستير العلوم :الدرجة  العلمية 

 ائيةالھندسة الكھرب :مجال التخصص الرئيسي

 2013أبريل  :تاريخ الحصول علي الدرجة

  :في ھذه ا:طروحة، ويتم العمل في شقين

وتطويرھا  في برنامج المات3ب    (PV)يقترح محاكاة عامة لمجموعة من نظم الخ3يا الكھروضوئيه أو%، .

  .المكافئةعلى أساس خمسة عوامل تعادل  نموذج الدائرة الكھربائية  )MATLAB / SIMULINK(سيميولينك 

يتم تحويل مشكلة التقدير لمشكله  .تقدر قيم الخمسة معام3ت المجھولة باستخدام تقنية التحسين لمؤشر ستوكاستيك

كتقنية فعالة للتحسين ا:مثل لتحديد عوامل النموذج في ظروف  (DE) التحسين ا:مثل حيث يعمل التفاضلية المتطورة

ويتم تحليل فعالية الطريقة  .م البيانات المقدمة من قبل الشركة المصنعةفقط باستخدا  (STC)اQختبار المعايرة 

المقترحة عن طريق تقدير العوامل من ستة ألواح الكھروضوئية من ث3ث تقنيات مختلفة ومقارنة منحنيات التيار 

ھذه العوامل المحددة  ثم يتم استخدام .مع منحنيات التجريبية الواردة في البيانات التصنيعيه)  I-V(الكھربي والجھد

التي ھي مرنة بما فيه الكفاية لمحاكاة أي عدد من ا:لواح ) PV(محاكاة دقيقة للخ3يا الكھروضوئيه  لتطوير

ويتجلى مدى متانة ھذه المحاكاة المقترحة وفقا للشروط  .الكھروضوئية في سلسلة متصلة علي التوالي  والتوازي

ا من خ3ل التواصل مع الكترونيات القدرة الفعلية ووحدة تحكم لتتبع النقطة المظللة جزئيا ويتم التحقق من أدائھ

 . (MPPT)العظمي للطاقة الكھربيه

 والذي  MPPTو المستند علي وحدة التحكم   (ANFIS)، يقترح تقديم  نظام كفاءة اQستدQل العصبية الضبابي ثانيا

 وحدة تحكم .تحت جميع ظروف التشغيل كروضوئيه الخ3يا ال PV يستند إلى استخراج أقصى قدرة ممكنة من
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MPPT المستندة إلى ANFIS  شعاع المتغيره سريعاQالمقترحة لديه القدرة على تتبع النقطة المثلى في ظل ظروف ا

ة وقد تم تنفيذ محاكاة المجال الوقتي غير الخطية لتقييم فعالية وحدات تحكم المقترح .مع أقل تقلبات في الحالة المستقرة

  .InCond) (في إطار اضطرابات مختلفة ومقارنة مع أداء طريقة الموصلية التزايدية التقليدية 

المقترحة لديه أداء أفضل   من   MPPTوحده التحكم المستندة إلى ANFISالنتائج المتحصل عليھا اظھرت أن 

   .الناحية الديناميكية والمستقره عن الطريقة التقليدية

 لمحاكاة نظام  (RTDS)من أدائھا تجريبيا حيث يتم استغ3ل محاكاة رقمية للوقت الحقيقي   ، يتم التحقيقوأخيرا

 الديفي  MPPT وحدة تحكم المقترح القائم على  ANFISفي الوقت الحقيقي، ويتم تطوير  PV الخ3يا الشمسيه

  .DS1104 سبيس

الحصول عليھا من المحاكاةتتم مقارنة النتائج التجريبية مع تلك التي تم   لتقييم صحة ودقة  لبرنامج المات3ب 

المقترح القائم على  ANFIS تظھر المحاكاة والنتائج التجريبية أن .وحدة تحكم المقترحة لديه  MPPT وحدة تحكم 

.استجابة ديناميكية سريعة وأقل تقلبات في الحالة المستقرة
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CHAPTER 1 INTRODUCTION 

1.1 BACKGROUND 

In the near future, the demand of electric energy is expected to increase rapidly due to 

the global population growth and industrialization. This increase in energy demand 

requires electric utilities to increase their generation. Recent studies predict that the 

world's net electricity generation is expected to rise from 17.3 trillion kilowatt-hours in 

2005 to 24.4 trillion kilowatt-hours (an increase of 41%) in 2015 and 33.3 trillion 

kilowatt-hours (an increase of 92.5%) in 2030 [1] .Currently, a large share of electricity is 

generated from fossil fuels, especially coal due to its low prices. However, the increasing 

use of fossil fuels accounts for a significant portion of environmental pollution and 

greenhouse gas emissions, which are considered the main reason behind global warming. 

For example, the emissions of carbon dioxide and mercury are expected to increase by 

35% and 8%, respectively, by the year 2020 due to the expected increase in electricity 

generation [2]. Moreover, possible depletion of fossil fuel reserves and unstable price of 

oil are two main concerns for industrialized countries.  

To overcome the problems associated with generation of electricity from fossil fuels, 

Renewable Energy Sources (RES) can participate in the energy mix. Also the 
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deregulation in electricity markets and the development of the distributed generation 

(DG) technologies are promoting the use of RES in power generation [3]. Among the 

renewable energy sources (RES), solar energy is the promising and photovoltaic (PV) 

system provides the most direct method to convert solar energy into electrical energy 

without environmental contamination. As PV cells are semiconductor devices, they are 

quite, static, having no moving or rotating parts, require very little maintenance and have 

very low operational cost as compared to other RES like wind energy. Despite the 

intermittency of sunlight, numerous PV systems have been developed in many countries 

around the world because of their long term benefits, benevolent fed in tariff initiatives 

and other schemes offered by governments to encourage the use of renewable energy 

sources (RES). The use of photovoltaic (PV) systems for electricity generation started in 

the seventies of the 20th century and is currently growing rapidly worldwide. In fact, 

many organizations expect a bright future for these systems because it is abundant, 

ubiquitous, sustainable, environmental friendly and free of cost. The world’s cumulative 

installed capacity of PV was 23GW in year 2009. In 2011, more than 69GW of PV power 

is installed worldwide that can generate 85TWh of electricity per year. Among all the 

RES the growth rate of PV power is incomparable and reached almost 70% in year 2011 

[4]. The European Photovoltaic Industry Association (EPIA) expects that the global 

cumulative PV capacity will reach 200 GW by the year 2020 and 800 GW by the year 

2030 [4]. This large increase in the deployment of PV generation has led the researchers 

to work on the different issues of photovoltaic like PV cells material, modeling of the PV 
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panel, maximum power point tracking algorithms, power electronics converter used to 

integrate PV array with grid and its impact on power system etc. 

1.2 MOTIVATION AND PROBLEM DESCRIPTION 

PV panels are usually used in three main fields: Satellite applications, where the solar 

arrays provide power to satellites, Off-grid applications, where solar arrays are used to 

power remote loads that are not connected to the electric grid, and On-grid or grid 

connected applications, in which solar arrays are used to supply energy to local loads as 

well as to the electric grid [6]. In addition, PV panels can be used in battery chargers, 

solar hybrid vehicles and solar powered water pumping system. Grid-connected PV 

systems currently dominate the PV market and can be installed on the facades and 

rooftops of buildings, on the shades of parking lots or they can also be installed as power 

plants that inject all produced power into the grid. 

Large penetration of PV power into the electricity grid would have adverse effects on 

the transmission\distribution network and also on the other connected generators due to 

the uncertainty of the irradiation. It may cause security and stability issues of power 

system especially in the case of disturbances. An accurate PV array model is required that 

can simulate its output characteristics with the change in atmosphere conditions, i.e 

irradiation and cell temperature, to study and analyze the impact of PV generation on the 

utility power grid. 
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The energy production of the PV generation system can be increased in two ways; 

one is to build a larger Photovoltaic (PV) array generation system and the other is to 

achieve higher efficiency in converting incident solar energy into electrical energy. Once 

the construction of the generation system has been completed, the only viable solution is 

to maximize the conversion efficiency. The output of PV array generation system 

depends upon factors such as sun light intensity (irradiation), ambient temperature and 

the configuration of PV array; each of these factors is either a fixed or natural condition 

and thus generally cannot be controlled. Therefore, extracting the largest amount of 

power under a certain given set of operating conditions becomes very important for the 

total economics of the PV generation system. 

The output characteristics of PV device are representing by I-V and P-V curves and 

shown in Figure 1.1. For an arbitrary PV array configuration and set of operating 

conditions, it is possible to plot an I−V curve showing the array’s output current as a 

function of its output voltage. The array’s P−V curve shows the output power as a 

function of the output voltage. Figure 1.1 shows two such curves for an arbitrary 

operating condition; the solid line shows the I−V curve of a PV array while the dotted 

line shows the power output of that same array. The small dot marked on the P−V curve 

is known as the Maximum Power Point (MPP) and it represents the maximum power that 

can be delivered by the PV array under a specific set of operating conditions. This is the 

point where the PV device is most efficient in converting the solar energy into electrical 

energy. The MPP is not a fixed point but actually varies throughout the day depending 

upon the environmental conditions, i.e solar radiation and cell temperature. These 
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conditions are commonly known as operating conditions for PV device and are always 

changing with time which keeps varying the MPP. Therefore maximum power point 

tracking (MPPT) controller is of a great importance and an integral part of all kinds of PV 

systems that forces the PV system to operate at its maximum efficiency. Despite the 

increasing use of PV, this technology still faces a major obstacle due to its high capital 

cost and the low efficiency. Overall efficiency of the PV system depends upon the 

efficiencies of PV panels, power electronics converters and maximum power point 

algorithm. PV panels have efficiency around 8-20% only, converters have 95-98% and 

MPPT algorithm has more than 98%. The efficiencies of electronic converters and PV 

arrays depend on technology but MPPT efficiency can be increased by improving its 

tracking methods. These efficient and superior techniques can easily be installed in the 

previously existed PV systems by updating their software with less cost. 

 

Figure 1.1: I-V and P-V curve of PV device showing key points. 
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1.3 THESIS OBJECTIVES  

The aim of this research is to develop the efficient PV array model by optimizing its 

electric circuit parameters that is able to accurately simulate output characteristics, I-V 

and P-V curves, under all environmental conditions. This modeled PV panel will be used 

to analyze the effectiveness and robustness of the proposed Maximum Power Point 

Tracking (MPPT) controller.  

Following are the major objectives that are considered in this thesis:  

1) Developing a five-parameter PV array model that is robust to simulate the array 

under different conditions.  

2) Designing optimally a proficient Maximum Power Point Tracking (MPPT) 

controller. 

3) Integrating the proposed MPPT to PV array model. 

4) Building a laboratory prototype of PV array with the proposed MPPT controller on 

Real Time Digital Simulator (RTDS). 

 

 

 

 

 

 



 

 

 

7 

 

1.4 THESIS APPROACH 

The approach that is used to fulfill the objectives is comprised two major phases:  

1.4.1 Modeling of PV system 

1) The non-linear model of the PV panel using the five parameter equivalent electric 

circuit model is developed. 

2) Behavior of the PV panel output characteristics with respect to these parameters is 

investigated.  

3) Optimal values of the parameters are estimated at Standard Test conditions (STC) 

using the Differential Evolution (DE) technique to simulate the exact output 

characteristics of PV panel. 

4) MATLAB/Simulink model of the PV array is developed that is flexible enough to 

simulate any number of series and parallel connected panels. 

5) Robustness of the developed model is verified using simulation study at different 

operating conditions. 

6) PV panels of three different technologies are used to verify the effectiveness of 

the proposed modeling.  

1.4.2 Design and implementation of MPPT controller 

1) The complete non-linear model of the PV array, DC-DC converter, Maximum 

power point tracking (MPPT) controller and load is developed. 

2) Assessment of the conventional MPPT techniques is investigated and merits and 

demerits are studied. 
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3) A proficient Adaptive Neuro-Fuzzy Inference System (ANFIS) based Maximum 

power point tracker (MPPT) is developed to overcome the shortcomings of the 

conventional techniques. 

4) Time domain simulations of a PV system are carried out to verify the robustness 

of the proposed controller under different operating conditions. 

5) The dynamic performance of the complete system is investigated under different 

disturbances such as sudden change in irradiation scenario. 

6) The proposed ANFIS-based MPPT is implemented on dSPACE DS1104. 

7) Practical validation of the proposed controller is verified using the Real Time 

Digital Simulator (RTDS). 

1.5 THESIS ORGANIZATION 

This thesis is organized as follows: 

Chapter 2 contains the brief description of PV technology and extensive literature 

survey on PV modeling and maximum power point tracking (MPPT) techniques. 

In Chapter 3 electrical modeling of PV has been described based on a five-parameter 

equivalent electric circuit model and a novel method of parameters estimation has been 

proposed using Differential Evolution (DE). 

In chapter 4 an efficient Adaptive Neuro-Fuzzy Inference System (ANFIS) based 

MPPT controller has been proposed and developed and its effectiveness is compared with 
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the conventional Incremental Conductance (InCond) method in the MATLAB/Simulink 

environment. 

Chapter 5 describes the experimental setup used to verify the correctness of proposed 

ANFIS-based MPPT practically. Interfacing of the Real Time Digital Simulator (RTDS) 

and dSPACE DS1104 is explained. RTDS is utilized to work as a PV system and 

proposed ANFIS-based MPPT controller is developed in dSPACE DS4011. 

Chapter 6 investigates the performance of proposed ANFIS-based MPPT 

experimentally. Comparison between the experimental and simulation results have been 

carried to validate the effectiveness of the proposed controller. 

Chapter 7 presents the conclusions drawn from this research work and directions for 

the possible future work. 
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CHAPTER 2 LITERATURE SURVEY 

Photovoltaic (PV) system is one of the promising RES and can provide clean energy 

to the electricity grid and distant loads connected through the power electronic devices. 

This chapter presents a detailed literature review on the PV array modeling and MPPT 

techniques. 

2.1 PV ELECTRICAL MODELING 

For the simulation study of a power system, the system designers require an efficient 

and regimented PV array electrical model that is capable of generating electrical 

characteristics, i.e I-V and P-V relationship of PV panel under different radiation and cell 

temperature. The output characteristic of PV devices (panels or arrays) is extremely 

nonlinear and it is not suitable to represent them with constant or controlled 

voltage/current source. Several PV electrical models have been proposed and developed 

by the researchers [7]-[47] including models that use experimental correlations, models 

that are based on analytical information of PV cell structure and models that merge both 

of the methods. Some of these models are described vaguely and some of them are too 

complex for simple power system studies.  
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The simplest model is temperature and radiation scaling of maximum power point [7] 

it requires the temperature and irradiation coefficient of the maximum power point and 

predicts the performance of the PV device only at one point. In [8] and [9] a method of 

translation of I-V curve from one environmental condition to other is adopted. In [9] 

bilinear interpolation method is presented that requires four practically determined I-V 

curves, two at different irradiations and two at different temperatures. Behavior of the PV 

panel at any ambient condition is determined by interpolating the four I-V curves with 

short circuit current and open circuit voltage to check for solar irradiance and temperature 

respectively. These model are quite complex and require a large amount of data that is 

not usually provided from the manufacturer. The most efficient and practical model for 

PV array simulation is developed in [10], Sandia Lab PV model. This model takes three 

inputs that is ambient temperature, solar radiation and wind speed and computes the 

voltage and current of PV array at five main points on the I-V. This model requires thirty 

practically determined constants to simulate the behavior of any PV panel. The values of 

these coefficients are available for a large number of commercial PV modules [11]. Due 

to the complexity of these models power system studies like load flow, maximum power 

point tracking, load frequency match become difficult and requires large computational 

time.  

Electrical characteristics of the PV panel can be modeled by representing it with 

equivalent electrical circuit  [12]. This model has the advantage over the other models 

due to its electrical circuit nature and the behavior of the PV array can easily be 
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understood in the circuit connected. This model is best suited for the dynamic and 

transient study of the power electronics converters. 

The electric circuit based model of the PV device is further classified as an ideal 

diode model (three parameters model), four parameters model (RS model), five 

parameters model (RSH model) and double diode model (seven parameters model) as 

shown in Figure 2.1. 

 

Figure 2.1: Equivalent electric circuit model of PV device. 

The simplest among these models is the ideal diode model it consist of a single diode 

and irradiation dependant current source [13–15] as shown in Figure 2.1(a). This model 

needs three parameters, i.e IL light current, Io saturation current of diode and “a” ideality 

factor of diode to generate the complete output characteristics of a PV device. 

Performance of this ideal model is enhanced by adding a resistance in series and it is 
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generally known as four parameter model (Rs-model) [12], [16–20] as shown in Figure 

2.1(b). This model requires one additional parameter (RS series resistance) to be known to 

characterize the I-V curve. In [20] model is implemented in MATLAB programming and 

examines the modeling process and illustrates the PV panel’s output characteristics with 

the varying ambient conditions. This model is easy in implementation and provides 

acceptable results but its performance deteriorates at high temperatures and low 

irradiation [21] and also for thin film technology based PV panels [22]. Considering this 

issue an improved circuit based model is developed in [22–25] widely known as five 

parameters model (RSH model) as shown in Figure 2.1(c). An additional parameter, shunt 

resistance, is considered which was neglected in four parameter model. Comparison of 

four and five parameter model is done in [18] for the mono crystalline PV panel and 

showed that the five parameters model is more efficient in estimating the operating 

current and power at different atmospheric conditions. To further improve the efficiency 

of the circuit based model some authors used the two diode model (seven parameters 

model) [21], [26–28] as shown in Figure 2.1(d). The number of parameters to be 

computed during simulation is increased by inclusion of an extra diode that will make the 

model computationally inefficient. The competency of the two diode model over Rs-

model and RSH-model is shown in [21]. To make the model computational efficient 

values of some parameters are assumed to be constant which deteriorates its performance 

under the partial shading condition. The authors in [23] suggested that the five parameters 

model is a good compromise between accuracy and simplicity and it is the most widely 

used model in the literature. Behavior of the PV device under the partial shaded condition 
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has been studied by various researchers [29–32]. This situation may happen due to 

passing clouds, dust or snow covering the PV panel, shadows of trees or birds litters. In 

partial shading state the un-shaded cells of the PV panel become more forward biased and 

the shaded cells become reverse bias. When the reverse voltage increases beyond the 

breakdown voltage of the cell the “hot-spot” phenomenon take place and causes 

irreparable damage to the cell. This problem is solved by using by-pass diodes [29]. Due 

to by-pass diodes, multiple peaks occur in the P-V characteristics, which add additional 

complexity in modeling the PV array. In [30] impact on the I-V curve and output of the 

PV panel due to the partial shading condition is studied. Experimental work on panel 

shading was performed in [31] . A comprehensive MATLAB based modeling of the 

shaded PV array is carried out in [32].  

The most challenging part in the implementation of equivalent circuit based models is 

to identify the values of these parameters as their values are not provided in the solar 

panel catalogues. The performance and competence of these models are entirely 

dependent on these parameters and their values should be estimated using accurate and 

efficient algorithms. Two approaches are widely used for the estimation, one approach 

approximate the original I-V and P-V characteristics using the selected key points, i.e. the 

short circuit point, open circuit point and maximum power point [33], [34] while the 

other approach works on the curve fitting principle [35–37]. Both methods have their 

own pros and cons. The latter have the advantage that it considers all the experimental 

data. However, it has the difficulty of artificial solutions [33] and requires large number 

of experimental data which is not usually provided by the manufacturer. The preceding 
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method is simple and fast as compared to the curve fitting method and adopted in this 

study. However, it optimizes the values of parameters only at the selected key points[36].  

Several algorithms have been utilized by the researchers for the identifications of these 

parameters. The simplest method is to assume the value of one parameter and calculate 

other parameters using analytical equations and iterative methods [16], [20], [25], [38], 

[39] [40]. In [38] authors suppose the value of “a” and find the values of RS and RSH 

concurrently by numerical technique and values of Io and IL analytically. An iterative 

technique is utilized in [20][16] to find the valued of RS and “a” by neglecting the effect 

of RSH. In [39] RSH is ignored by considering it to be infinite and value of “a” is taken 

constant and compute other parameters by solving the analytical equations. In Ref. [40] 

authors have solved the non-linear I-V characteristics equation of PV by simplifying the 

highly complex diode current equation. These assumptions degrade the efficiency of 

these methods and limit their scope [20]. In [22][41] authors used a nonlinear equation 

solver software for the solution of non-linear equations to find the model parameters. 

These softwares packages have limitation and cannot provide result for all the PV panels. 

To estimate the values of these parameters accurate and efficient algorithms should be 

used for the optimization process. In [42] authors present a novel scheme for 

determination of the five parameters. Their method works on the principle of adjusting 

the I-V and P-V curve at three key point short circuit point, open circuit point and 

maximum power point and find out the best values of model parameters that result in the 

slightest error at these three key points. An iterative method is implemented in [43] for 
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the estimation of parameters. This method uses simplified I-V equation and results in fast 

convergence.  

In recent year some intelligent techniques like fuzzy Logic [44] and artificial neural 

network [45][46] have been employed to identify the values of these parameters. The 

results of these techniques are quite promising but they show problems when parameter 

identification method is integrated in PV simulator. As fuzzy logic controllers have 

fuzzification, rule base table and defuzzification which require large memory and neural 

network requires large amount of training data. Optimization technique can be used for 

the prediction of model parameters. Ikegami et al. [35] minimized the error in the 

operating current using the empirically calculated current and voltage points by means of 

Levenberg-Marquardt optimization technique. Evolutionary Algorithm (EA) techniques 

are very effective stochastic optimization methods as they have the ability to deal with 

non-linear objective functions. Genetic algorithm (GA) [47] and particle swam 

optimization (PSO) [48] are utilized to optimize the model parameters. 

2.2 MAXIMUM POWER POINT TRACKING 

Maximum power point tracking (MPPT) controller is a crucial part of the PV system. 

It tracks and extracts the maximum possible power from the PV array under different 

operating conditions and improves the overall efficiency of a complete PV system. The 

idea of MPPT is not new, many MPPT methods have been proposed by researchers [47]-

[105]. These methods differ in cost, sensor required, complexity, reliability, convergence 

speed, efficiency and hardware implementation. A comprehensive analysis of nineteen 
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MPPT techniques have been presented in [49–52]. Among these techniques Perturb and 

Observe (P&O) method [53][54] and Hill Climbing (HC) method [55] are most popular 

and practically available because of their simplicity and satisfactory results. Both 

methods work on the same principle of perturbing the PV system and observing its effect 

on the PV panel power output. Difference lies in the method of perturbation, in P&O 

panel output voltage/current is perturbed while in Hill climbing duty cycle of DC-DC- 

converter is perturbed. But these methods have drawbacks associated with them like large 

convergence time, fluctuations in the steady state and possible failure to track MPP in 

rapidly changing conditions[49][50]. To overcome these shortcoming and to improve the 

efficiency of these methods many modified P&O and HC methods have been proposed. 

Predictive and adaptive P&O method is proposed in [56]; prediction is undertaken by 

parabolic interpolation of last three operating points. Adaptive change in voltage is 

provided depending upon the measured power. Authors show that the proposed method 

has less convergence time than the simple P&O technique. A survey on P&O and 

modified P&O methods has been carried out in [57] and a modified P&O method is 

proposed, named PI-P&O, based on the adaptive tracking and ensures no steady state 

fluctuations and do not require any preset system dependent constants. Comparison with 

already existed adaptive methods is presented and results showed the effectiveness of the 

proposed method. Femia N. et al. [58] developed the optimized P&O method based on 

the dynamics of the particular converter used.  In [59–61] a superior P&O method has 

been proposed that can trail the MPP in the rapidly varying irradiation situation; known 

as dP-P&O. An extra measurement has to perform to calculate the PV power within the 
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MPPT sampling time. dP-P&O method separates the effects of insolation and 

perturbation change and then optimizes the tracker according to the change in irradiation. 

To improve the speed and reduce the steady state oscillations, Ishaque et al. proposed an 

improved particle swarm optimization technique [62]. In [63], [64] an adaptive hill 

climbing technique is presented in which control mode switching and automatic 

parameter tuning is implemented to improve the steady state and dynamic response of the 

PV system. Reference [65] presents the Incremental Conductance (InCond) method that 

considers the inability of P&O and Hill climbing methods to relate the change in PV 

power to the change in irradiation in the rapidly varying environment condition. This 

algorithm can be assumed as an improvement of the P&O method. As the name implies, 

the algorithm uses the incremental conductance as background of operation, which is the 

current divided by the voltage (inverted resistance). Comparative study of the MPPT 

techniques is carried out in [66] [67] and it is demonstrated using MATLAB/Simulink 

based simulation that InCond can outperforms the P&O method in rapidly changing 

environmental condition. Hardware implementation of this method with direct control 

method is demonstrated in [68]. Analog maximum power point tracking technique 

(AMPPT) is proposed for fast tracking and high efficiency in [69]. Authors used a wide 

range current multiplier to find the PV panel power gradient situation and then track the 

MPP. Maximum power point controller for low power PV application is discussed in [70] 

[71] and for the stand alone PV water pumping system in [72]. The simplest MPPT 

methods are based on approximation and known as fractional open circuit voltage and 

fractional short circuit current. In [73][74] fractional open circuit voltage method is 
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implemented based on the fact that the ratio of the maximum power voltage (Vmp) and the 

open circuit voltage (Voc) are approximately linearly proportional under varying weather 

conditions. The yielded power from PV panel definitely is less than the real power at 

MPP because of the obvious reason that this method is based on approximation. 

Following the same pattern fractional short circuit current method is shown in [75], [76] 

which uses the fact that the ratio of maximum power current (Imp) and short circuit 

current (Isc) are linearly proportional. This method has the same drawbacks and weakness 

as that of fractional open circuit voltage method.  

In recent years some Evolutionary Algorithm (EA) [77] and Artificial Intelligence 

Techniques (AIT) like Artificial Neural Network (ANN) [78] and Fuzzy Logic [79] have 

been implemented to prevail over these problems as they have the ability to deal with 

non-linear objective functions. The Evolutionary programming techniques like tabu 

search, differential evolution, evolutionary programming, particle swam optimization and 

genetic algorithm have been implemented in [62], [80–86]. Results show that the use of 

these techniques along with the conventional methods improves the dynamic and steady 

state response of the MPPT controllers. The use of artificial neural network (ANN) 

technique for the MPPT controller design is given in [84], [87–90]. Results and 

comparison demonstrated by the authors showed that ANN based MPPT controller has 

much better tracking than other MPPT algorithms [51]. ANN can map the input output 

nonlinear functions but it does not have heuristic nature and work as a black box that 

restricts its use in MPPT design. The fuzzy-inference system (FIS) based MPPT has been 

proposed in [79], [91–98]. Almost all proposed FIS in the literature have the same output 
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that is change in duty cycle (dD), but they differ in their input variables, linguistic rules 

and membership functions. Most of the FIS based MPP controllers have error and change 

in error as input variables. Basically this error and change in error represent the slope and 

change in slope of the P-V curve. The problem with such inputs is that, as the duty cycle 

is not considered as input, operating point moves away from the original MPP in the 

varying atmospheric condition [91].   

In [94] a fuzzy controller is presented with the inputs of array power variation and 

duty cycle. The dynamic behavior is improved in changing ambient conditions but this 

method added the steady state oscillation in the PV output which causes the power loss. 

Fuzzy cognitive networks are used in [98] to improve the efficiency of the fuzzy-based 

MPP tracker but it added complexity in the hardware design. In [79], [97] drawbacks of 

Hill Climbing method have been discussed in detail and improvement in the conventional 

Hill climbing method is demonstrated by fuzzifying its rules. In [99–101] Fuzzy Logic 

based MPPT controller optimized by evolutionary programming techniques are proposed. 

These techniques are used to optimize the membership function values of FIS MPPT with 

the objective function to minimize the tracking speed and reduce steady state oscillations.  

FIS has two major advantages one is that it allows setting the fuzzy rules that are quite 

close to the real world processes and the other is their interpretability, i.e it can explain 

the reason of particular output occurrence. On the other hand it has some inadequacies 

like it requires expert knowledge in defining the fuzzy rule base and requires lot of effort 

and time in tuning the membership function parameters. While in the case of ANN 

situation is completely converse, it can be trained but cannot give details about the 
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performance of a system for an output and act as a black box. Combining FIS with ANN 

results in a powerful AI technique known as Adaptive Network-Based Fuzzy Inference 

System (ANFIS) [102], [103].  

To build ANFIS-based MPPT controller major challenge lies in gathering a large 

amount of training data. In [104] authors have used the actual field data for training of 

ANFIS-based MPPT and show that it has better performance than the conventional 

methods. But several problems are associated with the practical data, i.e it does not cover 

a wide dynamic range, only appropriate for a particular geographical location and a time 

consuming task as large amount of data is required for better performance of ANFIS. In 

Ref. [104], ANFIS inputs are open circuit voltage (VOC) and short circuit current (ISC) of 

the PV at certain operating condition and these values are calculated depending upon 

environmental conditions while in the proposed MPPT controller irradiation and 

temperature are taken as inputs whose values can directly be taken from the sensors.  

On the other hand, easy and better way of getting training data is by simulation of PV 

model and as utilized in [105], [106]. In [105] effectiveness of PV model used to generate 

training data is not discussed, hence raising a concern about the incompetency of training 

data and so the MPPT controller. In this study, an accurate input-output data set is used 

for the training of the ANFIS-based MPPT controller. An accurate training data is 

gathered from the simulation studies using the developed PV model. This results in an 

efficient, simple structure of MPPT controller. In [106] working of ANFIS-based MPPT 

is shown in single-stage topology of power converter (with the inverter only). Unlike in 

[106] two-stage topology is used that provide the flexibility in designing the control 
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architecture since it has more control variables and multiple control objectives can be 

achieved like MPPT, VAR compensating, active filtering etc. Two-stage scheme also 

offer further advantage by providing the constant dc-link voltage to the inverter which 

will be beneficial especially in the case of temperature variations (as temperature change 

effects on the PV output voltage considerably). Additionally, a novel experimental 

verification of the proposed ANFIS-based MPPT controller is shown by interfacing the 

RTDS and dSPACE controller. 
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CHAPTER 3 PARAMETER ESTIMATION OF A PV 

MODEL 

3.1 INTRODUCTION 

The main objective in modeling the Photovoltaic (PV) is that the model should be 

able to regenerate the output characteristics of the PV panel at different ambient 

condition with high precision. Several PV electrical models have been proposed and 

developed by researchers including the models that are based on the simple idealized 

model and the models that replicate the actual physics of the PV cell [107]. Some of these 

models are described vaguely and some of them are too complex for power system 

studies like load flow, maximum power point tracking, load frequency match etc. These 

models also have implementation issues on several software packages. Electrical 

characteristics of the PV panel can be modeled by representing it with equivalent 

electrical circuit. This model has the advantage over other models due to its electric 

circuit nature and behavior of the PV array can easily be understood in the circuit 

connected. Power electronics design engineers require an efficient PV panel model for 

the simulation study of the power electronics before any experimental verification. This 

model is best suited for the dynamic and transient study of the power electronics 

converters.  
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In this chapter a generalized PV array model simulator is proposed and developed in 

the MATLAB/Simulink. The simulator is designed based on the five parameters 

equivalent electric circuit model. The major challenge in the implementation of this 

model lies in the estimation of the model parameters. The exact values of these 

parameters are required to regenerate the output characteristics of PV panel accurately. 

An efficient approach is introduced to identify the values of five electrical model 

parameters at Standard Test Condition (STC) by converting the estimation problem into 

optimization problem and using the Differential Evolution (DE) as an efficient 

optimizing technique. The proposed estimation approach does not require any 

experimental data as required by other methods [35] [37] and can work only with the data 

provided by the manufacturer. These estimated parameters are utilized to design an 

efficient PV array simulator. The simulator is designed as a masked block and allows the 

user to enter the desired number of PV panels connected in series and parallel to have 

prescribed power output. The effectiveness of the developed simulator is investigated 

under different operating conditions including harsh partial shaded condition. Results 

show that the proposed model can regenerate the I-V curves at STC as well as at other 

operating condition with acceptable errors. Furthermore, the robustness of the proposed 

simulator is analyzed in conjunction with the DC-DC converter and MPPT controller.  It 

is envisaged that the developed PV array simulator can be very helpful for the power 

system design engineers in the simulation study of the power systems before any 

experimental verification. 
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3.2 PV ELECTRIC CIRCUIT MODEL 

Commercially available PV devices are in the form of PV panels consist of series 

connected PV cells. Maximum output power of a single PV panel is in the range of tens 

of watts to some hundreds of watts that would be acceptable for the small scale 

applications. But for large scale applications, such as PV power stations, series and 

parallel combinations of these panels are needed to enhance the required PV output 

power. Connecting the PV panels in series increases the current capability of PV source 

and parallel connection increases the voltage rating of PV source. This series/parallel 

combination of PV panels is commonly known as PV array. Considering the importance 

of PV panel as a basic unit of PV array the model of the PV panel is developed which is 

then modified to stand for a complete PV array. 

3.2.1 Modeling of PV Panel 

The well known five parameters electric circuit model of PV device is used and 

shown in Figure 3.1 [107], [108]. It consists of light dependent current source, a p-n 

junction diode and two resistances one in series and the other in parallel. The current 

source (IL) represents charge carrier generation in the semiconductor caused by incident 

radiation. The shunt diode represents recombination of these charge carriers at a high 

forward-bias voltage (V+I*Rs). The shunt resistor (RSH) signifies high-current paths 

through the semiconductor along mechanical defects and material dislocations [109]. 
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Figure 3.1: Five parameter equivalent electric circuit model of PV device. 

Using simple Kirchhoff’s current law following relationship can be found; 

� = �� − �� − ���      (3.1) 

ID and ISH depicts the diode current and shunt branch current, respectively and given by; 

�� = �� 	exp �������� � − 1�    (3.2) 

��� = ��������                    (3.3) 

Putting these expressions of ID and ISH into Eq. (3.1) gives the complete I-V 

characteristics of a PV panel; 

� = �� − �� 	exp �������� � − 1� − ��������                   (3.4) 

Where; I and V represent the current and voltage generated from the PV panel. IL is the 

light generated current, I0 is the diode saturation current, RS and RSH are the series and 

parallel resistance respectively and factor “a” is the diode modified ideality factor and it 

is given by; 

� = �����               (3.5) 

Where, NS is the number of cells in the PV panel, n is the ideality factor (it has a value 

between 1to2 for real diode), k is the Boltzmann’s constant, T is the cell temperature and 
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q is the electronic charge. Eq. (3.4) shows the I-V characteristics of a PV device and 

governed by five parameters (IL, I0, RS, RSH and “a”). Modeling of the PV device is quite 

complex because of the transcendental non-linear characteristics of Eq. (3.4). The 

unknown values of these parameters and their dependence on the operating condition 

(temperature and irradiation) add more complexity in the modeling. Data usually supplied 

by the manufacturer is the values of I-V pair at short-circuit condition (SC), open-circuit 

conditions (OC) and maximum power conditions (MP) at STC (1000 W/m
2
 and 25

0
C). I-

V characteristic at these key points is given by following equations; 

At short circuit condition, voltage becomes zero, V=0 and I=ISC, ref  

��!,#$% = ��,#$% − ��,#$% &exp '��(,)*+.��,)*+�)*+ - − 1. − ��(,)*+.��,)*+���,)*+    (3.6) 

At open circuit condition, current becomes zero, I=0 and V=VOC, ref  

��,#$% = ��,#$% &exp '�/(,)*+�)*+ - − 1. + �/(,)*+���,)*+    (3.7) 

At maximum power condition, V=VMP,ref and I=IMP,ref 

�12,#$% = ��,#$% − ��,#$% &exp '�34,)*+��34,)*+.��,)*+�)*+ - − 1. − �34,)*+��34,)*+.��,)*+���,)*+     (3.8) 

 Having the five parameters (IL, I0, RS, RSH, “a”) known, Eq. (3.4) can be solved. With 

different atmospheric conditions, these parameters have different values that can be 

calculated at any ambient condition using equations (3.9)-(3.13) assuming their values at 

STC are known. 

� = �#$% 5 �6�6,)*+7            (3.9) 

�� = �
�)*+ 8��,#$% + 9�,:;<=; − =;,#$%>?        (3.10) 
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@�� = @��,#$% �)*+�                       (3.11) 

@� = @�,#$%             (3.12) 

�A�A,)*+ = 5 �6�6,)*+7
B CDE F5��∗�)*+�)*+ 7 ∗ 5HIJ,)*+�)*+ K − HIJ� L7M         (3.13a) 

IJIJ,)*+ = 1 − N<= − =#$%>                (3.13b) 

Where; S and Tc represent the solar radiation and temperature of the PV panel, 

respectively. 9�,:; and NS are the coefficient of short circuit current and number of cells in 

the panel, respectively (both of these quantities is provided by the manufacturer).  Eg is 

the band-gap energy of the PV cell material and C=0.0003174 [22]. Quantities with the 

subscript “ref” represent their values at the STC. 

3.2.2 Modeling of PV Array 

As discussed earlier PV panels can be grouped in different modes to form PV arrays. 

Some topologies are series array (panels are connected in series), parallel array (panels 

are connected in parallel), series-parallel (SP) array (panels are connected in both series 

and parallel) and total cross tied (TCT) array. Among these topologies SP array is most 

commonly used because of its flexibility in maintaining the required output voltage and 

current and better performance in the partial shaded conditions [110]. Eq. (3.4) can be 

modified to represent the I-V relationship of SP array and written as; 

  � = OEE ∗ �� − OEE ∗ �� 	CDE ������∗ℕ��::∗� � − 1� − Q�����∗ℕ���∗ℕ R    (3.14)  

ℕ = �::
�SS      (3.15) 
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Where; NSS and NPP represent the number of panels connected in series and parallel, 

respectively. It can be noticed in Eq. (3.14) that NPP is multiplied with the current 

associated terms to enhance the current output of PV system and similarly NSS is 

multiplied with voltage related terms increase to voltage output of PV panel. 

A theoretical illustration of a series connection and parallel connection of PV panels is 

shown in Figure 3.2 and Figure3.3, respectively. These figures depicts that the circuit 

elements of combined panels can be merged together to form a single equivalent model 

that is similar to circuit of one PV panel [40]. But the values of the parameters will 

transform depending upon the number of panels coupled in series and parallel. 

Expressions for the array parameters in relation with the panel parameters are shown in 

Table 3.1. 

 

Figure 3.2: Panels connected in series in an array. 
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Figure 3.3: Panels connected in parallel in an array. 

Table 3.1: Array parameters in relation with panel parameters. 

Panel parameter 
Modified array 

parameters 

 

 

PV Model  

parameter 

Modified array 

parameters 

VOC VOC*NSS 
 

IL IL*NPP 

ISC ISC*NPP 
 

I0 I0*NPP 

VMP VMP*NSS 
 

RS RS*(NSS/NPP) 

IMP IMP*NPP 
 

RSH RSH*(NSS/NPP) 

n n*NSS 
 

a a*NSS 

 

When panels are linked in parallel to increase current rating, the values of ISH (short 

circuit current), IMP (current at maximum power point), IL (light generated current) and I0 

(diode saturation current) are altered and multiplied with a number of parallel connected 

panels. The factor “a” (diode ideality factor), VOC (open circuit voltage), VMP (voltage at 
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maximum power point) remains unchanged. While the RS (series resistance) and RSH 

(shunt resistance) are get divided by the number of panels connected in parallel. 

Similarly, for panels connected in series to enhance voltage rating, values of VOC (open 

circuit voltage), VMP (voltage at maximum power point) and factor “a” (diode ideality 

factor) are get multiplied with the number of series connected panels. Values of ISH (short 

circuit current), IMP (current at maximum power point), IL (light generated current) and I0 

(dark saturation current) remain unaltered and RS (series resistance) and RSH (shunt 

resistance) are get multiplied by the number of series connected panels. 

3.3 EFFECT OF PARAMETERS ON PV CHARACTERISTICS 

The effect of each of the five parameters on the behavior of the I-V curve is shown in 

Figure3.4. The effect is shown for the Copper Indium Diselenide (CIS) solar panel  [111] 

around the STC condition, although the effect of each parameter on the I-V curve is 

similar for all panels and operating conditions. The bold I-V curve in each of the 

following plots is the result of using parameters calculated at STC data while the other 

two are the result of adjusting one specified parameter above and below the original 

value.  The following figures show that both “a” and “Io” adjust the predicted voltage at 

all points on the I-V curve and IL adjusts the predicted current. RS and RSH have a more 

localized influence around the maximum power point; RS adjusts the maximum power 

voltage and RSH adjusts the maximum power current. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 3.4: Effect of five parameters on I-V curve. 
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3.4 PARAMETER ESTIMATION 

Values of five parameters (IL, I0, RS, RSH, “a”) are required for the solution of I-V 

characteristics of PV panel given in Eq. (3.4). These parameters have very significant 

effect on the I-V curve as discussed in section 3.3. Mostly, value of one parameter is 

assumed to be constant and other parameters are calculated based on this assumption 

[41]. But for precise PV panel modeling it is imperative to calculate their values 

simultaneously. In this study DE is utilized as an efficient optimization technique to 

identify the values of these parameters. Unlike the reported methods that need the PV 

panel experimental data, the proposed scheme requires only the data supplied in the 

manufacturer provided catalogues. This data gives the values of I-V pair at short-circuit 

condition (SC), open-circuit conditions (OC) and maximum power conditions (MP) at 

STC (1000 W/m
2
 and 25

0
C). Figure 3.4: Effect of five parameters on I-V curve. 

 (a) shows these points on the typical I-V and P-V curve. The aim of the study is to use 

only the values of these points in estimating the parameters that can redraw the I-V and 

P-V curves of PV panels with high precision. 

3.4.1 Proposed Approach for Parameter Estimation using DE 

Similar to other optimizing techniques, DE optimization requires an objective function 

that needs to be minimized or maximized. An appropriate objective function is needed for 

this purpose that should be dependent on the optimizing parameters (IL, Io, RS, RSH, “a”).  

Objective function used in this work is based on the error calculation and given by the 

following equation; 
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T = UVVWV122�,�,2 + UVVWVX!	��Z	�!�,�
    (3.16) 

UVVWV[ = [3*\�][^_`[^_`       (3.17) 

Where; VMP, IMP and PMP represent the voltage, current and power at maximum power 

point, respectively. VOC and ISC are voltage at open circuit point and current at short 

circuit point, respectively. Values of these points are given in the PV panel datasheet. VSC 

and IOC are the voltage at short circuit condition and current at open circuit condition, 

respectively, having values equal to zero. X represents any of the above mentioned point. 

Xmeas is calculated using Eq. (3.6) to (3.8) and Xexp is taken from datasheet. Error 

represents the deviation of the measured value from the experimental value given in the 

data sheet.  

3.4.2 Differential Evolution (DE) 

Differential evolution (DE) is population based optimization technique and first 

introduced in [112]. It is renowned for its robustness, simplicity, rapid convergence, less 

control variables and ability to search global optimum regardless of the initial values of 

parameters. DE is suitable for non differentiable and non linear optimization. Like other 

evolutionary algorithm and search techniques DE needs to form a population (Gi) having 

a number (NP) of candidate solution, usually called individuals (Xn
i
), and depending 

upon the dimension (D) of the problem each individual have control variables, called the 

optimizing parameters (xn).  
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ab = cde, df, dB, ………d�2h     (3.18) 

d�b = 8D�e, D�f, D�B, ………D�i?	             (3.19) 

Where; i represents number of generation (iteration) and usually used in a stopping 

criterion, NP number of individuals or population size, n describes the dimension of the 

problem. 

In all search algorithms the key step is to form the trail vector (variant vector) from the 

parent vector. The stratagem employed by DE to generate a trail vector is based on the 

difference between randomly chosen individuals. A trail (new) individual is generated for 

every parent (old) individual using the operation of mutation and crossover. The best 

individual is selected for the next generation (iteration) by comparing the objective 

function of old and new individual. DE optimization process has resemblance with the 

genetic algorithm (GA) with little difference; GA utilizes crossover operation as a search 

method while DE employs mutation operation as a search mechanism. DE includes 

following steps; 

Step 1: Initialization 

As a first step DE needs to initialize its following control parameters; 

Gmax, number of generation (iteration) usually used as a stopping criterion. 

NP, population size (number of candidate solution) 

D, problem dimension, number of control variables (optimizing parameters)  

xj,min and xj,max, lower and upper bound of control variable j. 

F, mutation factor, range [0, 1] 

CR, cross over rate, range [0, 1] 
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It starts the optimization process by generating initial population containing the NP 

candidate solution, each having D number control variables. Values of these variables are 

selected randomly using the their minimum (xmin) and maximum limits (xmax) by 

following equation; 

Db,i = Di,jb� + V�kl ∗ <Di,j�m − Di,jb�>	    (3.20) 

n = 1,2… ,Op	�kl	q = 1,2…r	       (3.21) 

Step 2: Locating the best solution 

After initialization, the objective function value of all individuals is calculated and 

evaluated to get the best solution (individual). This best solution is then updated by 

comparing their value with the next generation best solution to locate the global optima. 

Step 3: Mutation 

Mutation means a perturbation with a random element. It is a first operation that is 

utilized to generate a trail (variant) vector and creates a “mutant vector” for all 

individuals in the current generation. For every individual of parent vector (db�s�) in a 

current generation (G) two individuals (d#e�s�, d#f�s� ) are randomly selected from the 

population (NP). A mutant vector tb�s� is then generated by adding a weighted difference 

of a best vector (du$:v�s�
) and a parent vector (db�s�), and a weighted difference of two 

randomly selected vectors (d#e�s�, d#f�s� ) with a base individual using the following 

equation. 

tb�s� = db�s� + wQdu$:v�s� − db�s�R + wQd#e�s� − d#f�s�R   (3.22) 
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Where; F represents the mutation factor having real value between [0, 1] and effect 

the speed of convergence. 

Step 4: Crossover 

To further improve the diversity and add more perturbation, crossover operation is 

applied. In this operation mutant vector (tb�s�) and its parent vector (db�s�) are combined 

to form a trial solution (xb�s�). Control variables (optimizing parameters) of both the 

vectors are mixed in this step based on the crossover factor (CR) to form the trail 

solution. Crossover process can be specified by following equation; 

xi,b�s� = y ti,b�s�, nz	V�kl ≤ N@
di,b�s�	,														W|ℎCV~n�C

H					   (3.23) 

q = c1,2, …rh,									r	k���CV	Wz	�Wk|VW�	��Vn���C� 

Where, CR is the crossover factor having value between [0, 1]. 

Step 5: Selection 

Selection operation is considered to be the last step in the formation of new 

population. In this stage objective function value of generated trail vector is reckoned and 

comparison is made with the corresponding value of the parent vector. If the individuals 

of the trail vector have better objective value than the corresponding individuals of parent 

vector they will replace them, otherwise parent vector will be retained.  Selection 

operation for the minimizing problem can be given by; 

db�s�e� = � �����,b%	�����������[�����[����	,																				�v�$#�b:$
H					   (3.24) 

Where, J is the objective function. 
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Figure 3.5: Flowchart for parameter estimation method using DE. 
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Step 6: Stopping Criteria 

As DE is the iteration based technique it needs certain stopping criteria to end the 

iterative process. Usually a predefined value of maximum number of generation 

(iteration) or tolerance in the error is used for the purpose. It can be any user defined 

condition. In this study, stopping criteria is based on objective function value and stops 

the iteration process when its value remains same for the prescribed number of 

generations. 

Goal of this optimization problem is to identify the optimum values of the five 

parameters (IL, I0, RS, RSH, “a”) at STC by minimizing the objective function given in Eq. 

(3.16) which will basically reduce the error at the above mentioned key points. The 

parameters determined at STC can then be used to calculate the values at other operating 

conditions using the equations (3.9)-(3.13) as stated in section 3.2. Flowchart for the 

proposed parameter estimation method using DE is shown in Figure3.5. 

3.5 IMPLEMENTATION OF PV MODEL IN MATLAB/SIMULINK 

A generalized PV array simulator model is implemented in MATLAB/Simulink using 

Equations (3.1) to (3.13). The inputs to the simulator are irradiation and cell temperature 

and it is flexible enough to simulate any number of series (NSS) and parallel (NPP) 

connected PV panels using only the data provided by the manufacturer. Figure 3.6 shows 

the last stage of the modeling and it depicts that the implemented circuit is quite similar 

to the equivalent circuit of PV array shown in Figure 3.6. 
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Figure 3.6: Implementation of PV array simulator in simulink 

It consists of light dependent current source, p-n junction diode, series and parallel 

resistance. This stage contains other sub systems that are connected together to execute I-

V characteristics of PV array. These sub systems are not shown for brevity. The PV 

simulator is implemented as a mask block that prompts the user to enter the necessary 

parameters of the array to be executed. Parameters required are number of cell in the 

panel (NC) open circuit voltage (VOC), short circuit current (ISH), voltage at maximum 

power point (VMP), current at maximum power point (IMP), temperature coefficients for 

voltage and current (KV and KI), number of series (NSS) and parallel (NPP) connected 

panels in an array and the estimated values of the five parameters. A sample of 

parameter’s block of generalized PV array simulator is shown in Figure 3.7. 

The partial shaded condition of PV can be implemented by placing simulator block in 

series with each other and having an anti-parallel diode connected to each block as shown 

in Figure 3.8. The number of series connected simulator blocks required depend on the 

number of shaded pattern needs to be executed. For instance Figure 3.8 shows three PV 
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array simulator blocks connected in series and can carry out the simulation of three 

different shading patterns. This generalizes the proposed simulator that can simulate a 

single PV panel, a group of PV panels connected in series and parallel (PV array) and 

partially shaded arrays with user defined shading patterns. 

 
 

Figure 3.7: Block parameters window of PV 

array simulator in Simulink. 

 

 
Figure 3.8: Partial shaded implementation of 

PV array simulator in simulink. 

 

3.6 RESULTS AND DISCUSSION 

3.6.1 Test 1: Analysis of proposed parameter estimation method 

In this test, analysis of the parameter estimation method proposed is carried out. For 

this purpose, six PV panels of three different technologies, two mono-crystalline; two 

poly-crystalline and two thin-film technologies, are selected. To carry out this study, the 

I-V curves generated by estimated parameters are compared with the experimental curves 
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given in the datasheet. The efficiency of the determined curves is investigated by 

measuring the errors between experimental and modeled values at five key points [113] 

shown in Figure 3.9.  

 

Figure 3.9: key points on I-V curve [113]. 

These five key points on the I-V curve are short circuit (SC), open circuit (OC), 

maximum power point (MPP), point with voltage equal to half the voltage at maximum 

power point (X) and point with voltage equal to the average of maximum power point 

voltage and open circuit voltage (XX). Result and analysis show that the proposed method 

can simulate the output characteristics of all technologies efficiently. 

Selected PV Panels 

PV panels selected to undergo this study are; 

1. Sunpower 230W (mc-Si) 

2. SunForte PM318B00 (mc-Si) 
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3. Lorentz120W LC120-12P (pc-Si) 

4. BP Solar 3230N (pc-Si) 

5. Shell ST36 (CIS) 

6. Kaneka U-EA110W (a-Si) 

The manufacturer provided electrical data for the selected PV panels at STC is shown in 

Appendix A. Five key points are obtained from the experimental I-V curves provided in 

the data sheet. These experimental curves are digitized using the digitizer software and 

values of these points are extracted from each curve and given in appendix A. 

Estimated values of model parameter 

Values of the five unknown parameters (IL, I0, RS, RSH and “a”) are identified using 

the proposed parameter estimation method for all the selected PV panels and are shown 

in Table 3.2.  

Table 3.2: Estimated values of the five parameters at STC using proposed method. 

  

Mono crystalline  

(mc-Si) 

Poly crystalline  

(pc-Si) 
Thin film  

Sunpower 

230W 

SunForte 

PM318B0

0 

Lorentz12

0W 
PB solar 

Kaneka U-

EA110W (a-

Si) 

Shell 

ST36 

(CIS) 

Light Current (IL) 5.99 6.2 7.7 8.4 2.519 2.6803 

Diode Saturation 

current (IO) 
1.40E-07 7.76E-08 2.14E-05 8.20E-06 4.77E-06 4.12E-05 

Series Resistance 

(RS) 
0.008686 0.01092 1.75E-04 0.0146 3.1375 1.3901 

Shunt Resistance 

(RSH) 
95658.604 6.15E+04 75.7418 5.63E+04 4.09E+02 3.85E+04 

Modified Ideality 

factor (a) 
2.7715 3.5559 1.7091 2.651 5.4173 2.0662 



 

 

 

44 

 

It can be noticed that the series resistance (RS) of thin-film technology is quite higher 

than crystalline technology panels. Such behavior is expected and in accordance with 

[109][42]. Series resistance has a central job in finding the curvature of the I-V curve as 

shown in Figure 3.4 and its large value depicts a smoother curvature which is a usual 

behavior of I-V curves of thin film technologies [114]. 

Comparison with Experimental curves 

The electrical characteristics of the selected PV panels are simulated using the 

estimated parameters and the proposed approach is validated by comparing the 

determined curves (generated by estimated parameters) with the experimental curves. 

The experimental curves data is extracted from the PV panel datasheets using digitizer 

software. Figure 3.10(a) shows the determined I-V curves (solid lines) along with the 

experimental curves (circles) for the mono-crystalline technology (Sunpower 230W) for 

different irradiation levels and constant temperature of 25
0
C.  It illustrates that the I-V 

curves obtained from the proposed method are in great accordance with the experimental 

curves for all the irradiation levels, particularly for STC. The verification of the proposed 

method encountered with temperature change and constant irradiation level of 1000 

W/m
2
 is shown in Figure 3.10(b). It can be seen that the curves generated from the 

proposed method matches with the experimental curves under all the temperature 

variations. Similarly, Figure 3.11 and Figure 3.12 show the comparison of modeled and 

experimental I-V curves for other poly-crystalline and thin-film PV technologies, 

respectively. These figures show that the parameters estimated by the proposed approach 

can regenerate the I-V curves at different operating conditions accurately. 
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(a) 

 

 
(b) 

 

Figure 3.10: I-V characteristics for mono-crystalline technology (Sunpower 230W) 

(a) different irradiation level and (b) different temperature. 
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(a) 

 

 
(b) 

 

Figure 3.11: I-V characteristics for poly-crystalline technology (BP Solar 3230N) (a) 

different irradiation level and (b) different temperature. 
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(a) 

 

 
(b) 

 

Figure 3.12: I-V characteristics for thin-film technology (Shell ST36) (a) different 

irradiation level and (b) different temperature. 
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Statistical Analysis 

Three statistical errors are used for a comprehensive analysis of the proposed 

approach. These errors are the root mean square error (RMSE), the mean bias error 

(MBE) and the mean absolute error (MAE). They are given by the following equations; 

@��U = ���∑ ���]m���������∑ m�����      (3.25) 

��U = ��∑ ���]m��������∑ m�����          (3.26) 

��U = ��∑ |��]m�|������∑ m�����         (3.27) 

Where; y and x represent the measured and experimental value, respectively and n is 

the number of data point taken (five in our case). The precision of the proposed method is 

analyzed by RMSE and MAE while MBE is used to show whether the approach is over-

predicting or under-predicting the experimental value.  

These errors are calculated for current and power at five key points for curves 

available in the datasheet. Figure 3.13 illustrates the values of current errors for 

irradiation and temperature variation. It can be observed that the error at STC is 

negligible and within the acceptable range for other conditions. Its value is increasing 

with the decrease in irradiation and increase in temperature and that is consistent with 

[8][13]. This behavior of increase in error is expected because the five parameters are 

optimized at STC and their values at other operating conditions are measured using 
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model translational equations Eq. (3.9)-(3.13). That explains why the error is increased in 

these conditions. 

 

 

 
 

 

 
 

 
(a) 

(b) 

Figure 3.13: RMSE, MBE, MAE for different irradiation and temperature (a) mono-

crystalline (m-Si) and (b) thin film (CIS) 
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Results obtained are then used to measure the cumulative error at all the available 

operating conditions. Figure 3.14 shows the cumulative error values of RMSE, MBE and 

MAE for the power and current of the mono-crystalline silicon technology PV panels 

(Sunpower and SunForte). It can be seen that the values are very small for all the three 

errors. Similarly, Figure 3.15 and Figure 3.16 show RMSE, MBE and MAE for poly-

crystalline silicone and thin-film technologies. Small values of these errors validate the 

effectiveness of the proposed parameter estimation method. 

 
(a) 

 
(b) 

Figure 3.14: Cumulative error for power and current of mono-crystalline silicon 

technology (a) Sunpower 230W (b) SunForte PM318B00. 
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Figure 3.15: Cumulative error for power and current of ploy-crystalline silicon 

technology (a) BP Solar 3230N (b) Lorentz120W LC120-12P 
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Figure 3.16: Cumulative error for power and current of thin-film technology (a) Shell 

ST36 (b) Kaneka U-EA110W. 

In this test, the comprehensive analysis has been carried out to examine the 

effectiveness of the proposed parameter estimation method. Its efficiency has been tested 
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with the experimental curves. Three statistical errors have been used to measure its 
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STC become 48.7*50 =2435 (48.7 is the open circuit voltage of a panel) and it is evident 

from Figure 3.17. It is also obvious from the graphs that the value of short circuit current 

(ISH) is highly decreased and a value of open circuit voltage (VOC) is slightly reduced by 

decreasing the irradiation level.  

 

Figure 3.17: I-V characteristics of PV 

array at different irradiation (W/m
2
) and 

constant temperature of 25
0
C. 

 

Figure 3.18: I-V characteristics of PV 

array at different temperatures (
0
C) and 

constant irradiation of 1000W/m
2
 

 

Figure 3.18 shows the I-V curves of selected PV array at different temperatures and 

constant irradiation level of 1000W/m
2
. It is clear from the graphs that the I-V curve of 

the PV device are highly non-linear and short circuit current (ISH) increased slightly and 

open circuit voltage (VOC) decreased by increasing the cell temperature.  

This test demonstrates that the proposed PV simulator can operate as a large PV array 

(PV power station) and can generate its I-V curves at different irradiation and 

temperatures. As these operating conditions cannot be constant and continuously varying 

with time, the proposed simulator can be a valuable tool to analyze the impacts of these 

changing condition on the overall power system performance and response. 
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3.6.3 Test 3: PV performance under partial shaded condition 

In order to test the designed simulator under partial shaded condition, PV array 

configuration of Figure 3.8 is adopted. It consists of three series connected PV panels and 

each panel has dissimilar shading pattern hence representing a partially shaded PV array. 

Panel 1 is operating at 1000W/m
2
 25

0
C, panel 2 at 800 W/m

2
 25

0
C, and panel 3 at 300 

W/m
2
 25

0
C.  Figure 3.19 and Figure 3.20 show the I-V and P-V curve of array. I-V curve 

shows the multiple steps and P-V curve shows multiple peaks.  

Figure 3.19: I-V curve for partial 

shaded PV array of Fig. 3.8. 

 

Figure 3.20: P-V curve for partial shaded 

PV array of Fig. 3.8. 
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this value. Similarly, at high voltage level (greater than 98) all the three panels are 

functioning and current is limited by panel 3 because it has the lowest irradiation level. 

This test verifies the robustness of the designed simulator under the harsh condition of 

partial shading. 

3.6.4 Test 4: Interfacing with converter and MPPT controller 

This test shows the capability of a designed simulator to interface with the power 

electronics devices and maximum power point tracking controller. Figure 3.21 shows a 

complete PV system consisting of PV array simulator, DC-DC boost converter, MPPT 

controller and load. The PV simulator will generate the voltage and current depending 

upon the ambient conditions (irradiation and temperature). The current and voltage are 

varying due to changing atmospheric condition therefore DC-DC boost converter is used 

to maintain the output constant and available for the load where MPPT works as a 

controller for the DC-DC converter. 

 

Figure 3.21: PV system used in test 4 
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A single PV panel is used in this test and its electrical data is given in the Table 3.2. 

A non-linear time domain simulation is carried out and a change in solar radiation is 

applied to assess the robustness of the proposed simulator in conjunction with converter 

and MPPT controller. Irradiation pattern is shown in Figure 3.22. 

 

Figure 3.22: Irradiation pattern used in test 

The solar radiation is decreased from 1000 (W/m
2
) to 500 (W/m

2
) from 0.2 sec to 0.3 sec. 

Figure 3.23 demonstrates that the MPPT controller is tracking the maximum power from 

the PV panel under both conditions. Result illustrates the dynamic performance of the 

overall system with the proposed simulator. 

 

Figure 3.23: Plot of PV panel power (PPV) vs time. 
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This test validates that the proposed PV simulator can function in conjunction with 

power electronics converters and their respective controllers. It allows the user to study 

the behavior of the whole system under different operating condition. Moreover, it can 

also be used to verify the effectiveness of MPPT controllers designed for normal and 

shaded conditions. 

3.7 CONLCUSION 

In this thesis a precise PV simulator has been developed based on the five parameters 

electric circuit model of PV device. Model parameters have been estimated by employing 

the efficient intelligent technique, Differential Evolution (DE), using only the data 

provided in the catalogue. PV simulator developed using these estimated parameters have 

been verified by comparing the curves of two different PV technologies at various 

operating conditions.  

It has shown that the developed simulator can operate in harsh conditions of partial 

shading and rapidly changing irradiation condition. Further, the designed simulator can 

also be utilized in a complete PV system interfaced with different power electronic 

devices and MPPT controllers. Four different tests have been conducted and they verified 

the effectiveness of the proposed simulator. It is envisaged that the developed PV array 

simulator can be very helpful for the power system design engineers in the simulation 

study of the power systems before any experimental verification. 



 

 

57 

 

CHAPTER 4 PROPOSED MPPT CONTROLLER DESIGN 

4.1 INTRODUCTION 

PV devices have a non-linear I-V and P-V characteristics and have one optimum 

point called Maximum Power Point (MPP) as discussed in previous chapters. This 

maximum power point is highly vulnerable to the ambient conditions, that are irradiation 

and cell temperature, and these conditions are always changing with time which keeps 

varying the MPP. Therefore the maximum power point tracking (MPPT) controller is of 

great importance and is coupled with the PV arrays to track the MPP and extract the 

maximum possible power from the array. Many MPPT methods have been proposed in 

literature [49][50] from simple linear approximation methods to complex intelligent 

techniques [116]. Maximum power point tracker works with the DC-DC converter which 

is operated as an interface between the PV panel/array and load/inverter. DC-DC 

converter performs two major tasks, one is to track the maximum power point and to 

regulate and step up or step down the output voltage. Stepping up and stepping down of 

the output voltage depends entirely on the system requirements and boost or buck 

converter is used accordingly. Voltage from the PV panel, which is varying depending on 

ambient conditions, is given as input to the DC-DC converter and its output is constant 

voltage across the capacitor where load/inverter can be connected. MPPT works as a 

controller for the DC-DC converter and controls the duty ratio of the switch such that it 
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tracks the MPP under the changing ambient conditions. In short, maximum power point 

tracker (MPPT) is indispensable for all kinds of PV systems. Without MPPT controller 

PV array cannot not be able to operate at full efficiency and will work at a point on I-V 

curve that equivalent with the I-V characteristics of the connected load. 

In this chapter, the conventional Incremental conductance (InCond) method and its 

shortcomings in tracking the MPP will be discussed. Then the new intelligent MPPT 

controller based on the Artificial Neuro-Fuzzy Inference System (ANFIS) is proposed 

and developed. 

4.2 CONVENTIONAL INCREMENTAL CONDUCTANCE METHOD 

The Incremental Conductance (InCond) method is basically based upon the Hill 

Climbing (HC) Method also known as Perturbation & Observation (P&O). A slight 

modification in HC and P&O results in a InCond with more robust tracking. First we will 

discuss the P&O method then InCond for better understanding. 

P&O technique is based on the principle of moving the operating point of the PV 

array in the direction of power increases. The algorithm constantly adjusts the electrical 

operating point by measuring the operating voltage and current of the PV panel to 

observe the change in power transfer. The perturbation is applied by slightly changing the 

voltage in a certain direction, and the power change is observed. If the change is positive, 

it is obvious that the MPPT has moved the operating point of the PV panel closer to the 

MPP. Thus the voltage is perturbed in the same direction. If the change on the other hand 
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is negative, the operating point has become less optimal and the direction of perturbation 

must be changed. This algorithm can be described by the following statements: 

If dP/ dV > 0 : The PV panel has achieved an operating point closer to the MPP 

If dP /dV < 0 : The PV panel has achieved an operation point further away from the MPP. 

Algorithm of InCond is assumed as an improvement of the P&O method, as previously 

mentioned. As the name implies, the algorithm uses the incremental conductance as 

background of operation, which is the current divided by the voltage (inverted 

resistance). The MPPT finds the point where the gradient of the power over voltage 

equals zero and given by;  

Z2
Z� = 0       (4.1) 

Using the product rule, the below relation can be found; 

Z2
Z� = Z����

Z� = Z�
Z� + � Z�Z� = Z�

Z� t + �	   (4.2) 

Z�
Z� = − �

�      (4.3) 

Flow chart for the InCond is shown in Figure 4.1 
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Figure 4.1: Flowchart for incremental conductance method. 
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• At steady-state condition, the amplitude of the PV power oscillates around the 

maximum point that causes system power losses. 

• During cloudy days when the irradiance varies quickly the operating point moves 
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4.3 PROPOSED ANFIS-BASED MPPT 

4.3.1 Adaptive Network-Based fuzzy Inference System (ANFIS) 

Like neural network ANFIS also has network type structure and maps the input-

output data set using the parameters of fuzzy membership functions. Figure 4.2 

demonstrates a simple ANFIS architecture based on the two rule Sugeno system with two 

inputs (X and Y) and single output (F). Here A1, A2 and B1, B2 are fuzzy input 

memberships for input X and Y, respectively and are used to fuzzify the inputs [102]. 

A Two Rule Sugeno ANFIS has rules of the form: 

�z	d	n�	�e	�kl	�	n�	�e					=�UO					ze = EeD + �e� + Ve      (4.4) 

�z	d	n�	�f	�kl	�	n�	�f					=�UO					zf = EfD + �f� + Vf     (4.5) 

Overall ANFIS architecture has 5 layers as shown in Figure 4.2 and now we discuss 

each layer in turn. 

 

Figure 4.2: ANFIS architecture. 
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Layer 1: 

In layer 1 every node is adaptive node and their number depends upon the number of 

input membership functions. Their output is given by:  

 e,b = 9¡��D�							zWV	n = 1,2     (4.6) 

 e,b = 9¢�£����							zWV	n = 3,4     (4.7) 

Where, µ is the membership function and  e,b  is the membership value for the crisp 

inputs X and Y. The subscripted 1 and i represent the layer number and node number, 

respectively. 

Membership functions “ µ ” can be any shaped function like trapezoidal, triangle, 

guassian. The most commonly used membership function is generalized bell and is given 

by: 

9¡�D� = e
e�K_£6�\� K

�¦�           (4.8) 

Where; ai, bi, ci are parameters of the membership function (called premise 

parameter) and need to be optimize in the training process. 

Layer2: 

Every node in this layer is fixed node and accepts the output (membership values) 

from the layer 1 where t-norm is utilized to “AND” these values, given by; 
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 f,b = ~b = 9¡��D�9¢���					n = 1,2    (4.9) 

Output of each node corresponds to the firing strength of a rule.  

Layer 3: 

Every node in this layer is fixed node and used to normalize the firing strength by 

dividing the rule’s firing strength by the sum of all rules firing strengths, given by; 

 B,b = ~§b = �������     (4.10) 

Output of each node represents the normalized firing strength of a rule.  

Layer 4: 

Every node in this layer is adaptive node and given by the function; 

 ¨,b = ~§bzb = ~§b�EbD + �b� + Vb�    (4.11) 

Where; pi, qi, ri is the consequent parameters and need to optimize in the training 

process. 

Layer 5: 

It has only one fixed node and sum up all the input signals to get the final output and 

is given by;  

 ©,b = ∑ ~§bzbb = ∑ ��%��∑ ���      (4.12) 

Learning Process: 
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In the learning algorithm ANFIS optimize and adapt its parameters using the training 

data sets to predict the output data with high accuracy. The Sugeno-type model has two 

types of parameters [103].  

• Nonlinear parameters or membership functions parameters (premise parameters). 

• Linear parameters or rules parameters (consequent parameters). 

Various learning methods have been proposed by the researchers. Method used in this 

paper is based on the hybrid learning algorithm that employ the combination of  back 

propagation (BP) and least square estimation (LSE) to optimize the premise and 

consequent parameters [102].  

In this method two pass learning algorithms (forward pass and backward pass) are 

used: 

• In forward pass consequent (linear) parameters are calculated using a LSE algorithm 

while premise (nonlinear) parameters are unmodified. 

• In backward pass premise (nonlinear) parameters are calculated using a back 

propagation algorithm while consequent (linear) parameters are unmodified. 

LSE learning algorithm calculates the square error between training data output and 

predicted output that is obtained from the Sugeno-type model. This error is utilized to 

adapt the consequence parameters of the Sugeno parameters. The back propagation 

gradient descent method uses the error between output training data and predicted output 

in backward pass to calculate the error in different nodes. 
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4.3.2 Application of ANFIS for MPPT 

As the output characteristics of PV system are highly nonlinear, AI techniques are 

widely used to improve the efficiency of the MPPT controller [116]. Fuzzy logic can 

transform the linguistic and heuristic terms to numerical values and numerical values to 

linguistic terms using membership functions and fuzzy rules. Neural network can map the 

input output nonlinear functions but it does not have heuristic nature. Researchers 

combine the FIS with the ANN to build a hybrid system named as Adaptive Network-

Based Fuzzy Inference System (ANFIS) to balance the shortcomings of one system with 

the advantages of another system [102]. 

To design a MPPT controller using ANFIS, first task is to gather the input-output data 

set for training purpose. This training data is generated using the developed PV model in 

chapter 3. A step by step process of data generation is illustrated in the flowchart shown 

in Figure 4.3. As a first step, values of the five unknown parameters for a considered PV 

panel and PV array are estimated using an efficient algorithm proposed in chapter 3. The 

training parameters are; 

NMAX: Number of training data points. 

TMIN:  Minimum temperature 

TMAX: Maximum temperature 

SMIN:  Minimum Irradiation 

SMAX: Maximum Irradiation 
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Where; TMIN, TMAX and SMIN, SMAX represent the range of temperature and irradiation 

and can be specified depending upon the geographical location where PV array is 

installed. 

 

Figure 4.3: Proposed method to generate input output data set for ANFIS training 
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It is followed by the generation of random operating condition within the specified 

range and modification of five parameters at this operating condition using Eq. (3.9) to 

(3.13). Advantage of using the random operating condition is that it includes the 

uncertainties of the weather conditions within the training process. Then the 

transcendental non-linear equation Eq. (3.4) is solved for current calculation using 

proficient numerical technique (Newton-Raphson in our case) and value of voltage 

corresponding to maximum power point is stored against the specified operating 

condition. This process is executed for NMAX times to generate the training data set of 

length NMAX. After getting the input-output data set, next step is to design the ANFIS-

based MPPT by hybrid learning algorithm. In the learning algorithm parameters of the 

membership functions are adapted such that they track the input output data finely. 

The arrangement of the developed ANFIS-based MPPT controller is shown in Figure 

4.4. Input of the proposed ANFIS-based MPPT controller is the ambient conditions, i.e 

irradiation and temperature and its output is the reference voltage (VREF) which is 

normalized using DC link voltage (VDC). The normalized reference voltage (VREF, norm) is 

fedback to the voltage control loop where PI controller is used to maintain the output 

voltage of PV array (VPV) to the reference optimal voltage by adjusting the duty ratio of 

DC-DC converter, which results in maximum power extraction. 
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Figure 4.4: PV system. 
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4.3.3 Testing of ANFIS 

A PV system used to verify the competence of the proposed ANFIS-based MPPT 

controller is shown in Figure 4.4. It consists of PV array, DC-DC buck converter, MPPT 

controller, DC link capacitor and inverter. PV array will generate a varying DC voltage 

(VPV) and current (IPV) depending upon the weather conditions. Buck converter and DC 

link capacitor are utilized to smooth these varying quantities and make accessible for the 

inverter. MPPT is employed as a controller for buck converter that adjusts the duty ratio 

of switch to extract maximum possible power from the PV array under all operating 

conditions. 

Specifications of a PV panel used are shown in Table 4.1. An array of 50x20 panels is 

used to show the operation of the proposed ANFIS-based MPPT controller with a large 

PV power station.  

Table 4.1: Specification of PV panel at STC. 

Panel parameters 

from data sheet 
Value 

Estimated model 

parameters 
Values 

VOC 21.7 IL 3.35 

ISC 3.35 I0 1.7053e-05 

VMP 17.4 RS 0.00477 

IMP 3.05 RSH 3.9601e+04 

Nc 36 a 1.78044 

 

Buck converter is designed to work in a continuous conduction mode (CCM) and 

have the specifications of; C1=100 µF, L=5 mH, switching frequency of 5 kHz and DC 

link capacitor C2=500 µF. Training parameters used to generate the set of input-output 
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data set are; NMAX=1000, TMAX =80
0
C, TMIN=0

0
C, SMAX=2000W/m

2
, SMIN=0W/m

2
. These 

parameters show the wide and dynamic range for temperature and irradiation that allows 

the designed MPPT to work efficiently under uncertain operating conditions.  

The ANFIS-based MPPT is developed in MATALB/Simulink using three generalized 

bell (g-bell) membership functions. Hybrid learning algorithm is utilized that use the LSE 

to adapt the consequent parameters and back propagation method to optimize the premise 

parameters of the membership functions. The epochs selected for training purpose is 300 

that reduced the training root mean square error (RMSE) to the lower value of 0.8 as 

shown in Figure 4.5. 

 

Figure 4.5: Training error versus epochs for the ANFIS 

4.4 RESULT AND DISCUSSION 

To validate the effectiveness of the proposed ANFIS-based MPPT a comparison with 

conventional incremental conductance (InCond) method is carried out. Four different 
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step-up change in irradiation, step-down change in irradiation, step-up change in 

temperature and step-down change in temperature and are explained below. 

4.4.1 Test 1: Step-up change in irradiation 

This test is conducted under the step-up change in irradiation level and its pattern is 

shown in the Figure 4.6. It shows that the solar radiation is constant with a value of 500 

W/m
2
 up to 0.25 seconds and then increases drastically to 1000 W/m

2
. The P-V curves 

for selected PV array under low (500 W/m
2
 and 25

0
C) and normal (1000 W/m

2
 and 25

0
C) 

irradiation level are shown in Figure 4.7. It can be seen that the maximum power that can 

be generated by PV array at low irradiation level is 24.669 kW and labeled as point X on 

the graph. After a step-up change in irradiation, the operating point shifts to point Y 

having the maximum possible power of 53.07 kW (VMP*IMP*NSS*NPP=53.07kW). 

Figure 4.6: Setup-up irradiation pattern.  
Figure 4.7: PV curve under normal and 

low irradiation conditions. 
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size is chosen based on a tradeoff between fluctuations in the steady state and tracking 

speed. Figure 4.8 shows a comparison of PV array power output (PPV) for both the 

controllers. It can be seen from the graph that the MPP reached by the proposed ANFIS-

based MPPT controller is much faster than the conventional InCond in both the tracking 

regions, i.e start of the algorithm and step-up change in irradiation. For example it can 

track the MPP in 0.04 sec while the InCond take 0.1 sec in the start of the algorithm. 

When a step-up change in irradiation occur, the MPPT controller shifts the operating 

point from point X to Y and it can be noticed from the plot that the response of InCond is 

much slower than the proposed ANFIS-based MPPT. 

 

Figure 4.8: Characteristics of PV power output under step-up irradiation change 
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To demonstrate the efficiency of a proposed controller in the steady state region, 

portion of a graph from 0.3sec to 0.34sec is enlarged where irradiation level is maintained 

at 1000W/m
2
. It can be noticed from the enlarged graph that the proposed ANFIS-based 

MPPT has smoother response as compare to InCond which shows a considerable amount 

of fluctuation in the steady state and its power varies from 53.07 kW to 52.78 kW that 

shows oscillation of 294W. Although, it is possible to diminish these fluctuations by 

reducing the perturbation step size but that results in even more slow tracking of MPP.  

The simulation results for duty cycle, PV array voltage (VPV) and current (IPV) are 

shown in Figure 4.9, Figure 4.10, Figure 4.11, respectively, and verify the effectiveness 

of the proposed MPPT under the rapidly changing irradiation condition. 

 

Figure 4.9: Plot of duty ratio under step-up change in irradiation. 
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Figure 4.10: Characteristics of PV voltage under step-up irradiation change. 

 

 

Figure 4.11: Characteristics of PV current under step-up irradiation change. 
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4.4.2 Test 2: Step-down change in irradiation 

This test is conducted under the step-down change in irradiation level and its pattern 

is shown in the Figure 4.12. It shows that the solar radiation is constant with a value of 

1000 W/m
2
 up to 0.25 seconds and then decrease drastically to 500 W/m

2
. The P-V 

curves for selected PV array under normal (1000 W/m
2
 and 25

0
C) and low (500 W/m

2
 

and 25
0
C) irradiation level are shown in Figure 4.13. It can be seen that the maximum 

power that can be generated by PV array at normal irradiation level is 53.07kW 

(VMP*IMP*NSS*NPP=53.07kW) and labeled as point X on the graph. After a step-down 

change in irradiation, the operating point shifts to point Y having the maximum possible 

power of 24.669kW as shown in Figure 4.13. 

Figure 4.12: Setup-down irradiation pattern. 
 

 
Figure 4.13: PV curve under normal and low 

irradiation conditions. 
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It can be seen from the graph that the MPP reached by the proposed ANFIS-based 

controller is much faster than the conventional InCond in both the tracking regions, i.e 

start of the algorithm and step-up change in irradiation. For example it can track the MPP 

in 0.04 sec while the InCond take more than 0.1 sec in the start of the algorithm. When a 

step-down change in irradiation occur, the MPPT controller shifts the operating point 

from point X to Y and it can be noticed from the plot that the response of InCond is much 

slower than the proposed ANFIS-based MPPT. 

 

Figure 4.14: Characteristics of PV power output under step-down irradiation change. 
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maintained at 500 W/m
2
. It can be noticed from the enlarged graph that the proposed 

ANFIS-based MPPT has smoother response as compare to InCond which shows a 

considerable amount of fluctuation in the steady state and its power varies from 24.67 

kW to 24.39 kW that shows oscillation of 280 W. Although, it is possible to diminish 

these fluctuations by reducing the perturbation step size but that results in even more 

slow tracking of MPP.  

The simulation results for duty cycle, PV array voltage (VPV) and current (IPV) are 

shown in Figure 4.15, Figure 4.16, Figure 4.17, respectively, and verify the effectiveness 

of the proposed MPPT under the rapidly changing irradiation condition. 

 

Figure 4.15: Plot of duty ratio under step-down irradiation change. 
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Figure 4.16: Characteristics of PV voltage under step-up irradiation change. 

 

Figure 4.17: Characteristics of PV current under step-up irradiation change. 
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4.4.3 Test 3: Step-up change in temperature 

This test is conducted under the step-up change in temperature and its pattern is 

shown in the Figure 4.18. It shows that the temperature is constant with a value of 0
0
C up 

to 0.25 seconds and then increases drastically to 25
0
C. The P-V curves for selected PV 

array at low temperature (0
0
C and 1000 W/m

2
) and normal (1000 W/m

2
 and 25

0
C) 

temperature are shown in Figure 4.19. It can be seen that the maximum power that can be 

generated by PV array at low temperature is 59.53 kW and labeled as point X on the 

graph. After a step-up change in temperature, the operating point shifts down to point Y 

having the maximum possible power of 53.07 kW (VMP*IMP*NSS*NPP=53.07kW) as 

shown in Figure 4.19. 

Figure 4.18: Step-up temperature pattern. 

 

 
Figure 4.19: PV curve under normal and low 

temperature conditions. 
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It can be seen from the graph that the MPP reached by the proposed ANFIS-based 

controller is much faster than the conventional InCond in both the tracking regions, i.e 

start of the algorithm and step-up change in temperature. For example it can track the 

MPP in 0.04 sec while the InCond take more than 0.1 sec in the start of the algorithm. 

When a step-up change in temperature occur, the MPPT controller shifts the operating 

point from point X to Y and it can be noticed from the plot that the response of InCond is 

much slower than the proposed ANFIS-based MPPT. 

 

Figure 4.20: Characteristics of PV power output under step-up temperature change. 
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level are maintained at 25
0
C and 1000 W/m

2
. It can be noticed from the enlarged graph 

that the proposed ANFIS-based MPPT has smoother response as compare to InCond 

which shows a considerable amount of fluctuation in the steady. Although, it is possible 

to diminish these fluctuations by reducing the perturbation step size but that results in 

even more slow tracking of MPP. The simulation results for duty cycle, PV array voltage 

(VPV) and current (IPV) are shown in Figure 4.21, Figure 4.22, Figure 4.23 respectively, 

and verify the effectiveness of the proposed MPPT under the rapidly changing 

temperature condition. 

 

Figure 4.21: Plot of duty ratio under step-up temperature change. 
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Figure 4.22: Characteristics of PV voltage under step-up temperature change. 

 

Figure 4.23: Characteristics of PV voltage under step-up temperature change. 
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4.4.4 Test 4: Step-down change in temperature 

This test is conducted under the step-down change in temperature and its pattern is 

shown in the Figure 4.24. It shows that the temperature is constant with a value of 25
0
C 

up to 0.25 seconds and then decreases drastically to 0
0
C. The P-V curves for selected PV 

array under normal (25
0
C and 1000 W/m

2
) and low temperature (0

0
C and 1000 W/m

2
) 

irradiation level are shown in Figure 4.25. It can be seen that the maximum power that 

can be generated by PV array at normal irradiation level is 53.07kW 

(VMP*IMP*NSS*NPP=53.07kW) and labeled as point X on the graph. After a step-down 

change in temperature, the operating point shifts up to point Y having the maximum 

possible power of 59.53kW as shown in Figure 4.25. 

 
Figure 4.24: Step-down temperature 

pattern. 
 

 
Figure 4.25: PV curve under normal and low 

temperature conditions. 
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It can be seen from the graph that the MPP reached by the proposed ANFIS-based 

controller is much faster than the conventional InCond in both the tracking regions, i.e 

start of the algorithm and step-up change in irradiation. For example it can track the MPP 

in 0.04 sec while the InCond take more than 0.1 sec in the start of the algorithm. When a 

step-down change in temperature occur, the MPPT controller shifts the operating point 

from point X to Y and it can be noticed from the plot that the response of InCond is much 

slower than the proposed ANFIS-based MPPT. 

 

Figure 4.26: Characteristics of PV power output under step-down temperature change. 
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level is maintained at 0
0
C and 1000 W/m

2
. It can be noticed from the enlarged graph that 

the proposed ANFIS-based MPPT has smoother response as compare to InCond which 

shows a considerable amount of fluctuation in the steady state. Although, it is possible to 

diminish these fluctuations by reducing the perturbation step size but that results in even 

more slow tracking of MPP. 

The simulation results for duty cycle, PV array voltage (VPV) and current (IPV) are 

shown in Figure 4.27, Figure 4.28, Figure 4.29, respectively, and verify the effectiveness 

of the proposed MPPT under the rapidly changing irradiation condition. 

 

Figure 4.27: Plot of duty ratio under step-down temperature change. 
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Figure 4.28: Characteristics of PV voltage under step-down temperature change 

 

Figure 4.29: Characteristics of PV current under step-down temperature change. 
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4.4.5 Test 5: Linear change in irradiation 

This test is conducted under the linear change in irradiation level and its pattern is 

shown in the Figure 4.30. It shows that the solar radiation is constant with a value of 500 

W/m
2
 up to 0.2 seconds and then increases linearly to 1000 W/m

2
 at 0.4 seconds. The P-

V curves for selected PV array under low (500 W/m
2
 and 25

0
C) and normal (1000 W/m

2
 

and 25
0
C) irradiation level are shown in Figure 4.31. It can be seen that the maximum 

power that can be generated by PV array at low irradiation level is 24.669 kW and 

labelled as point X on the graph. After a linear change in irradiation, the operating point 

shifts to point Y having the maximum possible power of 53.07 kW 

(VMP*IMP*NSS*NPP=53.07kW). 

 

Figure 4.30: linear change in irradiation.  
 

 

Figure 4.31: PV curve under normal 

and low irradiation conditions. 
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size is chosen based on a trade-off between fluctuations in the steady state and tracking 

speed. Figure 4.32 shows a comparison of PV array power output (PPV) for both the 

controllers. It can be seen from the graph that the MPP reached by the proposed ANFIS-

based MPPT controller is much faster than the conventional InCond. For example it can 

track the MPP in 0.04 sec while the InCond take 0.1 sec in the start of the algorithm. 

During changing irradiation, the MPPT controller tracks the MPP point and shift the 

operating point from point X to Y and it can be noticed from the plot that the response of 

InCond is much slower than the proposed ANFIS-based MPPT. 

 

Figure 4.32: Characteristics of PV power output under linear irradiation change 

The simulation results for duty cycle, PV array voltage (VPV) and current (IPV) are 

shown in Figure 4.33, Figure 4.34, Figure 4.35, respectively, and verify the effectiveness 

of the proposed MPPT under the linear changing irradiation condition. 
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Figure 4.33: Plot of duty ratio under linear irradiation change 

 

Figure 4.34: Characteristics of PV voltage under linear irradiation change 
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Figure 4.35: Characteristics of PV current under linear irradiation change. 

4.4.6 Test 6: Comparison of ANFIS and FUZZY based MPPT controllers 

In this test a comparison is made between the proposed ANFIS-based and Fuzzy 

Logic based MPPT controller (FLC) under the step-down change in irradiation level and 

its pattern is shown in the Figure 4.36. It shows that the solar radiation is constant with a 

value of 1000 W/m
2
 up to 0.25 seconds and then decrease drastically to 500 W/m

2
. The 

P-V curves for selected PV array under normal (1000 W/m
2
 and 25

0
C) and low (500 

W/m
2
 and 25

0
C) irradiation level are shown in Figure 4.37. It can be seen that the 

maximum power that can be generated by PV array at normal irradiation level is 

53.07kW (VMP*IMP*NSS*NPP=53.07kW) and labeled as point X on the graph. After a 

step-down change in irradiation, the operating point shifts to point Y having the 

maximum possible power of 24.669kW as shown in Figure 4.37. 
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Figure 4.36: Step-down change in 

irradiation. 
 

 

Figure 4.37: PV curve under normal and low 

irradiation conditions. 

A non-linear time domain simulation is carried out with the proposed ANFIS-based 

and Fuzzy-based MPPT controllers. FLC MPPT developed in [2] (list of publication) is 

used. Figure 4.38 shows a comparison of PV array power output (PPV) for both the 

controllers. It can be seen from the graph that the MPP reached by the proposed ANFIS-

based controller is faster than the FLC MPPT in both the tracking regions, i.e start of the 

algorithm and step-up change in irradiation. When a step-down change in irradiation 

occur, the MPPT controller shifts the operating point from point X to Y and it can be 

noticed from the plot that the response of FLC MPPT is slower than the proposed 

ANFIS-based MPPT. The simulation results for duty cycle, PV array voltage (VPV) and 

current (IPV) are shown in Figure 4.39, Figure 4.40, Figure 4.41, respectively, and verify 

the effectiveness of the proposed ANFIS-based MPPT over the FLC MPPT controller. 
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Figure 4.38: Characteristics of PV power output under step-down irradiation change. 

 

Figure 4.39: Plot of duty ratio under step-down irradiation change 
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Figure 4.40: Characteristics of PV voltage under step-up irradiation change 

 

Figure 4.41: Characteristics of PV current under step-up irradiation change 
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4.4.7: Robustness of the Proposed Controller 

The competence of proposed ANFIS-based MPPT at different operating condition is 

illustrated by comparing the maximum power extracted by ANFIS-based MPPT with the 

conventional InCond method. Percentage error is calculated using the reference power 

calculated from the efficiently developed PV model described in chapter 3 and is shown 

in Figure 4.42 and Figure 4.43.  

 

Figure 4.42: Percentage error in PMP at different irradiation level and constant 

temperature 

 

Figure 4.43: Percentage error in PMP at different temperature and constant irradiation 
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Figure 4.42 shows the percentage error at different irradiation levels with constant 

temperature of 25
0
C. It can be seen that the value of error is negligible for the ANFIS-

based MPPT for a wide range of operating conditions. Lower value of error depicts that 

the proposed controller is able to extract maximum possible from the PV array at all 

weather condition. Its proficiency at varying temperature is shown Figure 4.43. From the 

simulation results, it can be inferred that the proposed ANFIS-based controller is faster 

than InCond controller in transitional state, and has fewer oscillations in steady state. All 

these factors will cause less power loss and results in more power output from PV array.  

4.5 CONCLUSION 

Maximum Power Point Tracking (MPPT) controllers are used to extract maximum 

possible power from the PV system and all operation condition. The conventional MPPT 

controllers have some drawbacks associated with them that causes significant amount of 

power loss. In this chapter, a novel MPPT controller has been proposed and developed 

based on the ANFIS. The proposed controller hybridizes the principles of two efficient 

intelligent techniques; Fuzzy Inference systems (FIS) and Artificial Neural Network 

(ANN). A nonlinear time domain simulation has been carried out to assess the 

effectiveness of the proposed controllers under different disturbances. Results and 

comparison showed that the proposed ANFIS-based MPPT controller can fulfill the 

shortcomings of the conventional method and can track the MPP is shorter time with 

fewer fluctuations. The obtained results demonstrate that the proposed ANFIS-based 

controller has better dynamic and steady state performance than the conventional method. 
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CHAPTER 5 EXPERIMENTAL SETUP 

5.1 INTRODUCTION 

The effectiveness of the proposed ANFIS-based MPPT controller is experimentally 

verified using the Real Time Digital Simulator (RTDS) and dSPACE controller. A 

complete PV system is developed in RTDS and the proposed ANFIS-based MPPT is 

designed in dSPCAE controller. This chapter explains the design and implementation of 

the PV system and proposed the ANFIS-based MPPT controller and integration of RTDS 

with dSPACE controller. All the experimental setup is developed in the Department of 

Electrical Engineering, King Fahd University of Petroleum and Minerals (KFUPM) 

under the supervision of Prof. M. A. Abido. 

5.2 EXPERIMENTAL SETUP COMPONENTS 

5.2.1 Real Time Digital Simulator (RTDS) 

Digital techniques are the most important techniques that simulate the modern power 

systems since later 1960s, especially for power system simulation. In the past, modern 

technology has gone through tremendous development in the area of power system and 

digital simulation. The microprocessor progresses, communication and transducer 
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technologies have provided new means for the development in power system protection 

and relay testing. 

In this thesis, Real Time Digital Simulator (RTDS) is used to simulate a complete PV 

system. It is a fully digital electromagnetic transient power system simulator. It can be 

used to conduct close-loop testing of physical devices such as protection equipment and 

control equipment; to perform analytical system studies and to educate operators, 

engineers and students [117]. It is a cost-effective replacement for transient network 

analyzers and analogue/hybrid simulators. RTDS allows the user to investigate the effects 

of disturbances on power system equipment and networks to prevent outages or complete 

failure. Moreover, RTDS added the capability to improve the simulation accuracy and 

better capture the switching events [118]. 

RTDS is generally designed to simulate power systems in real time with time step-

sizes on the order of 50µs. The system uses a number of digital signal processors (DSPs) 

which operated in parallel. It provides a number of digital and analog I/O ports for 

interfacing hardware to the simulation. It features a more powerful processor combined 

with FPGAs which allow the simulation of a limited number of power electronics devices 

with time step as small as 1.4 - 2.5µs embedded in the 50µs time-step environment. 

Therefore, it allows the simulation of power electronics converter operating at higher 

switching frequency with sufficient accuracy. In addition, its real time capability allows 

the user to incorporate real devices into the simulation in a closed loop environment.  
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Its advantage is that it can solve the power system equations continuously and 

computes the outputs fast enough such that the simulation realistically represents the 

situation of the real systems. As it replicates the situation of real time systems it can be 

interfaced directly to the protective relays and power system control equipments to 

analyze their performance [117]. 

RTDS is a combination of advanced computer hardware and comprehensive software 

called RSCAD. The custom parallel processing hardware architecture was assembled in 

modular units called racks. Each rack contains slot and rail-mounted cards. The specific 

composition of an RTDS depends on the processing and I/O requirements of the intended 

application. A common communications backplane links all rack mounted cards 

facilitating information exchange. RTDS cubicle rack is shown in Figure 5.1. 

 

Figure 5.1: Real Time Digital Simulator (RTDS) rack. 
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The RTDS™ employs an advanced and easy to use graphical user interface - the 

RSCAD Software Suite. All loading, running and controlling of the simulations are done 

entirely from the host workstation through the RSCAD/Runtime module. The Power and 

Control System Software is an integral part of RSCAD for RTDS™. The software is 

comprised of several modules designed to allow the user to perform the simulation and 

result analysis. Any power system network can be created on the computer screen of the 

RTDS. This can be done by selecting the components from a number of customized 

component model libraries then arranging them to build the network. Once the system 

has been drafted and with all parameter settings, the appropriate compiler automatically 

generates the low-level code necessary to perform the simulation using the RTDS 

Simulator. The Software is used to interface with the RTDS hardware. It is designed to 

allow the user to perform all the steps necessary to prepare and run the simulation then 

analyze its output. It has now become one of the most important product test and 

development tools throughout the world [119]. 

RTDS works in real-time to provide solutions to power system equations quickly 

enough to accurately represent conditions in the real world. RTDS offers superior 

accuracy over analogue systems. It allows for comprehensive product and/or 

configuration tests. RTDS provides a variety of transient study possibilities.  

5.2.2 dSPACE Controller 

The dSPACE controller offers an inclusive solution for electronic control unit (ECU) 

software development. It is powerful development tools for dedicated services in the field 
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of function prototyping, target implementation, and ECU testing. Real time control 

systems can be built using dSPACE and the control logic can be implemented [120]. 

In this study dSPACE DS1104 R&D Controller Board is used. It is a standard board 

that can be plugged into a PCI (Peripheral Component Interconnect) slot of a PC. The 

DS1104 is specifically designed for the development of high-speed multivariable digital 

controllers and real-time simulations in various fields. It is a complete real-time control 

system based on a 603 PowerPC floating-point processor running at 250MHz. For 

advanced I/O purposes, the board includes a slave-DSP subsystem based on the 

TMS320F240 DSP microcontroller. The dSPACE DS1104 Controller Card is shown in 

Figure 5.2. 

 

Figure 5.2: dSPACE controller card. 
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Using an adapter cable one can link the external signals from the 100-pin I/O 

connector on the board to Sub-D (D-sub miniature) connectors. So, one can make a high-

density connection between the board and the devices of your application through Sub-D 

connectors. Specific interface connector panels provide easy access to all the input and 

output signals of the DS1104 Controller Board. The Connector Panel (CP1104) provides 

easy-to-use connections between the DS1104 Controller Board and devices to be 

connected to it. Devices can be individually connected, disconnected or interchanged 

without soldering via BNC (Bayonet Neill–Concelman) connectors and Sub-D 

connectors. This simplifies system construction, testing and troubleshooting. In addition 

to the CP1104, the Connector/LED Combi Panel (CLP1104) provides an array of LEDs 

indicating the states of the digital signals [121]. 

For purposes of rapid control prototyping (RCP), specific interface connectors and 

connector panels, discussed above, provide easy access to all input and output signals of 

the board. Thus, the dSPACE DS1104 Controller Board is the ideal hardware for cost-

sensitive RCP applications. The dSPACE works on Matlab/Simulink platform which is a 

common engineering software and easy to understand. Another feature of the dSPACE is 

the Control desk which allows the graphical user interface. Through the control desk the 

user can observe the response of the system also he can give command to the system 

through this interface. Real time interface is needed for the dSPACE to work. Real-time 

Interface (RTI) is the link between dSPACE’s real-time systems and the 

MATLAB/Simulink. RTI is an easy graphical I/O configuration and automatic code 

generation system it executes the C code for Real Time Workshop so that the Simulink 
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models can easily be implemented on dSPACE real-time hardware. Once the I/O has 

been configured and the controller has been programmed in a Simulink block diagram, 

model code can be generated using Real-Time Workshop. The real-time model is 

compiled and downloaded to the dSPACE hardware. The compilation of the .mdl file in 

Simulink using RTI also generates a file with extension .sdf. This file can be accessed in 

ControlDesk – software that helps in managing real-time and Simulink experiments. The 

dSPACE connecter panel (PCI) controller board is shown in Figure 5.3. 

 

Figure 5.3: dSPACE panel connector board. 

5.3 BUILDING PV MODEL USING RTDS 

A complete PV system is developed on RSCAD software which is then compiled and 

sent for real-time simulations on RTDS. Real-time digital simulator (RTDS) is a 
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combination of specialized computer hardware and software designed specifically for 

electromagnetic transient simulations in real-time. Its response is much nearer to the 

existing practical systems. RTDS is used for high speed simulations, closed-loop testing 

of protecting and control equipment and hardware in the loop (HIL) applications.  

5.3.1 PV array 

 

Figure 5.4: PV array model in RTDS. 

Figure 5.4 shows the PV array model in RTDS. It has two power system nodes which 

allows it to be interfaced with the RTDS Network Solution; nodes P and N represent the 

positive and negative terminals respectively. The connections labeled “INSOLATION” 

and “TEMPERATURE” are the PV array input signals. Model can simulate PV panels 

with different specifications and able to work with any number of series and parallel 

connected PV panels depending upon the output power requirement.   
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5.3.2 Buck Converter 

In RTDS buck converter is designed with the help of IGBT switch, diode and 

inductor, available in the component library. Switching of the IGBT is controlled by 

PWM signal generated by comparing the duty cycle with the triangle wave. The value of 

the duty cycle is adjusted by the MPPT controller to track maximum power from PV 

array. Figure 5.5 shows the designed buck converter. 

 

Figure 5.5: Buck converter in RTDS. 

5.3.3 Gigabit Transceiver Analogue Output (GTAO) 

The Gigabit Transceiver Analogue Output Card (GTAO) is used to convert the digital 

signals from RTDS to analogue signals and interface RTDS to external devices shown in 
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Figure 5.6. The GTAO card includes twelve, 16 bit analogue output channels with an 

output range of +/− 10 volts. The 16 bit DACs provide a wide dynamic range. It is 

mounted in the rear of the RTDS cubicle rack and connects to a GPC processor card via 

an optical cable. A single +24 volt power supply signal is required to power the card. 

Analogue output signals connect to terminal blocks available on the GTAO card. 

 

Figure 5.6: Gigabit Transceiver Analogue Output (GTAO) card. 

To write the signals on the GTAO card a GTAO component is available in 

RSCAD/Draft named as “rtds_risc_ctl_GTAO OUT” and is located in the I/O 

Components hierarchy box under the Controls tab in the Master Library. The user is able 

to individually enable the channels and set scale factors for each enabled channel. The 

GTAO component with its twelve channels is shown in Figure 5.7 
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Figure 5.7: GTAO component in RSCAD. 

Inputs to the GTAO model are IEEE−754 double precision floating point numbers. 

This model converts and scales input signals to 16−bit integers and writes them to the 

GTAO. The GTAO card’s output range is +/− 10 volts. Inputs to the GTAO component 

must be scaled to produce a desired voltage on the output channels of the GTAO card. 

The scale values can be entered in the “D/A Output Scaling” menu item. For example, an 

input signal of magnitude 187.79 kV L−N peak is input to the GTAO component. 

Entering a scale value of 187.79 will result in a 5V peak signal output of the GTAO card. 

5.3.4 Gigabit Transceiver Analogue Input (GTAI) 

The Gigabit Transceiver Analogue Input Card (GTAI) is used to interface analogue 

signals from an external device to the RTDS and shown in Figure 5.8. The GTAI card 
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includes 12 analogue input channels with each channel configured as a differential input 

with an input range of +/− 10 volts. Sixteen bit A/D converters are used on the GTAI 

card. The GTAI card is mounted on the rear of the RTDS cubicle and connects to a GPC 

processor card via an optical cable. A single +24 volt power supply signal is required to 

power the card. Analogue input signals connect to terminal blocks available on the GTAI 

card. The GTAI card uses two Analog Devices AD7656 ADCs. Each AD7656 chip 

includes six independent sixteen bit A/D converters. 

 

Figure 5.8: Gigabit Transceiver Analogue Input (GTAI) Card. 

To read the signals from the GTAI card a GTAI component is available in 

RSCAD/Draft named as “rtds_risc_ctl_GTAI” and is located in the I/O Components 

hierarchy box under the Controls tab in the Master Library. The user is able to 

individually enable the channels and set scale factors for each enabled channel. 
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Figure 5.9: GTAI component in RSCAD. 

The GTAI reads data from up to twelve analogue input channels and converts it to 

digital format for use by the RTDS. Each channel may be enabled or disabled using the 

toggle boxes provided in the ’ENABLE A/D INPUT CHANNELS’ menu. A separate 

scale value is specified for each input signal. Scale values represent the analogue signal 

peak voltage (in volts) which will result in a value of 1.0 to be present on the 

corresponding output signal wire. For example, a scale value of scl1=5.0 means that a 

voltage of 1 volt on the analogue input channel #1 will result in a value of 1/5 (0.2) on the 

output wire labeled ‘1’. The maximum input range of the GTAI is +/− 10 volts peak. The 

GTAI component with its twelve channels is shown in Figure 5.9. 
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5.3.5 PV system in RSCAD 

A complete PV system in RSCAD is shown in Figure 5.10. PV array takes irradiation 

and temperature as inputs and its outputs are DC voltage and DC current. It is then 

connected with Buck converter that is developed in bridge block (dotted border in Figure 

5.10) and shown in Figure 5.11. It consists of the designed buck converter, triangular 

wave generator and comparator block. Switching of the buck converter is controlled by 

PWM signal generated by comparing the duty cycle with the triangle wave. The value of 

the duty cycle is adjusted by the MPPT controller to track maximum power from the PV 

array. Black box in Figure 5.10 shows the measurement and control unit and its inner 

logic is shown in Figure 5.12. It shows the control arrangement of the PV system. Figure 

5.13 shows the arrangement of the GTAO and GTAI components to interface the RTDS 

with the external MPPT controller. GTAO sends the irradiation and temperature signals 

to the external MPPT controller and GTAI receives the control signal (VREF) from it.  The 

reference voltage (VREF) is then normalized using DC link voltage (VDC) and fedback to 

the voltage control loop. In voltage control loop PI controller is used to maintain the 

output voltage of PV array (VPV) to the reference optimal voltage by adjusting the duty 

cycle of buck converter which results in maximum power extraction. 
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Figure 5.10: PV system in RSCAD. 

 

 

Figure 5.11: Buck converter, triangular wave generator and comparator block in 

RSCAD.
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Figure 5.12: Measurement and control unit in RSCAD. 
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Figure 5.13: Arrangement of GTAO and GTAI in interfacing the RTDS with external 

controller. 
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5.4 BUILDING MPPT IN dSPACE 

The proposed ANFIS--based MPPT controller designed in chapter 4 is implemented 

in real domain using dSPACE DS1104 shown in Figure 5.14. Inputs to the proposed 

controller are irradiation and temperature and these are represented by DS1104ADC_C5 

and DS1104ADC_C6 blocks in real time simulink model, respectively. These blocks are 

obtained from a dSPACE library in SIMULINK and convert the analog signal to digital 

signal. Here ADC in the name of the blocks depicts the analog to digital conversion. 

Similarly the output of the proposed controller is VREF and represented by 

DA1104DAC_C1 and converts the digital signal to analog (DAC). Basically these blocks 

are used to integrate the dSPACE controller with external analog signals and devices. In 

our case these blocks are linked to GTAO and GTAI of the RTDS. DS1104ADC_C5 and 

DS1104ADC_C6 blocks are linked with the GTAO and accept the analog signals of 

temperature and irradiation as input. In the same way, DA1104DAC_C1 is linked with 

GTAI of RTDS and send the control signal back to RTDS. A detailed interfacing of 

RTDS and dSPACE will be discussed in the next section. The gain blocks in Figure 5.14 

are used to get the actual values of inputs. 

 

Figure 5.14: ANFIS-based MPPT controller in simulink to build in dSPACE. 
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After designing the controller in the Simulink next step is to set time-step of a model 

to 100µsec to synchronous with the time-step of dSPACE. In every time-step, the 

designed MPPT controller (DS1104) monitors the input quantities (irradiation and 

temperature) and after making the decision, based on the designed algorithm, generates 

the controlled output signal (VREF). Real time implementation of a controller should run 

continuously for infinite time therefore set the stop time to infinite. Then the designed 

controller is converted into real time code and becomes ready to work in a real time 

domain. 

5.5 INTEGRATING DSPACE WITH RTDS 

A complete PV system build in RTDS and proposed ANFIS-based MPPT controller 

is designed in dSPACE DS1104 as explained previously. The dSPACE controller is 

integrated with RTDS to analyze the effectiveness of the proposed ANFIS-based MPPT 

experimentally.  Interfacing of the equipments is carried out via analog link and two sets 

of analog to digital and digital to analog converters are utilized to achieve this job. GTAO 

and GTAI are associated with RTDS and ADC and DAC are associated with dSPACE as 

shown in Figure 5.15.  
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Figure 5.15: Closed loop control system. 

Figure 5.15 shows complete closed loop control system. Outputs (irradiation and 

temperature) from the RTDS are converted to analog signal in the range of 0-10V and 

send to the dSPACE controller where ADC utilized to convert them back to digital signal 

and processed by the designed controller. After processing the inputs, control signal is 

given out from dSPACE controller which is then changed into analog signal within the 

same range of 0-10V and provided to the RTDS where GTAI accepts it and converts 

back to the digital domain and present it to the RTDS where PV system is developed. A 

complete experimental setup is shown in Figure 5.16. The experimental setup is 

developed in the Department of Electrical Engineering, King Fahd University of 

Petroleum and Minerals (KFUPM). 
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Figure 5.16: A complete experimental setup.
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CHAPTER 6 EXPERIMENTAL VERIFICATION OF 

PROPOSED ANFIS-BASED MPPT 

6.1 INTRODUCTION 

Setup described in chapter 5 is utilized to verify the effectiveness of the proposed 

controller experimentally. PV system is developed in real time digital simulator (RTDS) 

and the proposed ANFIS-based MPPT is designed in dSPACE DS1104. In this chapter, 

experimental superiority of the proposed controller over conventional Incremental 

Conductance (InCond) controller will be investigated. Additionally, experimental results 

have been compared with the MATLAB simulation results to validate the accuracy of the 

proposed controller. 

 6.2 EXPERIMENTAL RESULTS 

Experimentally, a series of tests are conducted in the RTDS and dSPACE DS1104 

environment to examine the effectiveness of the proposed controller for different step 

changes in irradiation and temperature. 

6.2.1 Test 1: Step-up change in irradiation level 

In this test step-up change in irradiation level is applied which is same as that applied in 

simulation studies and its irradiation pattern shown in chapter 4 in Figure. 4.6. The 
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system response and performance under such disturbance are shown in Figure 6.1 -6.4 

and depict the experimental comparison between the proposed and conventional 

controllers. The experimental comparison of PV power output (PPV) is shown in Figure 

6.1 and demonstrates that the proposed controller can track the MPP much faster than 

conventional controller and without significant oscillations in steady state. The 

characteristic of the duty ratio for buck converter switch is shown in Figure 6.2 and 

shows much better performance than the conventional InCond controller cannot follow 

the rapidly changing irradiation condition. The PV output voltage and current under the 

step-up change in irradiation are shown in Figure 6.3 and 6.4, respectively and confirm 

the effectiveness of the proposed controller. This verifies the competence of the proposed 

ANFIS-based MPPT over conventional method for the worst case of step-up change in 

irradiation condition, experimentally. 

 

Figure 6.1: PV output power (PPV) for step-up change in irradiation. 
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Figure 6.2: Plot of duty ratio for step-up change in irradiation. 

 

Figure 6.3: PV voltage (VPV) for step-up change in irradiation. 
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Figure 6.4: PV current (IPV) for step-up change in irradiation. 

6.2.2 Test 2: Step-down change in irradiation level 

In this test a step-down change in irradiation level is applied that has the similar pattern 

of the simulation studies and shown in chapter 4 in Figure 4.12. The system response and 

performance under such disturbance are shown in Figure 6.5 - 6.8 that depict the 

experimental comparison between the proposed and conventional controllers. 

Experimental results for PV power (PPV) is shown in Figure 6.5 which confirms that the 

proposed controller has less fluctuations and can reach the steady state faster and then the 

conventional InCond method. The behavior of the duty ratio for the buck converter 

switch is shown in Figure 6.6. The output characteristics of PV voltage (VPV) and current 

(IPV) are shown in Figure 6.7 and 6.8 respectively and verify the effectiveness of the 

proposed controller. This verifies experimentally the competence of the proposed 
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ANFIS-based MPPT over conventional method for the worst case of step-down change in 

irradiation condition.  

 

Figure 6.5: PV output power (PPV) for step-down change in irradiation 

 

Figure 6.6: Plot of duty ratio for step-down change in irradiation. 
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Figure 6.7: PV voltage (VPV) for step-down change in irradiation. 

 

Figure 6.8: PV current (IPV) for step-down change in irradiation. 
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6.2.3 Test 3: Step-up change in temperature level 

In this test step-up change in temperature is applied which is the same as that applied in 

simulation studies and its temperature pattern shown in chapter 4 in Figure 4.18. The 

system’s experimental response and performance under such disturbance are shown in 

Figure 6.9 - 6.12. Experimental result for PV power (PPV) is shown in Figure 6.5 and 

depicts that the proposed controller can track the MPP point in reasonable time and 

without significant fluctuations in the steady state. The behavior of the duty ratio for the 

buck converter switch is shown in Figure 6.6. The output characteristics of PV voltage 

(VPV) and current (IPV) are shown in Figure 6.7 and 6.8 respectively and verify the 

effectiveness of the proposed controller. This verifies experimentally the competence of 

the proposed ANFIS-based MPPT for the worst case of step-up change in temperature,. 

 

Figure 6.9: PV output power (PPV) for step-up change in temperature. 
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Figure 6.10: Plot of duty ratio for step-up change in temperature. 

 

Figure 6.11: PV voltage (VPV) for step-up change in temperature. 
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Figure 6.12: PV current (IPV) for step-up change in temperature. 

6.2.4 Test 4: Step-down change in temperature level 

In this test step-down change in temperature is applied and have the same pattern is used 

in the simulation studies and shown in chapter 4 in Figure 4.24. The system’s 

experimental response and performance under such disturbance are shown in Figure 6.13-

6.16. Experimental result for PV power (PPV) is shown in Figure 6.13 and depicts that the 

proposed controller can track the MPP point in reasonable time and without significant 

fluctuations in the steady state. The behavior of the duty ratio for the buck converter 

switch is shown in Figure 6.14. The output characteristics of PV voltage (VPV) and 

current (IPV) are shown in Figure 6.15 and 6.16 respectively and verify the effectiveness 

of the proposed controller. This verifies experimentally the competence of the proposed 

ANFIS-based MPPT for the worst case of step-down change in temperature. 
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Figure 6.13: PV output power (PPV) for step-down change in temperature. 

 

Figure 6.14: Plot of duty ratio for step-down change in temperature. 
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Figure 6.15: PV voltage (VPV) for step- down change in temperature. 

 

Figure 6.16: PV current (IPV) for step- down change in temperature. 
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6.3 COMPARISON OF SIMULATION AND EXPERIMENTAL 

RESULTS 

The results from the MATLAB/Simulink simulations, discussed in chapters 4, are 

compared with the experimental results to explore the validity of the proposed ANFIS-

based MPPT controller. The results and comparison show that the proposed controller 

has noticeable improvement in tracking the MPP under varying environmental 

conditions. Experimental and MATLAB/Simulink simulations results have confirmed the 

effectiveness of the proposed ANFIS-based MPPT for all the tests considered. 

6.3.1 Test 1: Step-up change in irradiation level 

In test 1, comparison is made between the simulation and experimental results for the 

step-up change in irradiation level to verify the working of the proposed controller. A 

comparison of the system response and performance under this disturbance is shown in 

Figure 6.17 – 6.20. Figure 6.17 depicts the PV power output (PPV) and how the proposed 

controller track the MPP in MATLAB/Simulink and experimental simulations under the 

step-up change in irradiation level. Comparison of duty ratio is shown in Figure 6.18 and 

PV output voltage (VPV) and current (IPV) are illustrated in Figure. 6.19 and 6.20 

respectively. It can be seen that the experimental results are very much similar to the 

simulation results. A small difference can be noticed in the transient phase that is because 

RTDS has a detailed real time simulation and depicts in depth response. On the other 

hand, model developed for MATLAB simulations is simplified. Both the experimental 

and MATLAB/Simulink results validate the accuracy of the proposed controller model. 
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Figure 6.17: Comparison of PV power (PPV) for step-up change in irradiation. 

 

Figure 6.18: Comparison of duty ratio for step-up change in irradiation. 

0 5 10 15
20

25

30

35

40

45

50

55

60
Plot of PV power (Ppv)

Time (s)

 

 

Simulation result

Experimental result

Step up in irradiation

0 5 10 15
0.6

0.65

0.7

0.75

0.8

0.85

0.9

Plot of duty ratio (d)

Time (s)

d
u
ty

 r
a
ti
o
(d

)

 

 

Simulatio result

Experimental result

Step up in irradiation



 

 

 

130 

 

 

Figure 6.19: Comparison of PV voltage (VPV) for step-up change in irradiation. 

 

Figure 6.20: Comparison of PV current (IPV) for step-up change in irradiation. 
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6.3.2 Test 2: Step-down change in irradiation level 

In this test, simulation results are compared with the experimental results to verify the 

accuracy of the proposed controller under the step-down change in irradiation condition. 

A comparison of the system response and performance under this disturbance is shown in 

Figure 6.21 – 6.24. PV power output (PPV|) is shown in Figure 6.21 that confirms the 

similarity between the experimental and simulation results and show how the proposed 

controller track the MPP under the step-up change in irradiation level. Behavior of duty 

ratio is compared Figure 6.22 and comparison for PV output voltage (VPV) and current 

(IPV) are illustrated in Figure 6.23 and 6.24 respectively. It can be noticed that the 

simulation results are very much similar to the experimental results. This verifies the 

working of the proposed controller experimentally under the step-down change in 

irradiation condition. 

 

Figure 6.21: Comparison of PV power (PPV) for step-down change in irradiation. 
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Figure 6.22: Comparison of duty ratio for step-down change in irradiation. 

 

Figure 6.23: Comparison of PV voltage (VPV) for step-down change in irradiation. 
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Figure 6.24: Comparison of PV current (IPV) for step-down change in irradiation. 

6.3.3 Test 3: Step-up change in temperature level 

In this test, comparison is made between the simulation and experimental results for 

the step-up change in temperature to verify the effectiveness of the proposed controller. A 

comparison of the system response and performance under this disturbance is shown in 

Figure 6.25 – 6.28. Figure 6.25 depicts the PV power output (PPV) and how the proposed 

controller track the MPP in MATLAB/Simulink and experimental simulations under the 

step-up change in temperature. Comparison of duty ratio is shown in Figure 6.26 and PV 

output voltage (VPV) and current (IPV) are illustrated in Figure 6.27 and 6.28 respectively. 

.It can be seen from all the graphs that the experimental curves are very close to the 

simulation curves. Both the experimental and MATLAB/Simulink results validate the 

accuracy and the effectiveness of the proposed controller model. 
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Figure 6.25: Comparison of PV power (PPV) for step-up change in temperature. 

 

Figure 6.26: Comparison of duty ratio for step-up change in temperature. 
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Figure 6.27: Comparison of PV voltage (VPV) for step-up change in temperature. 

 

Figure 6.28: Comparison of PV current (IPV) for step-up change in temperature. 
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6.3.4 Test 4: Step-down change in temperature level 

In this test, simulation results are compared with the experimental results to verify the 

accuracy of the proposed controller under the step-down change in temperature. A 

comparison of the system response and performance under this disturbance is shown in 

Figure 6.29 – 6.32. PV power output (PPV|) is shown in Figure 6.29 which demonstrates 

the closeness between the practical and simulation results and show that the proposed 

controller tracks the MPP under the step-up change in temperature. Behavior of duty ratio 

is compared in Figure 6.30 and comparison for PV output voltage (VPV) and current (IPV) 

are illustrated in Figure 6.31 and 6.32 respectively. It can be noticed from all the graphs 

that the simulation results are in full agreement to the experimental results. This confirms 

the accuracy and potential of the proposed controller experimentally under the step-down 

change in irradiation condition 

 

Figure 6.29: Comparison of PV power (PPV) for step-down change in temperature. 
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Figure 6.30: Comparison of duty ratio for step-down change in temperature. 

 

Figure 6.31: Comparison of PV voltage (VPV) for step-down change in temperature. 
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Figure 6.32: Comparison of PV current (IPV) for step-down change in temperature. 

6.4 CONCLUSION 

In this chapter, experimental validation of the proposed ANFIS-based MPPT controller 

has been demonstrated under different disturbances. The performance of the proposed 

controller is compared with the conventional InCond method. Results and comparisons 

show that the proposed controller can track the MPP faster with less fluctuation in the 

steady state as compared with the conventional controller. Similarity between the 

experimental curves and the MATLAB/Simulink simulations results have also been 

shown to validate the accuracy and performance of the proposed controller practically.  
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CHAPTER 7 CONCLUSION AND FUTURE WORK 

7.1 CONCLUSION 

In this thesis a generalized PV array model simulator has been proposed and 

developed in the MATLAB/Simulink. Simulator has been designed based on the five 

parameters equivalent electric circuit model. The major challenge in the implementation 

of this model lies in the estimation of the five unknown model parameters. A novel 

ANFIS-based MPPT controller has also been proposed and the developed PV model has 

been utilized to evaluate the performance of the proposed ANFIS-based MPPT controller 

under different atmospheric conditions. Conventional MPPT techniques have some 

drawbacks like oscillation in the steady state, slow convergence and failure to track MPP 

in the rapidly changing conditions. All these factors causes considerable amount of power 

losses. It has been shown that the proposed controller can overcome the shortcoming of 

the conventional controllers. 

7.1.1 Parameter Estimation for PV Electrical Model 

• PV model parameters have been identified using the efficient stochastic 

optimization technique. Estimation problem is converted into optimization one 

where Differential Evolution (DE) as an efficient optimizing technique is 
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employed to estimate the model parameters at standard test condition (STC)  

(1000 W/m
2
 and 25

0
C) using only the data provided by the manufacturer.  

• The effectiveness of the proposed method has been analyzed by estimating the 

parameters of six PV panels of three different technologies (mono-crystalline, 

poly-crystalline and thin film) and comparing the determined I-V curves with the 

experimental curves given in the datasheets. Results and analysis have shown that 

the proposed method can simulate the output characteristics of all the three 

technologies efficiently.  

• Precise PV simulator has been developed that is flexible enough to simulate any 

number of PV panels connected in series and parallel. The robustness of the 

proposed simulator is demonstrated under the partial shaded conditions. 

Additionally, the performance of the developed simulator is verified by 

interfacing it with the actual power electronics converter and maximum power 

point tracking (MPPT) controller.  

• The proposed work will facilitate the power system design engineers to assess the 

behavior of the newly developed controllers and performance of the overall power 

system prior to any practical implementation. 

7.1.2 Proposed ANFIS-Based MPPT controller 

• A novel ANFIS-based MPPT controller has been proposed. The proposed 

controller hybridizes the principles of two efficient intelligent techniques; Fuzzy 

Inference systems (FIS) and Artificial Neural Network (ANN). 
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• A nonlinear time domain simulation has been carried out to assess the 

effectiveness of the proposed controllers under different disturbances. Results and 

comparison showed that the proposed ANFIS-based MPPT controller can fulfill 

the shortcomings of the conventional method and can track the MPP faster with 

less overshoots. The obtained results demonstrate that the proposed controller has 

better dynamic and steady state performance than the conventional method.  

•  Experimental setup has been put together to verify the effectiveness of the 

proposed controller practically. The ANFIS-based MPPT controller is developed 

in dSPACE DS1104 and PV system is designed in Real Time digital Simulator 

(RTDS). Results and analysis showed that the proposed ANFIS-based MPPT has 

fast response in the transient condition and has fewer oscillations in the steady 

state.  

• Finally, comparison of experimental and MATLAB simulation results has been 

carried out to verify the accuracy of the proposed controller. 

7.2 FUTURE WORK 

The following subjects are recommended for future work. 

1. The developed PV simulator can be modified by using two-diode PV model that 

will add two additional unknown parameters to optimize and comparison can be 

done between modified and proposed simulator to investigate their efficiencies. 
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2. Different optimization techniques can be used instead of DE to estimate the model 

parameters of PV, to study which optimizing technique is better. 

3. Different objective function can be used to test the efficiency of the optimizing 

techniques. 

4. Partial shading condition is one of the major issues and causes multiple peaks in 

the PV curve and made it difficult to track the global MPP. The proposed ANFIS-

based MPPT controller is designed for uniform irradiation condition and it can be 

improved to work in the partial shading conditions. 

5. In this thesis, step changes in irradiation and temperature has been applied to test 

the effectiveness of the proposed ANFIS-based MPPT. Of course, actual real data 

of irradiation and temperature can be used to verify its performance for real 

environmental conditions. 

6. The developed PV system model and proposed MPPT controller can be interfaced 

with the power grid through inverter and effects of changing environmental 

conditions on power grid can be studied. 

7. Practical setup of actual PV array with all necessary sensors and controllers can 

be installed to test the performance of proposed ANFIS-based MPPT controller. 
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APPENDIX-A: SOLAR PANEL DATASHEETS 
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APPENDIX-B: DATA EXTRACT FROM PV PANEL DATASHEETS 

Table B.1: Electrical data of selected PV panels at STC. 

  

Mono crystalline  

(mc-Si) 

Poly crystalline 

(pc-Si) 
Thin film  

Sunpower 

230W 

SunForte 

PM318B00 

Lorentz1

20W 

PB 

solar 

Kaneka U-

EA110W (a-Si) 

Shell 

ST36 (CIS) 

Open circuit Voltage 

(VOC) 
48.7V 64.7V 21.8V 36.7V 71V 22.9V 

Short circuit current 

(ISC) 
5.99A 6.2A 7.7A 8.4A 2.5A 2.68A 

Maximum power 

Voltage (VMP) 
41V 54.7V 17.1V 29.1V 54V 15.8V 

Maximum power 

current (IMP) 
5.61A 5.82A 7A 7.9A 2.04A 2.28A 

Maximum Power (PMP) 230W 318W 70W 230W 110 36W 

Number of Cells in 

series (NS) 
72 96 60 60 106 42 

ISC temperature 

coefficient (µISC) 
3.5 mA/C 3.72 mA/°C 

6.93 

mA/°C 

5.46 

mA/°C 
1.375 mA/°C 

.32 

mA/°C 

Voc temperature 

coefficient (µVOC) 

–132.5 

mV/°C 
–174 mV/°C 

–76 

mV/°C 

–132 

mV/°C 
–276.9 mV/°C 

–100 

mV/°C 

 

Table B.2: Extracted I-V points for Sunpower 230W (mc-Si) PV panel 

Condition 
  Key Point 

  SC X MPP XX OC 

1000 W/m
2
, 25

0
C 

V (V) 0 20.4846 41 44.8678 48.7 

I (A) 5.99 5.96834 5.61 4.32705 0 

800 W/m
2
, 25

0
C 

V (V) 0.00 20.2444 40.4888 44.3857 48.2827 

I (A) 4.78947 4.7753 4.47773 3.302 0 

500 W/m
2
, 25

0
C 

V (V) 0 19.254 38.5073 42.767 47.0277 

I (A) 2.98988 2.9721 2.84818 2.19673 0 

250 W/m
2
, 25

0
C 

V (V) 0 18.9234 37.8468 41.513 45.1783 

I (A) 1.20445 1.19028 1.11943 0.918542 0 

1000 W/m
2
, 50

0
C 

V (V) 0 18.56 37.1202 40.9511 44.782 

I (A) 6.06478 6.05061 5.583 4.43972 0 
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Table B.3: Extracted I-V points for SunForte PM318B00 (mc-Si) PV panel 

Condition 
  Key Point 

  SC X MPP XX OC 

1000 W/m2, 25C 
V (V) 0 27.35 54.7 59.7 64.7 

I (A) 6.2 6.20014 5.82 4.2935 0 

800 W/m2, 25C 
V (V) 0 27.007 54.0131 59.1518 64.2904 

I (A) 4.98221 4.95443 4.66513 3.45877 0 

500 W/m2, 25C 
V (V) 0 26.21 52.4144 57.553 62.6917 

I (A) 3.15125 3.13593 2.90833 2.3123 0 

200 W/m2, 25C 
V (V) 0 26.26 52.5285 56.468 60.4078 

I (A) 1.19573 1.19286 1.15215 0.97915 0 

1000 W/m2, 50C 
V (V) 0 24.89 49.7879 54.755 59.7227 

I (A) 6.26512 6.24907 5.85936 4.31662 0 

 

Table B.4: Extracted I-V points for BP Solar 3230N (pc-Si) PV panel 

Condition 
  Key Point 

  SC X MPP XX OC 

1000 W/m2, 25C 
V (V) 0 14.55 29.1 32.9 36.7 

I (A) 8.4 8.38 7.9 6.003 0 

800 W/m2, 25C 
V (V) 0 14.5478 29.0955 32.5478 36 

I (A) 6.674 6.656 6.173 4.3658 0 

600 W/m2, 25C 
V (V) 0 14.2276 28.4553 31.87 35.3 

I (A) 5.001 4.99 4.68787 3.56 0 

400 W/m2, 25C 
V (V) 0 14.05 28.1352 31.223 34.3242 

I (A) 3.363 3.346 3.14911 2.2903 0 

200 W/m2, 25C 
V (V) 0 13.7297 27.4593 30.18 32.9014 

I (A) 1.664 1.6461 1.52087 1.09 0 

1000 W/m2, 50C 
V (V) 0 13.4122 26.8245 30.1529 33.4813 

I (A) 8.59 8.57415 7.77736 5.37099 0 

1000 W/m2, 75C 
V (V) 0 11.5878 23.1262 26.3314 29.5365 

I (A) 8.74187 8.70351 7.99268 5.91164 0 
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Table B.5: Extracted I-V points for Lorentz120W LC120-12P (pc-Si) PV panel 

Condition 
  Key Point 

  SC X MPP XX OC 

1000 W/m2, 25C 
V (V) 0 8.55 17.1 19.45 21.8 

I (A) 7.7 7.60274 7 5.39726 0 

800 W/m2, 25C 
V (V) 0 8.657 17.3139 19.417 21.521 

I (A) 6.14017 6.05479 5.47009 4.17808 0 

600 W/m2, 25C 
V (V) 0 8.576 17.1521 19.175 21.1974 

I (A) 4.62222 4.53425 4.07521 3.0274 0 

400 W/m2, 25C 
V (V) 0 8.087 16.0743 18.487 20.7997 

I (A) 3.07692 3.0274 2.78082 2.28767 0 

200 W/m2, 25C 
V (V) 0 7.65 15.3069 17.99 20.6855 

I (A) 1.5453 1.50685 1.36986 1.16438 0 

1000 W/m2, 50C 
V (V) 0 7.694 15.3888 17.333 19.2765 

I (A) 7.87156 7.76256 6.95837 5.13242 0 

1000 W/m2, 75C 
V (V) 0 6.803 13.6069 15.227 16.8467 

I (A) 8.05505 7.90868 7.0108 5.16895 0 

 

Table B.6: Extracted I-V points for Shell ST36 (CIS) PV panel 

Condition 
  Key Point 

  SC X MPP XX OC 

1000 W/m2, 25C 
V (V) 0 7.9 15.8V 19.35 22.9V 

I (A) 2.68A 2.6562 2.28A 1.45526 0 

800 W/m2, 25C 
V (V) 0 7.9213 15.8426 19.0977 22.3528 

I (A) 2.14683 2.12873 1.8307 1.23391 0 

600 W/m2, 25C 
V (V) 0 7.9412 15.8824 18.8166 21.7509 

I (A) 1.60894 1.59655 1.34472 0.913658 0 

400 W/m2, 25C 
V (V) 0 7.7156 15.4312 18.085 20.7386 

I (A) 1.07577 1.05965 0.905915 0.654631 0 

200 W/m2, 25C 
V (V) 0 6.943 13.8858 16.4914 19.097 

I (A) 0.542606 0.527473 0.471831 0.348509 0 

1000 W/m2, 20C 
V (V) 0 8.3 16.6126 20.008 23.4037 

I (A) 2.67555 2.6562 2.28214 1.40345 0 

1000 W/m2, 30C 
V (V) 0 7.67 15.3409 18.88 22.4297 

I (A) 2.68025 2.6562 2.30119 1.43642 0 

1000 W/m2, 40C 
V (V) 0 7.373 14.7457 18.114 21.4827 

I (A) 2.68495 2.66562 2.22136 1.37049 0 

1000 W/m2, 50C 
V (V) 0 6.872 13.7446 17.113 20.4816 

I (A) 2.68966 2.67504 2.20274 1.35636 0 

1000 W/m2, 60C 
V (V) 0 6.37 12.7435 16.125 19.5076 

I (A) 2.69436 2.66562 2.18412 1.33752 0 
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Table B.7: Extracted I-V points for Kaneka U-EA110W (a-Si) PV panel 

Condition 
  Key Point 

  SC X MPP XX OC 

1000 W/m2, 25C 
V (V) 0 27 54 62.5 71 

I (A) 2.5 2.4065 2.04 1.33333 0 

800 W/m2, 25C 
V (V) 0 27.176 54.3533 63.2 70.0462 

I (A) 2 1.9187 1.62602 0.96748 0 

600 W/m2, 25C 
V (V) 0 26.76 53.5219 61.108 68.6952 

I (A) 1.50407 1.43089 1.22764 0.878049 0 

400 W/m2, 25C 
V (V) 0 26.917 53.8337 60.38 66.9284 

I (A) 1 0.95935 0.813008 0.601626 0 

200 W/m2, 25C 
V (V) 0 26.03 52.067 57.835 63.6028 

I (A) 0.495935 0.487805 0.422764 0.292683 0 

1000 W/m2, 15C 
V (V) 0 27.904 55.8083 64.694 73.5797 

I (A) 2.49457 2.3259 2.07065 1.45694 0 

1000 W/m2, 35C 
V (V) 0 25.98 51.963 60.07 68.1755 

I (A) 2.51087 2.35018 2.05905 1.36685 0 

1000 W/m2, 45C 
V (V) 0 24 48.0139 56.743 65.4734 

I (A) 2.52717 2.37446 2.12391 1.44807 0 

1000 W/m2, 55C 
V (V) 0 23.28 46.5589 54.665 62.7714 

I (A) 2.54348 2.39889 2.10748 1.39082 0 

 

 

 



 

 

159 

 

NOMENCLATURE AND SYMBOLS 

µ I,sc Temperature coefficient of short circuit current 

µV,OC Temperature coefficient of open circuit voltage 

a Modified ideality factor 

a,ref Modified ideality factor at STC condition 

Eg Band-gap energy 

Eg,ref Band-gap energy at STC condition 

ID Diode current  (A) 

IL Light current (A) 

IL,ref Light current at STC condition (A) 

Imp Current at maximum power point (A) 

Imp,ref Maximum power point current at STC condition (A) 

Io Diode saturation current (A) 

Io,ref Diode saturation current at STC condition (A) 

IPV PV current (A) 

Isc Short circuit current (A) 

Isc,ref Short circuit current at STC condition (A) 

ISH Current in shunt branch (A) 

k Boltzmann’s constant (1.38e-23 J/K) 

n Ideality factor 

NMAX Number of training data points 

Npp Number of PV panel connected in parallel 

NS Number of cells in PV panel 
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Nss Number of PV panel connected in series 

Pmp Power at maximum power point (W) 

Pmp,ref Power at maximum power point (W) 

Ppv Power of PV array (W) 

q Electronic charge (1.6021e-19 coulombs) 

RS Series resistance (Ω) 

Rs,ref Series resistance at STC condition (Ω) 

RSH Shunt resistance (Ω) 

Rsh,ref Shunt resistance at STC condition (Ω) 

Sc Operating irradiation (W/m
2
) 

Smax Maximum range of irradiation for ANFIS MPPT controller (W/m
2
) 

Smin Minimum range of irradiation for ANFIS MPPT controller (W/m
2
) 

Sref Reference irradiation (1000 W/m
2
) 

Tc Operating temperature (degree C) 

Tmax Maximum range of temperature for ANFIS MPPT controller (degree C) 

Tmin Minimum range of temperature for ANFIS MPPT controller (degree C) 

Tref Reference temperature (25 degree C) 

VDC DC link voltage (V) 

Vmp Voltage at maximum power point (V) 

Vmp,ref Open circuit voltage at STC condition (V) 

Voc Open circuit voltage (V) 

Voc,ref Open circuit voltage at STC condition (V) 

VPV PV Voltage (V) 
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ACRONYMS AND ABBREVIATIONS 

AIT Artificial Intelligence Techniques 

ANFIS Adaptive Neuro-Fuzzy Inference System 

ANN Artificial Neural Netwrok 

a-Si amorphous silicon 

CdTe Cadmium Telluride 

CIGS Copper Indium Gallium Selinide 

CIS Copper Indium Selinide 

CP1104 Connector Panel for DS1104 

DE Differential Evolution 

DG Distributed Generation 

DS1104 dSPACE controller 

ECU Electronic Control Unit 

EPIA European Photovoltaic Industry Association 

FIS Fuzzy Inference System 

GA Genetic Algorithm 

GTAI Gigabit Transceiver Analogue Input 

GTAO Gigabit Transceiver Analogue Output 

HC Hill Climbing 

InCond Incremental Conductance 

LSE Least Square Error  

MAE Mean Absolute Error 

MBE Mean Bias Error 
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mc-Si Mono- crystalline Silicone 

MPP Maximum Power Point 

MPPT Maximum Power Point Tracking 

NPP Number of PV panel connected in parallel 

NSS Number of PV panels connected in series 

OC Open Circuit 

P&O Perturb and Observe 

PCI Peripheral Component Interconnect 

pc-Si Poly-crystalline Silicone 

PSO Particle Swarm Optimization 

PV Photovoltaic 

RES Renewable Energy Sources 

RMSE Root Means Square Error 

RSCAD Software for RTDS 

RTDS Real Time Digital Simulator 

RTI Real Time Interface 

S Irradiation (W/m
2
) 

SC Short Circuit 

SP Series Parallel  

STC Standard Test Condition 

T Temperature (degree C) 

TCT Total Cross Tied 
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