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Abstract 

        In most photovoltaic PV generator systems, the maximum power output from PV is 

the target. There are many Maximum Power Point Tracking (MPPT) techniques such as 

fractional open circuit voltage, fractional short circuit current, perturbation and observation 

(P&O), incremental conductance, fuzzy logic controller. In this thesis, perturbation and 

observation (P&O) algorithm is applied to track the maximum power point of the output 

characteristic of the photovoltaic generator. The system considered is a photovoltaic 

generator connected to infinite bus via DC DC buck boost converter, three phase DC to 

AC inverter, transformer and two identical transmission lines. Large disturbance stability 

analysis of PV generator integrated with the grid is investigated. This will be associated 

with the analysis of the system in direct and quadrature frame (d-q) and therefore the 

derivation of the nonlinear dynamical mathematical equations for the system in d-q frame 

is one of the steps in my work. The stability of the proposed system is studied after 

subjecting symmetrical three-phase to ground fault and following successive step changes 

in the solar intensities of the PV generator. Perturbation and Observation (P&O) algorithm  

is used to control the duty ratio of DC-DC buck boost converter to give maximum power 

output from the PV generator by detecting the location of the operating point on the PV 

generator and control the value of duty cycle of the DC-DC converter. 
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Chapter 1: Introduction 

This chapter presents thesis objectives, thesis scope and thesis outline. 

1.1 Thesis objectives 

The objectives of the thesis can be summarized as the following points:  

1. Design a photovoltaic generator and obtain its output characteristics in both actual 

and per unit quantities.  

2. Derive the nonlinear dynamical mathematical equations for the system in d- q 

stationary reference frame using Park Transformation and apply the perturbation 

and observation algorithm as maximum power point tracking technique for the PV 

generator.  

3. Study the stability of the proposed System after being subjected to symmetrical 

three phase to ground fault at one of the parallel transmission lines and obtain the 

response of the system following successive step changes in the solar intensity 

levels.  

 

1.2 Thesis scope 

        In this thesis, large signal stability analysis of highly penetrated photovoltaic 

generator integrated with the power system is investigated. The study comprises the 

response of the system at wide range of solar irradiance levels. Symmetrical three 

phase to ground fault is subjected and the system response is observed. The main 

contribution of this work is the implementation of the perturbation and observation 

technique as the maximum power point tracking method. 
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1.3 Thesis Outline 

      Chapter two presents an overview of photovoltaic systems, how it works, the 

output characteristics and some relations including the way of connections them to 

each other. Chapter two also  discusses the maximum power point tracking techniques 

and gives an overview about them and focusing on the perturbation and observation 

algorithm which is considered as the maximum power point tracking method for the 

PV generator connected to the grid. 

       The third chapter concentrates on the literature review on photovoltaic systems 

especially those studies which interested in studying the stability of the power system 

incorporated with PV generator, interfacing between photovoltaic generator and the 

grid, and the methods of tracking the maximum power point of PV generator. 

       Chapter four describes the system under study in this thesis, it's block and 

schematic diagrams and its components and it presents full derivation of the system 

mathematical modeling direct and quadrature frame (d-q) by apply park transformation 

techniques and the mathematical dynamical equations that represent the system in all 

cases. 

        Chapter five presents the photovoltaic generator design in both actual and per unit 

quantities including the area of photovoltaic modules, the number of solar modules, 

and the primary cost of the photovoltaic solar power plant. Also this chapter shows the 

perturbation and observation algorithm how it works, the values of duty cycle and duty 

cycle perturbations corresponding to the output characteristics of the PV generator at 

different solar irradiance levels.  
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      Chapter five also presents and discusses the results of the system response at 

different solar illuminations when the system is subjected to a symmetrical three phase 

to ground fault at the middle of one of the transmission lines, and the response of the 

system when the PV generator solar irradiance level is step changed.  

Chapter six presents the conclusions of this work and future work . 
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Chapter 2: Photovoltaic System and Maximum Power 

Point Tracking Techniques 

        This chapter presents an overview of photovoltaic systems, how it works, the 

output characteristics and some relations including the way of connections them to 

each other and discusses the maximum power point tracking techniques focusing on 

the perturbation and observation algorithm which is considered as the maximum power 

point tracking method for the PV generator connected to the grid. 

2.1  Photovoltaic systems and Output Characteristics: 

      A photovoltaic system converts sunlight into electricity. The basic device of a 

photovoltaic system is the photovoltaic cell. Solar cell, which is basically a p-n 

semiconductor junction directly, converts sunlight energy into electricity. The 

Photovoltaic cell can be represented by the equivalent circuit shown in Fig.2.1 

 

 

 

 

 

Fig.2.1: Equivalent circuit of photovoltaic cell 
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The output current of a photovoltaic cell can be mathematically expressed as: 

IPV = IPh ID Ish .............................................................................................(1) 

where 

               IPV : Output photovoltaic current (A).  

IPh : Light generated current (A). 

ID  : Diode Current (A). 

Ish : Shunt resistance current(A). 

       The series resistance Rs represents the internal resistance to the current flow, 

and depends on the p-n junction depth, the impurities and the contact resistance. 

In an ideal photovoltaic cell, Rs = 0  (no series loss), and Rsh   (no leakage 

to ground).The photovoltaic conversion efficiency is sensitive to small variations 

in Rs, but is insensitive to variations in Rsh. A small increase in Rs can decrease 

the photovoltaic output significantly [1]. 

The current through these elements is governed by the voltage across them: 

                Vj = VPV + IPV RS ........................................................................................... 2) 

Where 

Vj: Voltage across both diode and shunt resistance (V). 

VPV: Voltage across the output terminals (V). 

Rs: S  
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The diode current is given by the diode current expression: 

                 ID = IS exp
q Voc

nKT
1 ..................................................................................(3) 

Where: 

Is = the saturation current of the diode (A). 

q = electron charge = 1.6 * 10-19 (C). 

n = ideality factor 

K = Boltzmann constant = 1.38 * 10 23 (J/K). 

T = temperature on absolute scale (K). 

The load current is given by the expression: 

                Ipv = Iph Is exp
q Voc

nKT
1

Voc

Rsh
.............................................................(4) 

2.1.1  Open circuit voltage and short circuit current 

       The most important parameters for describing the cell electrical performance 

is the open-circuit voltage Voc and the short-circuit current Isc. The short-circuit 

current is measured by shorting the output terminals of the PV cell , and 

measuring the terminal current under full illumination.The maximum voltage of 

the PV cell is the open-circuit voltage. By substituting the PV current in the 

previous equation with IPV = 0 gives the open-circuit voltage as the following [1]: 

 VOC =
nKT

q
log 

Iph

ID
+ 1 .......................................................................... 5) 
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2.1.2 Current Voltage  and Power  Voltage characteristics for Photovolatic 

Cell 

      The electrical characteristic of the PV cell is generally represented by the 

current versus voltage (I-V) curve. Figure 2.2 shows the I-V characteristic of a 

PV module showing the maximum power point (Vmp, Imp) [1] . 

 

 

 

 

 

 

 

Fig.2.2. I-V Curve of PV Cell 

      In the above characteristic of the PV cell, the cell works like a constant 

current source, generating voltage to match the load resistance. The power output 

of the panel is the product of the voltage and the current outputs. Figure 2.3 

shows the power versus voltage indicating the maximum power point MPP of the 

PV cell. The cell produces the maximum power at voltage corresponding to the 

knee point of the I-V curve [1]. 
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Fig.2.3.The maximum power point of PV cell 

2.2Photovoltaic Fill Factor (FF) 

       The Fill factor (FF) is a measure of quality of the solar cell.  It is calculated 

by dividing the maximum power to the theoretical power (Pth) that would be the 

product of  both the open circuit voltage and short circuit current . In some other 

words FF is the ratio between the rectangular area with the current voltage 

characteristic as shown in Fig.2.4 [2]. 

FF =
Pmax

Pth
=

VMP .IMP

VOC ISC
............................................................................................. (6) 
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Fig.2.4.Fill factor on I-V Curve 

2.3 Photovoltaic Efficiency 

       Efficiency is the ratio of the electrical power output Pout to the solar power 

input Pin into the PV cell.  Pout can be taken to be Pmax since the solar cell can be 

operated up to its maximum power output to get the maximum efficiency 

=
Pout

Pin
................................................................................... ) 

MAX =
Pmax

Pin
............................................................................... ) 

       Pin is taken as the product of the irradiance of the incident light, measured in 

W/m2 with the surface area of the solar cell [m2]. MAX) 

found from a light test. All of the current and voltage parameters affect by 

ambient conditions such as temperature and the intensity and spectrum of the 

incident light[2]. 
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2.4 Photovoltaic Layouts: 

      Cell is the basic element of any photovoltaic system. When the cells are 

connected together up to 35 cells we call it a module. The solar array is defined as 

a group of several modules electrically connected in series-parallel combinations 

to generate the required current and voltage. To increase the current we connect 

many cells/ modules in parallel combination and connecting it in series to increase 

voltage of the photovoltaic system as shown in Fig.2.5 [2] . 

 

 

 

 

 

 

Fig.2.5.Several PV cells make a module and several modules make an array 
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2.5 Types of Photovoltaic Cells 

       Cells are manufactured from a variety of different types of materials. The most 

significant is crystalline silicon. There are a broad range of different PV cells produced 

by over 100 manufacturers. There are 4 main types of commercially available cells: 

Monocrystalline silicon PV , Polycrystalline silicon PV , Amorphous silicon PV and  

Hybrid PV. At present monocrystalline PV and polycrystalline PV are the most 

common and they account for approximately 93% of all modules sold globally in large 

and small-scale systems. Amorphous silicon accounts for approximately 4.2% of the 

global market sales. The fourth type of PV cell, is called a hybrid as it consists of a 

crystalline cell coated in an amorphous layer [3]. 

1. Monocrystalline Silicon PV 

      To produce monocrystalline silicon a crystal of 

silicon is grown from highly pure molten silicon. This 

single crystal cylindrical ingot is cut into thin slices 

between 0.2 and 0.3mm thick- this is the basis of a 

solar PV cell. These PV cells have efficiencies of 13-

16 % and are the most efficient type of the three types 

of silicon PV cell. They require more time and energy 

to produce than polycrystalline silicon PV cells, and 

are therefore slightly more expensive[3]. 

Fig.2.6.Monocrystalline silicon PV module 
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2. Polycrystalline Silicon PV 

       Polycrystalline silicon is also 

produced from a molten and highly pure 

molten silicon, but using a casting process. 

The silicon is heated to a high temperature 

and cooled under controlled conditions as 

a mould. It sets as an irregular poly- or 

multi-crystal form. The square silicon 

block is then cut into 0.3mm slices. The 

typical blue appearance is due to the 

application of an anti-reflective layer. The 

thickness of this layer determines the 

color- blue has the best optical qualities. It 

reflects the least and absorbs the most 

light. More chemical processes and fixing 

of the conducting grid and electrical 

contacts complete the process. Mass-

produced polycrystalline PV cell modules 

have an efficiency of 12-16%[3]. 

  

Fig.2.7.Polycrystalline silicon PV module 
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3. Amorphous Silicon PV 

       Amorphous silicon is non-crystalline 

silicon. Cells made from this material are found 

in pocket calculators etc. The layer of semi-

conductor material is only 0.5-2.0um thick, 

where 1um is 0.001mm. This means that 

considerably less raw material is necessary in 

their production compared with crystalline 

silicon PV production. The film of amorphous 

silicon is deposited as a gas on a surface such as 

glass. Further chemical processes, the fixing of a 

conducting grid and electrical contacts follow. 

These PV cells have an efficiency of between 6-

8%. Multi-junction amorphous thin film PV 

cells with each layer sensitive to different 

wavelengths of the light spectrum are also 

available. These have slightly higher 

efficiencies. This type of PV cell is not currently 

suitable for use on residential developments due 

to the low generation density[3]. 

         Fig.2.8.Amorphous silicon PV module 
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4. Hybrid PV 

       Hybrid photovoltaic cells are classified as PV cells that use two different types of 

PV technology. The Hybrid PV cell is made by Sanyo and comprises a 

monocrystalline PV cell covered by an ultra-thin amorphous silicon PV layer. The 

advantage of these types of cells are that they perform well at high temperatures and 

maintain higher efficiencies (18%+) than conventional silicon PV cells. However, 

these cells come at a cost premium[3]. Table 2.1 shows the comparison between three 

types of photovoltaic with respect to cell's efficiency, energy density and cost .The 

amorphous silicon PV has lowest efficiency, lowest energy density and highest cost. 

 

 Table 2.1: Comparison between PV Cell Types 

 

PV cell Material 
PV Module 

Efficiency (%) 

Energy Density 

(kwp/m2) 
Cost 

Hybrid PV 18 

  

 

Monocrystalline 

Silicon PV 

13 - 16 

 

Polycrystalline 

Silicon PV 

12 - 16 

 

Amorphous Silicon 

PV 

 

6 - 8 
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    2.6  Maximum Power Point Tracking Techniques 

      Maximum power point tracking MPPT algorithms are necessary in PV applications 

because the maximum power point of a solar panel varies with the irradiation and 

temperature, so the use of MPPT algorithms is required in order to obtain the maximum 

power from a solar array. 

      To complete our analysis a simple discussion about the cost of the MPPT technique 

is presented [4]&[5]. A satisfactory MPPT costs comparison can be carried out by 

knowing the technique (analogical or digital) adopted in the control device, the number 

of sensors, and the use of additional power component, considering the other costs 

make all the cost comparable between them, the computation cost comparison is 

formulated taking into account the present spread of MPPT methods. The number of 

sensors required to implement the MPPT technique also affects the final costs. Most of 

the time, it is easier and more reliable to measure voltage than current and the current 

sensors are usually more expensive and bulky. The irradiance or temperature sensors are 

very expensive and uneconomic. 

     2.6.1 Fractional Short Circuit Current (FSCC) MPPT  

      If we examine the I-V curve of a PV module in Fig.2.9, it is evident that the current 

at MPPT occurs close to the short circuit current. This means that under a given 

environmental condition if the short circuit current is measured and compared with the 

photovoltaic current, then an approximated MPPT can be reached[6]. Mathematically, 

it can be written as: 
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= 1.      

The constant k1 can be calculated from the data sheet and typically has a value between 

0.8-0.92 [7].  

 

 

 

 

 

 

 

 

 

Fig.2.9. I-V&P-V characteristics for FSCC & FOCV 

 

    2.6.2 Fractional Open Circuit Voltage (FOCV) MPPT 

      Similar to the FSCC MPPT , it is observed that the voltage at MPP occurs at a 

fraction of the OCV as shown in Fig.2.9. Therefore, if we measure VOC and compare it 

with the photovoltaic voltage, then an approximated maximum power point can be 

reached. Mathematically, it can be stated as : 

= 2.    

     The value of k2 varies from 0.7-0.85 and can be calculated from the datasheet of a 

particular PV module [7]. 
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        FOCV and FSCC are called Offline MPPT method .They are worked  by 

disconnecting the PV panel from the system in order to measure either the ISC or VOC 

(also referred as offline parameters). During the measurement instant, the PV panel is 

isolated from the rest of the system, hence it is called as offline MPPT[8]. 

 

2.6.3 Incremental Conductance Method 

       The incremental conductance algorithm is based on the fact that the slope of the 

curve power versus  voltage of the PV module is zero at the MPP, positive on the left 

of it and negative on the right, as can be seen in Fig.2.10 [6]. 

 

 

 

 P 

V 
= 0 (At MPP) 

 

 P

V
> 0 (At the right 

side) 

 P

V
< 0 (At the left side ) 

 

 Fig.2.10.Power versus voltage for incremental conductance 
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       By comparing the increment of the power vs. the increment of the voltage 

(current) between two consecutives samples, the change in the MPP voltage can be 

determined. Algorithm of the Incremental conductance method is shown in Fig.2.11. 

Similar schemes can be found in [7], [9]. 

 

 

 

 

 

 

 

 

 

 

Fig.2.11.Flow chart of incremental conductance 
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2.6.4 Perturbation and Observation Algorithm (P &O) 

       Perturbation and observation ( P& O ) algorithm work by detecting  the operating 

point on the I-V characteristics of the PV array and compare it with the previous 

operating point. The controller calculate the Power P(k)=V(k) *I(k)  at time k and 

compare it with the previous point P(k-1) and do the action to track the maximum 

power point by adjusting  the duty ratio D of the DC DC buck- boost converter. This 

action is fully control by the proposed algorithm [10]. The flow chart of perturbation 

and observation algorithm is presented in Fig.2.12. 

 

Fig.2.12. Flow Chart of P &O Algorithm 
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      If the perturbation of voltage  is  positive or  even negative, the  

next duty cycle D perturbation will  be positive because the present  operating point is 

located on the left side of the maximum power point. If either one is positive or the 

other is negative, the next duty cycle perturbation will be negative because the 

operating point is on the right. Perturbation and observation algorithm alter the duty 

ratio D of the buck boost convertor to make load matching between photovoltaic and 

load impedances. Figure 2.13 shows the duty cycle perturbations versus the 

photovoltaic power-voltage relationship indicating its maximum power point [10]. 

 

Fig.2.13.Power versus voltage for P & O algorithm 
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      Figure 2.14 illustrates the P and O method. The buck boost converter is used for 

adjusting the output voltage of PV generator and changing the voltage level up or 

down from the source voltage. The voltage and current of the PV generator are applied 

for perturbation and observation while the output provides duty cycle for the buck 

boost converter. Buck Boost converter controls the output voltage by varying the duty 

cycle of the switch [11]. 

 

 

 

Fig.2.14.Block diagram of P&O MPPT 
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2.7 DC-DC Buck Boost converter 

       DC-DC converters are devices used to change the input DC voltage to another 

level. Buck(step down) converters have an output average voltage equal to or less 

than the input average voltage. The output voltage of boost converter is equal to or 

greater than the input average voltage. In DC-DC buck boost converter the average 

value of the output voltage is higher, equal to, or lower than the input average 

voltage. They are used in regulated power supplies, motor drive systems and 

renewable energy systems at intermediate stage for controlling purposes. Buck 

Boost converter controls the output voltage by varying the duty cycle of the switch 

D. The circuit for buck-boost converter is shown in Fig.2.15 [12]. 

        Duty ratio D is the ratio between the on state duration of the switch ton and the 

total and the total switching period TS. 

*For D>0.5 boost mode, the output voltage is higher than the input voltage. 

*For D<0.5 buck mode, the output voltage is lower than the input voltage. 

The output voltage of Buck Boost convertor is controlled by duty ratio D. 

 

                 VO =
D

1 D
VPV ...........................................................................  (11) 
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The Equivalent circuit of buck boost converter is shown in Fig.2.15. 

 

 

 

 

 

 

 

Fig.2.15.Buck-boost converter circuit [12] 
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   Chapter 3: Literature Review 

        In [13] the large disturbance stability of grid integrated PV generator is 

investigated .The MPPT algorithm used is the FOCV method where the running 

voltage of the PV generator should be in the range of 0.70  0.8 of its open circuit 

voltage. The VOC of the PV generator is measured during the off state of the D.C 

D.C converter switch. The system considered is a PV generator integrated to the grid 

via D.C to D.C converter; three phase sinusoidal D.C to A.C inverter and L- C filter. 

The results in [13] show that the system has kept the stability of the operating point 

despite the symmetrical three phases to ground fault subjected at the middle of one of 

the transmission lines.  

        In [14] simulation and analysis of P and O algorithm for PV array is presented. 

The PV 

simulated using MATLAB/SIMULINK .The P and O algorithm gives the optimum 

duty cycle as compared with constant duty cycle control to extract the maximum 

power from the PV panel .The PV system output power increases with rise in solar 

irradiance and fall in cell temperature. 

         In [15] the P and O algorithm as maximum power point tracking is carried out. 

The photovoltaic generator is feeding the AC loads via buck boost DC to DC 

converter .By varying the duty cycle of the buck boost convertor the impedance 

matching between source and load is occurred which improves the efficiency of the 

system.  
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       In [16] the operating point stability of single machine connected to infinite bus 

equipped with high PV penetration is investigated. FOCV method is used as MPPT 

for PV generator. The nonlinear dynamical mathematical model of synchronous 

generator in d-q reference frame is used including the dynamics of its damper 

windings and automatic voltage regulator. The PV generator is connected to the 

system at the middle of transmission line through DC to DC buck boost convertor, 

DC to AC inverter and transformer. The response of the system after successive step 

changes on the synchronous generator mechanical power at three solar intensity 

levels is carried out and the response of the system after successive step changes on 

the solar intensities has been outlined. The results showed that the field current of 

synchronous generator is increased as the solar illumination decreased for a given 

input mechanical power and for a given solar irradiance level the voltage injected by 

the PV generator is kept constant in spite of the step changes in the generator input 

mechanical power. The delta angle of the voltage injected by the PV generator is 

independent of the PV generator running conditions. It has also indicated that, the 

power system can withstand higher disturbance values if the power injected by the 

PV generator increased. 

       In [17] the design and analysis of P and O algorithm is carried out. This work 

proposed the design of PV system, simple boost converter, perturbation and 

observation (P&O) and improved perturbation and observation (IP&O) as maximum 

power point tracking techniques for the power output from the photovoltaic system. 

This research compared the results between (P&O) and (IP&O) techniques.  
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      In [18] the Comparison of maximum power point tracking algorithms for DC-DC 

Converters in PV Systems is carried out. This paper presented the comparison 

between incremental conductance (IC) algorithm and perturbation and observation 

(P&O) algorithm for tracking the maximum power point from the photovoltaic 

system using buck converter and boost converter. The simulation for buck convertor 

and boost converter is done with incremental conductance method and perturbation 

and observation method. The overall comparison between two MPPT methods is 

obtained. 

       In [19] the DC to DC converters for PV generator are designed. The P and O 

algorithm is used to track the maximum power point for the PV module. The DC to 

DC convertor is used as interface between PV module and the load to match the 

maximum power point (MPP) of PV module when climatic conditions change with 

different resistive load values. The effect of climatic conditions on the design of two 

components( Inductance , Capacitance ) for three types of DC to DC converters( 

buck ,boost and buck-boost) are taken into consideration . The design of these 

convertors is based on two principles. For a steady-state operation in a continuous 

conduction mode, the inductance value for all choppers must be greater than the 

maximum value of boundary inductance, and in order to limit the output voltage 

ripple of DC-DC converter below a desired value, the filter capacitance must be 

larger than the maximum value of boundary capacitance. 

       In [20] the analysis of a standalone PV system with reduced switch cascaded 

multilevel inverter is presented. a photovoltaic (PV) system with single phase 

multilevel inverter (MLI) feeding standalone loads. The system consists of PV array, 
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DC-DC boost converter with maximum power point tracking (MPPT) controller and 

a reduced switch cascaded inverter. The proposed MLI is advantageous in terms of 

performance and efficiency as it minimizes switching losses which are prevalent in 

the conventional cascaded one. The non-linear nature of the PV array is combated by 

a DC-DC converter which is controlled by P and O MPPT algorithm. The 

performance of the proposed system is verified through a simulation study in 

MATLAB/Simulink and also by developing a prototype of 200 watts. The simulation 

and hardware results demonstrate minimal switching losses, low THD value with 

increased DC utilization suitable for various standalone household loads. 

      In [21] the large-and small-signal stability analysis of a power system 

incorporated with PV generator is investigated. The PV generator is designed such 

that the power delivered at MPP at full solar illumination is about 0.65 pu. The study 

is carried out at different solar illuminations and compared with the case of no PV 

generation. A DC DC buck boost switch mode converter is used at the terminals of 

the PV array to keep the constant injected voltage at different realistic solar 

illuminations. The dynamic response of the delta angle of the PV generating bus is 

extracted. The results show that injecting power from PV panels improves the 

dynamic stability of the power system. All of the numerical simulations are executed 

via MATLAB TM software environment by building the code required. 
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Chapter 4: System Design and Dynamical Mathematical 

Model  

      This chapter presents the system under study its components and how its 

connected and the full detailed for the derivation of the nonlinear dynamical 

mathematical model of the system in direct and quadrature frame. 

4.1 System under Study 

     The proposed system includes PV generator with buck boost D.C to D.C 

convertor and three phase D.C to A.C Inverter and L-C filter that eliminate the 

unwanted harmonics.   Three phase step up transformer is used to connect PV 

generator to infinite bus via two identical transmission lines. In stability studies, the 

system should be studied under direct and quadrature frame. 

      Power system transient stability problem relates to the ability of the power 

system to keep the stability of the operating point after relatively big disturbance 

takes place on vital transmission line or any power system component. Example of 

these disturbances is symmetrical three-phase to ground fault which is consider as  

a big disturbance that affect on the system stability. Figure 4.1 presents the 

schematic diagram of the proposed system showing all components. 
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Fig.4.1.Schematic diagram for the power system under study 

      The nonlinear differential equation of the system is derived and converted to 

direct and quadrature frame (d-q) using park transformation techniques. Under 

balanced conditions the zero components for dq0 transformations equal zero. The 

following equations used to convert any abc system to d-q system[22] 

Vdq 0 = K Vabc ...................................................................... ...... 12) 

Idq 0 = K Iabc ........................................................................... ...... ....... 3) 

Vabc = K 1Vdq 0........................................................ ... 14) 

Iabc = K 1Idq 0                ......................................... .......................................(15) 

where K ,  K-1 and K 1.
dK

dt
 are matrices used to complete the park transformation 

 

                                                                                     ............................................. ......(16) 

 

2
1

2
1

2
1

)120sin()120sin(sin
)120cos()120cos(cos
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The Inverse for Matrix K is  

 

             ........................................................ 17) 

 

         The product between K-1 and the derivative of K is   

         K 1.
dK

dt
=

0 0

0 0

0 0 0

     .... ........................................................... 8) 

 

 

 

 

 

 

 

 

 

1)120sin()120cos(
1)120sin()120cos(
1sincos

1K
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4.2 Mathematical Model of the System for the Pre-Fault Running 

Conditions: 

The derivation of the nonlinear dynamical mathematical equations for the system 

under study at pre fault running condition 

Fig.4.2.Schematic diagram for the pre-fault power system under study 

The system can be simplified by taking the two parallel transmission lines and series 

transformer resistances and inductances are equivalent to Req & Leq 

Fig.4.3.Simplified schematic diagram for the pre-fault power system under study  
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For LC Filter 

The Current in the capacitor of the LC filter  is given following equation[22] 

Icabc = C
dV Cabc

dt
...........................................................................................................(19) 

      Multiply both sides by K-1 

        K 1. Icdq 0 = C
dK 1.VCdq 0

dt
............................................................................................(20) 

     Multiply both sides by K to eliminate the K-1 from the left side as follows 

K. K 1. Icdq 0 = K. C
dK 1.VCdq 0

dt
....................................................................................(21) 

     The current through the capacitance of the LC filter in dq0 frame  is:  

Icdq 0 = K. C
dK 1.VCdq 0

dt
................................................................................................(22) 

 Do the derivation of the right side and re arrange equations  and substituting the park     

transformation matrices 

Icdq 0 = K. C
dK 1

dt
. VCdq 0

+ K 1.
dV Cdq 0

dt
....................................................................(23) 

 Icdq 0 = C K.
dK 1

dt
. VCdq 0

+ K. K 1.
dV Cdq 0

dt
...............................................................(24) 

Icdq 0 =
C 0 0

0 C 0

0 0 C

0 0

0 0

0 0 0

VCd

VCq

VC0

+
C 0 0

0 C 0

0 0 C

d

dt

VCd

VCq

VC0
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2.Apply KCL at node A 

Icd = IdPV Id ...........................................................................................................(25) 

Icq = IqPV Iq ............................................................................................................(26) 

So rearrange the above equation and in per unit = 1 

C
dVCd

dt
= IdPV Id + CVCq ..........................................................................................(27) 

C
dVCq

dt
= IqPV Iq CVCd ..........................................................................................(28) 

2.Apply KVL around the loop which contains the inductance and capacitance of the 

LC filter 

D

1 D
VPV PV = L + ................................................................................(29) 

Substituting each abc variable to its dq0 equivalent by multiplying both sides by K-1 

K 1 D

1 D
VPV PV = L

dK 1.IPVdq 0

dt
+ K 1VCdq 0

............................................................(30) 

     Multiply both sides by K to eliminate the K-1 from the left side 

K. K 1 D

1 D
VPV PV = LK.

dK 1.IPVdq 0

dt
+ K. K 1VCdq 0

................................................(31) 

D

1 D
VPV PV = LK.

dK 1.IPVdq 0

dt
+ VCdq 0

......................................................................(32) 

 Do the derivation of the right side and re arrange equations  and substituting the park     

transformation matrices 
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D

1 D
VPV PV = L(K.

dK 1

dt
IPVdq 0 + KK 1 dI PVdq 0

dt
) + VCdq 0

.............................................(33) 

D

1 D
VPV PV =

L 0 0

0 L 0

0 0 L

0 0

0 0

0 0 0

IdPV

IqPV

VI0PV

+
L 0 0

0 L 0

0 0 L

d

dt

IdPV

IqPV

I0PV

+

VCd

VCq

VC0

 

L
dIdPV

dt
=

D

1 D
VPV  sin( PV ) + LIqPV  VCd .....................................................................(34) 

L
dIqPV

dt
=

D

1 D
VPV  cos( PV ) LIdPV  VCq  ...................................................................(35) 

3. Apply KVL around the loop which contains capacitor ,transformer and transmission 

lines ending  with  infinite bus 

VCabc
= Req Iabc +  Leq

dI abc

dt
+ Vinfabc inf ................................................................(36) 

      Multiply both sides by K-1 

K 1VCdq 0
= Req K 1Idq 0 +  Leq

dK 1Idq 0

dt
+ K 1Vinf inf ..........................................(37) 

Multiply both sides by K to eliminate the K-1 from the left side 

K. K 1VCdq 0
= Req K. K 1Idq 0 +  Leq K.

dK 1Idq 0

dt
+ K. K 1Vinf inf ...........................(38) 

VCdq 0
= Req Idq 0 +  Leq K.

dK 1.Idq 0

dt
+ Vinf inf ..........................................................(39) 

by  derivation the right side and rearrange equations  and substituting the park 

transformation matrices 

VCdq 0
= Req Idq 0 +  Leq K. (Idq 0

dK 1

dt
+ K 1 dI dq 0

dt
) + Vinf inf ......................................(40) 
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VCdq 0
= Req Idq 0 +  Leq (K.

dK 1

dt
Idq 0 + K. K 1 dI dq 0

dt
) + Vinf inf ...................................(41) 

VCd

VCq

VC0

=

Req 0 0

0 Req 0

0 0 Req

Id

Iq

I0

+

Leq 0 0

0 Leq 0

0 0 Leq

0 0

0 0

0 0 0

Id

Iq

I0

+

Leq 0 0

0 Leq 0

0 0 Leq

d

dt

Id

Iq

I0

+ Vinf inf  

 

Leq
dId

dt
= VCd Req Id + Leq Iq Vinf sin( inf )............................................................(42) 

Leq

dIq

dt
= VCq Req Iq Leq Id Vinf cos inf ............................................................(43) 

From equations 23- 26 ,the delta angle for the PV injected voltage  bus is 

    tan PV =
LIq PV

+ VCd

LId PV
+ VCq

=
LIq PV

+Req Id Leq Iq

LId PV
+Req Iq +Leq Id +Vinf cos ( inf )

         .....................................(44) 

The magnitude of the PV current is  

      IPV = IdPV
2 + IqPV

2................................................................................................(45) 
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4.3 Mathematical Model of the System for the During Fault 

Running Conditions: 

The derivation of the nonlinear dynamical mathematical equations for the system 

under study during fault: 

Fig.4.4.Schematic diagram for the during fault power system under study 

Fig.4.5.Equivalent schematic diagram for the during fault power system under study 
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After converting the system from Delta to Star 

 

Fig.4.6. Simplified schematic diagram for the during fault power system under study  

  Apply KVL around the loop which contains the inductance and capacitance of the LC 

filter 

D

1 D
VPV PV = L + .....................................................................................(46) 

   Substituting each abc variable to its dq0 equivalent by multiplying both sides by K-1 

K 1 D

1 D
VPV PV = L

dK 1.IPV  dq 0

dt
+ K 1VCdq 0

................................................................(47) 

     Multiply both sides by K to eliminate the K-1 from the left side 

K. K 1 D

1 D
VPV PV = LK.

dK 1.IPVdq 0

dt
+ K. K 1VCdq 0

.....................................................(48) 
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   D

1 D
VPV PV = LK.

dK 1.IPVdq 0

dt
+ VCdq 0

........................................................................(49) 

Do the derivation of the right side and re arrange equations and substituting the park     

transformation matrices 

  D

1 D
VPV PV = L(K.

dK 1

dt
IPVdq 0 + KK 1 dI PVdq 0

dt
) + VCdq 0

...........................................(50) 

 

           
D

1 D
VPV PV =

L 0 0

0 L 0

0 0 L

0 0

0 0

0 0 0

IdPV

IqPV

VI0PV

+
L 0 0

0 L 0

0 0 L

d

dt

IdPV

IqPV

I0PV

+

VCd

VCq

VC0

 

           L dIdPV

dt
=

D

1 D
VPV  sin( PV ) + LIqPV  VCd ............................................................(51) 

L
dIqPV

dt
=

D

1 D
VPV  cos( PV ) LIdPV  VCq ..........................................................(52) 

Apply KVL around the loop from filter's capcitance C  through branches A and B 

            VCabc
= RA IAabc

+ LA

dI A abc

dt
+ RBIBabc

+ LB

dI B abc

dt
.............................................(53) 

   But  

            IBabc
= IAabc

ICabc
...........................................................................................(54) 

Substituting each abc variable to its dq0 equivalent by multiplying both sides 

by K-  K 1VCdq 0
= RA K 1IAdq 0

+ LA

dK 1IA dq 0

dt
+ RB K 1IAdq 0

K 1ICdq 0
+

LB (
dK 1IA dq 0

dt

dK 1IC dq 0

dt
)............................................................................................(55) 

         Multiply both sides by K to eliminate the K-1 from the left side 
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        K. K 1VCdq 0
= RA K. K 1IAdq 0

+ LA K.
dK 1IA dq 0

dt
+ RB K. K 1IAdq 0

K. K 1ICdq 0
+

                 LB K. (
dK 1IA dq 0

dt

dK 1IC dq 0

dt
) .................................................................................(56) 

 VCdq 0
= RA IAdq 0

+ LA K.
dK 1IA dq 0

dt
+ RB IAdq 0

ICdq 0
+ LBK. (

dK 1IA dq 0

dt

dK 1ICdq 0

dt
)..................................................................................................................(57) 

by derivation the right side and rearrange equations  and substituting the park     

transformation matrices 

VCdq 0
= RA IAdq 0

+ LA K. IAdq 0

dK 1

dt
+ K 1

dI A dq 0

dt
+ RB IAdq 0

ICdq 0
+ LB K. IAdq 0

dK 1

dt
+

K 1
dI A dq 0

dt
ICdq 0

dK 1

dt
+ K 1

dI C dq 0

dt
..............................................................................(58) 

V
0

= RA I
0

+ LA I
0
K.

K 1

+ K. K 1 0
+ RB I

0
I

0
+

LB I
0
K.

K 1

+ K. K 1 0
LB I

0
K.

K 1

+ K. K 1 0 ...........................(59) 

V
0

= RA I
0

+ LA (I
0
K.

K 1

+
0
) + RB I

0
I

0
+ LB(I

0
K.

K 1

+

0
) LB(I

0
K.

K 1

+
0
) ................................................................................(60) 
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VCd

VCq

VC0

=

RA 0 0

0 RA 0

0 0 RA

I

I

I
0

+

LA 0 0

0 LA 0

0 0 LA

0 0

0 0

0 0 0

I

I

I
0

+

LA 0 0

0 LA 0

0 0 LA

d

dt

I

I

I
0

+
RB 0 0

0 RB 0

0 0 RB

I

I

I
0

RB 0 0

0 RB 0

0 0 RB

I

I

I
0

+

LB 0 0

0 LB 0

0 0 LB

0 0

0 0

0 0 0

I

I

I
0

+

LB 0 0

0 LB 0

0 0 LB

d

dt

I

I

I
0

LB 0 0

0 LB 0

0 0 LB

 

0 0

0 0

0 0 0

I

I

I
0

LB 0 0

0 LB 0

0 0 LB

d

dt

I

I

I
0

 

  VCd = RA Id LA Iq + LA + RB Id RBI LBIq + LB + LB I LB .........(61) 

           After re arrange the previous equation the result is equation (32) 

   (LA + LB) LB = VCd (RA + RB)Id + RBI + (LA + LB)Iq LBI ...........(62) 

VCq = RA Iq + LA Id + LA + RB Iq RB I + LBId + LB LBI LB ...........(63) 

            After re arrange the previous equation the result is equation (34) 

     (LA + LB) LB = VCq (RA + RB)Iq + RB I (LA + LB)Id LBI ......(64) 
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Apply KVL around the loop from branches B and C ending with infinite bus 

     0 inf = RBI LB + RCI + LC ...................................(65) 

  But I = I I ................................................................................................(66) 

      After substituting  IBabc in the previous equation above 

0 inf = RB(I I ) LB( ) + RCI + LC ........(67) 

Substituting each abc variable to its dq0 equivalent by multiplying both sides by K-1 

     0 K 1Vinf inf = RBK 1(IAdq 0
ICdq 0

) LB(
dK 1IA dq 0

dt

dK 1ICdq 0

dt
) +

RCK 1ICdq 0
+ LC

dK 1ICdq 0

dt
..............................................................................................(68) 

   Multiply both sides by K to eliminate the K-1 from the left side 

0 K. K 1
inf = RBK. K 1(I

0
I

0
) LB(K.

K 1
0

K.
K 1

0
) +

RCK. K 1I
0

+ LCK.
K 1

0 .......................................................................................(69) 

0 inf = RB I
0

I
0

LBK.
K 1

0
+ LBK.

K 1
0

+ RCI
0

+

LCK.
K 1

0 ...................................................................................................................(69) 

by derivations the right side and rearrange equations and substituting the park     

transformation matrices 
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   0 inf = RBI
0

+ RB I
0

+ LB (I
0
K.

K 1

+ K. K 1 0
) +

LB(I
0
K.

K 1

+ K. K 1 0
) + RCI

0
+ LC(I

0
K.

K 1

+ K. K 1 0
) ...........(70) 

0 inf = RBI
0

+ RB I
0

+ LB (I
0
K.

K 1

+
0
) + LB(I

0
K.

K 1

+

0
) + RCI

0
+ LC(I

0
K.

K 1

+
0
)................................................................(71) 

0 inf =

RB 0 0

0 RB 0

0 0 RB

I

I

I
0

+

RB 0 0

0 RB 0

0 0 RB

I

I

I
0

+

LB 0 0

0 LB 0

0 0 LB

0 0

0 0

0 0 0

I

I

I
0

+

LB 0 0

0 LB 0

0 0 LB

d

dt

I

I

I
0

+

LB 0 0

0 LB 0

0 0 LB

0 0

0 0

0 0 0

I

I

I
0

+

LB 0 0

0 LB 0

0 0 LB

d

dt

I

I

I
0

+

R 0 0

0 RC 0

0 0 RC

I

I

I
0

+

LC 0 0

0 LC 0

0 0 LC

0 0

0 0

0 0 0

I

I

I
0

+

LC 0 0

0 LC 0

0 0 LC

d

dt

I

I

I
0

 

LB
dI d

dt
+ LB + LC

dI C d

dt
= RB Id RB + RC ICd

LB Iq + LB + LC ICq
Vinf  sin inf .......(72) 

LB + LB + LC = RB Iq RB + R I + LB Id LB + LC I Vinf  cos( inf ).......(73) 
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   By substituting and rearrange equations 62,64,72 and 73 to make each equation has only  

one derivative parameter they become as: 

 (
(LA +LB ) LB +LC

LB
LB )

dI C d

dt
= VCd + (

RA (LA +LB )

LB
(RB + RC))Id + (RB

(LA +LB )(RB +RC )

LB
)ICd

+

(
(LA +LB ) LB +LC

LB
LB )ICq    ..............................................................................................................(74) 

 (
(LA +LB ) LB +LC

LB
LB )

dI C q

dt
= VCq + (

RA (LA +LB )

LB
(RA + RB ))Iq + (RB

(LA +LB )(RB +RC )

LB
)ICq

+

(LB
(LA +LB ) LB +LC

LB
)ICd

(LA +LB )

LB
Vinf cos( inf )   ........................................................................(75) 

 (LA + LB
LB

2

LB +LC
)

dI d

dt
= VCd + (

RB LB

LB +LC
(RA + RB ))Id + ((LA + LB )

LB
2

LB +LC
)Iq + (RB

LB (RB +RC )

LB +LC
)ICd

...................................................................................................................................(76) 

 (LA + LB
LB

2

LB +LC
)

dI q

dt
= VCq + (

LB
2

LB +LC
(LA + LB ))Id + (

RB LB

LB +LC
(RA + RB ))Iq + (RB

LB (RB +RC )

LB +LC
)ICq ...................................................................................................................................(77) 

From equations 51 ,52 ,61 and 63 ,the delta angle for PV generator bus during fault is: 

tan PV =
LIq PV

+ VCd

LId PV
+ VCq

=
LIq PV

+(RA +RB )Id RB ICd
(LA +LB )Iq +LB ICq

LId PV
+(RA +RB )Iq RB ICq +(LA +LB )Id LB ICd

..................................(78) 
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4.4  Mathematical Model of the System for the Post Fault 

Running Conditions: 

     The derivation of the nonlinear dynamical mathematical equations for the 

system under study at post -fault. The Fault has been cleared by simultaneous 

opening circuit breaker for the faulted line at two ends. 

Fig.4.7.Schematic diagram for the post fault power system under study 

 

Fig.4.8.Simplified schematic diagram for the post fault power system under study  
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      Equations (79)-(85) represent the mathematical model of the system post fault running 

conditions. Since the fault has been cleared by tripping the faulted line by opening the two 

circuit breakers at two ends, so the equivalent system return to its pre-fault running 

condition except the faulted line tripped and the values of Req and Leq is increased.  

C
dVCd

dt
= IdPV Id + CVCq .................................................................................................(79) 

C
dVCq

dt
= IqPV Iq CVCd .................................................................................................(80) 

L
dIdPV

dt
=

D

1 D
VPV  sin( PV ) + LIqPV  VCd ............(81) 

L
dIqPV

dt
=

D

1 D
VPV  cos( PV ) LIdPV  VCq ......................................................................(82) 

Leq
dId

dt
= VCd Req Id + Leq Iq Vinf sin inf .................................................................(83) 

Leq

dIq

dt
= VCq Req Iq Leq Id Vinf cos inf .................................................................(84) 

The delta angle for PV generator bus for post fault conditions is: 

tan PV =
LIq PV

+ VCd

LId PV
+ VCq

=
LIq PV

+Req Id Leq Iq

LId PV
+Req Iq +Leq Id +Vinf cos ( inf )

.......(85) 
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Chapter 5: Photovoltaic System Design and Perturbation and 

Observation Algorithm  

      This chapter presents the design of the photovoltaic generator in actual and per unit 

quantities at different solar irradiance levels, the area of solar modules and its primary cost. 

Also it presents the relations between the duty cycle of the DC-DC buck boost converter 

and its perturbations with the output characteristics of the PV generator based on the P&O 

algorithm as maximum power point tracking is the target. 

5.1 Photovoltaic System Design and Output characteristics 

      The PV generator consists of many modules connected in parallel and series 

combinations to achieve the desired values for current , voltage and power. In this thesis, 

the PV generator design has 548kWp, 471.63 open circuit voltage and 1879.64 A short 

circuit current. The voltage and current at MPP are 351.71 V&1567A, respectively.In this 

thesis the PV solar power plant design used the PV module made by AVANCIS Company 

and designed by PV SOL software. 

      The PV generator consists of 548 branches and each branch has 8 modules connected in 

series. The total number of PV modules is 4384 modules. Each module has the following 

parameter: 
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Table 5.1: I-V characteristic for PV module [23] 

 

The dimension of each module is 664 mm * 1587 mm .So the PV generator surface area is: 

PV Module Area is 664 mm * 1587 mm  = 1.053 m2 .  

PV Generator Surface = 4384 modules* 1.053m2/module = 4,619.7 m². 

Total Investment Cost=822,000 $ ( 582565 JOD). 

 

 

 

 

 

 

 

 

 

 

 

I/V Characteristics at STC  

MPP Voltage 43.7 V 

MPP Current 2.86 A 

Power Rating 125 W 

Open Circuit Voltage 58.95 V 

Short-Circuit Current 3.43 A 

Increase open circuit voltage before stabilization 0 % 
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The inverter used in the design is  Powador 39,0 TL3manufactured by KACO new energy 

and it has the following ratings 

DC Power ratings        33.33 kW 
AC Power ratings        33.33 kW 
Max Input Voltage      1000 V 
Max input Current       102 A 
Nominal DC Voltage    350 V 
 
So the total number of inverter for the PV solar power plant is 548kWp/33.3kW = 16 

 

Fig.5.1.PV generator design using PV*SOL premium 7.5 (R4) software 
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   Figure 5.2 shows the output characteristic for the PV generator Design at full solar 
irradiance  

 

 

 

 

 

 

Fig.5.2.Output characteristic for PV generator at full solar irradiance  

      For more reliable and easy for analysis, the system will be studied in per unit values 
[21].So choosing 675KVA, 0.4/11 kV transformer as the bases values for all system. The 
output characteristics for the PV generator in per unit at different solar irradiance levels 
shown in the Fig .5.3. 

Fig.5.3.Current-voltage characteristics at different solar irradiance levels in per unit 
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    The power versus voltage characteristic for PV generator in per unit at different  

solar   irradiance   levels is shown in Fig.5.4. 

Fig.5.4.Voltage-power relations for PV generator at different solar intensities 

     From Fig.5.4, the PV generator provides a maximum output power of about 

0.812pu at full solar irradiance 0.6089pu at 75% of full solar irradiance and 0.39 

pu at 50%offull solar irradiance. 

     In this thesis, a polynomial of 10th order is used to approximate the nonlinearity 

of the V-I output characteristics as: 

= 11

11

=1

 

    The constants values for V-I polynomial at different solar irradiance levels are found 

in appendix A. 
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5.2 Perturbation and Observation algorithm as MPPT technique: 

      In the P&O algorithm Flow chart in Fig 5.5 , corresponding 

operating point on the  output current voltage characteristics are shown in the Fig.5.6 - 

Fig.5.11 at different solar intensities. 

 

Fig.5.5.Flow Chart of P &O algorithm 
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Fig.5.6.Duty cycle versus PV current and I-V characteristic based on P&O at full solar 
irradiance 

 

 

 

 

 

 

 

 

Fig.5.7. Duty cycle vs. voltage and I-V characteristic based on P&O at full solar irradiance 
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Fig.5.8. Duty cycle perturbation versus PV Current based on P&O algorithm at full solar 

irradiance 

Fig.5.9. Duty cycle perturbation versus PV voltage based on  P&O algorithm at full solar 
irradiance 
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Fig.5.10. Duty cycle versus PV current& V-I characteristic based on P&O at 75% of full 
solar irradiance 
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Fig.5.11. Duty cycle perturbation versus PV voltage based on  P&O algorithm at 75% of 
full solar irradiance 
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 5.3 System Response After Symmetrical Three Phase to Ground Fault  

       The numerical simulations of the system after symmetrical three phase to ground fault 

at the middle of the second transmission line is presented .The fault has been cleared by 

simultaneous opening the circuit breakers at the faulted line  from  its two ends . The 

system behavior during fault case is presented at full solar intensity, 75%, 60% and 50 % of 

full solar intensity. The system response after successive step changes in the solar 

irradiance levels from 90% to 75% to 60% and then followed by 100% of full solar 

irradiance level is presented. 

5.3.1 System Response at Full Solar Irradiance Level 

      Figures 5.12-5.15 show the response of the system when it is subjected to three phase 

to ground fault which is considered as large disturbance. Three phases to ground fault is 

subjected at the middle of the second transmission line. A symmetrical three phase to 

ground fault is occurred for a period of 55 ms .Figure 5.12 shows the output photovoltaic 

current at pre, during and post fault cases. Figure 5.14 shows the output photovoltaic power 

at pre, during and post fault cases. 

     Initially before the fault is affected on the system, the PV generator output power is 

about 0.812 pu which is corresponding to the maximum output power from the PV 

generator at full solar irradiance level. The duty cycle for DC to DC converter is about 

0.505 which is controlled by the P&O algorithm .The output current is 0.686 pu at output 

voltage from PV is 1.184 pu. 

    During the fault the power output from the PV generator is decreased sharply to 0.45 pu. 

The fault has been cleared by opening the circuit breakers at two ends of the faulted line. 



www.manaraa.com

63 
 

   The post fault values for the system is remain within the pre-fault values but still the 

system need about 5 s to be with  a steady state and some oscillation is happened before a 

steady state values is achieved.  

 

Fig.5.12.PV generator output current at full solar irradiance 
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Fig.5.13.PV generator injected voltage at full solar irradiance 

Fig.5.14.PV generator output power at full solar irradiance 
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Fig.5.15.Duty cycle for DC-DC converter based on P&O Algorithm 
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5.3.2 System Response at 75% of Full Solar Irradiance Level  

     Figures 5.16 - 5.19 show the response of the system when it is subjected to three phase 

to ground fault which is considered as large disturbance. Three phases to ground fault is 

subjected at the middle of the second transmission line. A symmetrical three phase to 

ground fault is occurred for a period of 55 ms .Figure 5.16 shows the output photovoltaic 

current at pre ,during and post fault cases. Figure 5.18 shows the output photovoltaic power 

at pre ,during and post fault cases. 

     Initially before the fault is affected on the system, the PV generator output power is 

about 0.608pu which is corresponding to the maximum output power from the PV 

generator at 75% of full solar irradiance level. The duty cycle for DC to DC converter is 

about 0.523 which is controlled by the P&O algorithm .The output current is 0.589 pu at 

output voltage from PV is 1.047 pu. 

     During the fault the power output from the PV generator is decreased sharply to 0.58pu. 

The fault has been cleared by opening the circuit breakers at two ends of the faulted line. 

     The post fault values for the system remains within the pre-fault values but still the 

system needs about 80 s to reach steady state and some oscillations taking place before the 

steady state . 
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Fig.5.16.PV generator output current at 75% of full solar irradiance 

 

Fig.5.17.PV generator injected voltage at 75%of full solar irradiance 
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Fig.5.18.PV generator output power at 75% of full solar irradiance 

 

Fig.5.19.Duty cycle for DC-DC converter based on P&O algorithm at 75% of full solar 
irradiance 
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5.3.3 System Response at 60% of Full Solar Irradiance Level  

    Figures 5.20 -5.23 show the response of the system when it is subjected to three phase to 

ground fault which is considered as large disturbance. Three phases to ground fault is 

subjected at the middle of the second transmission line. A symmetrical three phase to 

ground fault is occurred for a period of 55 ms . Figure 5.20 shows the output photovoltaic 

current at pre, during and post fault cases. Figure 5.22 shows the output photovoltaic power 

at pre, during and post fault cases. 

     Initially before the fault is affected on the system, the PV generator output power is 

about 0.435pu which is corresponding to the maximum output power from the PV 

generator at 60 % of full solar irradiance level. The duty cycle for DC to DC converter is 

about 0.513 which is controlled by the P&O algorithm .The output current is 0.445 pu at 

output voltage from PV is 0.983 pu. 

    During the fault the power output from the PV generator is decreased sharply to 0.421pu. 

The fault has been cleared by opening the circuit breakers at two ends of the faulted line. 

    The post fault values for the system is remain within the pre-fault values but still the 

system need about 190 s to be with  a steady state and some oscillation staking place before 

a steady state is achieved. 
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 Fig.5.20.PV generator output current at 60% of full solar irradiance 
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Fig.5.21.PV generator injected voltage at 60% of full solar irradiance 

 

  

 

Fig.5.22.PV generator output power at 60% of full solar irradiance 
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Fig.5.23.Duty cycle for DC-DC converter based on P&O Algorithm at 60% of full solar 
irradiance 
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5.3.4 System Response at 50% of Full Solar Irradiance Level  

     Before the fault is taken place at the middle of second transmission line the system is 

steady state stable. But the fault affected on the system and its cleared by opening the 

circuit breaker of the faulted line at two ends.  The critical clearing time for the fault is 35 

ms which is  less than the previous cases to maintain the system in stable operating 

conditions. The output power from PV generator at pre-fault period is 0.39 which 

corresponding to the maximum power point which is controlled by P&O algorithm. The 

output current from PV generator at pre-fault is 0.417  pu and  the PV generator injected 

voltage about 0.949 pu. During the fault, both the output current and output power from PV 

generator is sharply decreased to 0.28 pu and 0.36 pu respectively. The injected terminal 

voltage of PV generator is increased sharply during fault to a value of 1.23 pu. After the 

fault has been cleared. The post fault values for the system is remain within the pre-fault 

values but still the system need about 210 s to be with  a steady state and some oscillations 

taking place before a steady state is achieved. 
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Fig.5.24.PV generator output current at 50% of full solar irradiance 

Fig.5.25.PV generator injected voltage at 50% of full solar irradiance 
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Fig.5.26.PV generator output power at 50% of full solar irradiance 

 

Fig.5.27.Duty cycle for DC-DC converter based on P&O Algorithm at 50% of full solar 
irradiance 
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5.4 The response of the system after a successive step changes in the solar 

irradiance levels 

      Figures 5.28-5.32 show the response of the system after the successive step 

change in solar irradiance levels of the PV generator from 90% to 75% to 60% and 

then 100% of full solar intensity. 

Fig.5.28.PV generator output current at step change of solar intensities 

Fig.5.29.PV gnerator injected voltage at step change of solar intensities 
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     Figure 5.30 showed that the output power from the PV generator at every solar 

irradiance level corresponding to the maximum power point  of the PV generator of the 

P-I charateretisc. So the principle of the maximum power point tracking is achieved 

 

 

 

 

 

 

 

 

 

 

Fig.5.30.PV generator output power at step change of solar intensities 
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Fig.5.31.Duty cycle for DC-DC converter at step change of solar intensities 

0 5 10 15 20 25 30 35 40
0.44

0.46

0.48

0.5

0.52

0.54

0.56

0.58

0.6

0.62

Time(s)

D
ut

y 
cy

cl
e

 

 

 90% of full solar irradiance
 75% of full solar irradiance
 60% of full solar irradiance
 Full solar irradiance



www.manaraa.com

79 
 

Fig.5.32.PV generator voltage delta angle at step change of solar intensities(Degrees) 
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Chapter 6 : Conclusion and Future Work 

6.1 Conclusion 

      In this thesis, the perturbation and observation technique as maximum power point tracking  

techniques is used to track the maximum power of photovoltaic generator integrated to the 

grid. The system under study is comprised of  PV generator connected to infinite bus via 

DC-DC buck boost convertor, DC-AC Inverter, LC filter and two identical transmission 

lines.  

     The large signal stability of the power system after a three phase to ground fault is 

subjected on the middle of the transmission line at different solar irradiance levels is 

presented.  

      The response of the system showed that at full solar intensity the output power is 

tracked by P&O algorithm at about 0.812 pu at duty cycle 0.505 & PV Injected voltage 

1.184pu and output PV current is 0.686 pu. During fault the output power is sharply 

decreased to about 0.45pu. The system needs 5s to return to its pre-fault values after the 

fault has been cleared. 

      At 75% of full solar irradiance level ,the output PV generator power is decreased 

during fault from its maximum value of 0.608 pu to 0.58 pu . The system needs about 80s 

to return to steady state values . 

      At 60% of full solar irradiance level ,the output PV generator power is decreased 

during fault from its maximum value of 0.435pu to 0.421pu. The system needs about 190s 

to return to steady state values. 
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      At 50% of full solar irradiance , the critical clearing time is 35 ms to maintain the 

system in stable operating conditions after the faulted line is removed. The output power 

during fault is decreased to 0.36 pu. The system needs 210s to return to steady state values.  

       It can be observed that, the level of solar intensity affects the stability of the power 

system. As the PV solar irradiance level decreased, the system needs more time to return to 

stable operating values after the fault has been cleared by opening the circuit breaker at two 

ends of the faulted line. So the higher PV solar irradiance level is, more stable and robust 

system. Table 6.1 summarize the results for critical clearing time and the time require to 

recover stable operating condition at different soar intensities.  

Table 6.1: Critical Clearing Times and Times Required to Recover Stability  

Solar Intensity 

Level 

Full Solar 

Intensity 

75% of Full 

Solar Intensity 

60% of Full 

Solar Intensity 

50% of Full 

Solar Intensity 

Critical Clearing 

Time (ms) 
55 55 55 35 

Time Required 

to Recover 

stability(s) 

5 80 190 210 

 

        The response of the system after successive step changed of solar irradiance level is 

presented. The PV solar intensity level is step changed from 90% to 75% to 60% and 

followed by 100% of  full solar irradiance. The output powers from PV generator after 

successive step changes in solar intensities are 0.695 pu, 0.575 pu,0.435 pu and 0.812 pu 
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,respectively. The PV injected voltages are 1.03 pu, 1.12 pu, 1.118 pu  and 1.13 pu 

,respectively. The PV output current are 0.675 pu, 0.513 pu, 0.389  pu  and 0.718 pu 

,respectively. The Duty cycle of DC-DC convertor based on P&O algorithm at step 

changed of solar intensities are 0.51 , 0.503 , 0.493 and 0.518 , respectively .Table 6.2 

summarize the results for the response of the system after successive step changes in solar 

intensities. 

 Table 6.2 : Response After Successive Step Changes in Solar Intensities 

  

 

 

 

Successive Step 

Changes in Solar 

Intensities 

90% of Full Solar 

Intensity 

75% of Full Solar 

Intensity 

60% of Full Solar 

Intensity 

100% of Full 

Solar Intensity 

 PV Output 

Current (pu) 
0.675 0.513 0.389   0.718 

PV Injected 

Voltage (pu) 
1.03 1.12 1.118 1.13 

PV Output  

Power (pu) 
0.695 0.575 0.435 0.812 

Duty Cycle of 

Buck Boost 

Converter 

0.51 0.503 0.493 0.518 

PV Generator 

Voltage Delta 

Angle (Degrees) 

14 10.8 8.2 14.8 
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6.2 Future Work 

1.To use a another MPPT technique and make  a comparison study between different MPPT 

techniques and P&O method in my thesis. 

2.To study the steady state stability of the power system around the operating point using the 

eigen values. 

3. To study the response of the system at different types of faults and at different locations in 

the power system. 
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Table A.1 presents the numerical system parameters for both pre and post fault running 

conditions 

 Table A.1: Numerical System Parameters 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameters Value (pu) 
R1 0.0444 
RT 0.0012 
L1 0.44 
LT 0.16 

Req( Pre-fault) 0.0234 
Leq(Pre-fault) 0.36 
Req (Post-fault) 0.0456 
Leq (Post-fault) 0.6 

RA| 0.0123 
RB 0.0056 
RC 0.0111 
LA 0.24 
LB 0.055 
LC 0.11 
L 0.01 
C 0.015 

Vinf 1 
 Zero 
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Table A.2: Constants of 10thOrder polynomial curve representing Voltage -Current 

Characteristics of the PV generator at different solar irradiance levels  

  

 

 

 

 

 

 

 

 

 

 
Constants 

Full solar 
Intensity 

90% of full 
solar intensity 

75% of full 
solar intensity 

60% of full solar 
intensity 

50% of full 
solar intensity 

10 -33336.615210 -93925.186158 -563524.33871 -5042650.476321 -30182735.5631 
9 130902.39597 331933.18052 1659587.04125 11880540.813782 59259051.6066 
8 -218746.85257 -499214.73270 -2079962.55067 -11911917.53289 -49512963.1844 
7 202806.68286 416553.08158 1446296.14264 6626334.8321643 22952466.9820 
6 -114028.78549 -210787.61881 -609888.898835 -2235408.328059 -6452553.47901 
5 39918.030057 66411.334772 160127.747314 469529.31976117 1129421.93760 
4 -8596.1359999 -12871.195744 -25861.9956638 -60666.38882745 -121607.511229 
3 1083.3915535 1459.9687890 2444.58681827 4587.5579373325 7663.24256150 
2 -72.252319806 -87.629923123 -122.273707103 -183.5689241145 -255.534137438 
1 1.81280083 1.9787605187 2.300872963 2.7634315422596 3.2056583078 
0 1.57391203 1.5462015855 1.498249924 1.4395618349753 1.391610174 
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Table B.1: PV Module Data Sheet 

 

Manufacturer AVANCIS 
Available Yes 

Electrical Data  
Cell Type CIS 

Only Transformer Inverters suitable No 
Number of Cells 104 

Number of Bypass Diodes 1 
Mechanical Data  

Width 664 mm 
Height 1587 mm 
Depth 37 mm 

Frame Width 25 mm 
Weight 16 kg 
Framed No 

I/V Characteristics at STC  
MPP Voltage 43.7 V 
MPP Current 2.86 A 
Power Rating 125 W 

Open Circuit Voltage 58.95 V 
Short-Circuit Current 3.43 A 

Increase open circuit voltage before stabilisation 0 % 
I/V Part Load Characteristics  

Values source Manufacturer/user-created 
Irradiance 300 W/m² 

Voltage in MPP at Part Load 42.7 V 
Current in MPP at Part Load 0.86 A 

Open Circuit Voltage (Part Load) 54.1 V 
Short Circuit Current at Part Load 0.98 A 

Further  
Voltage Coefficient -170 mV/K 

Electricity Coefficient 0.1 mA/K 
Output Coefficient -0.39 %/K 

Incident Angle Modifier 97 % 
Maximum System Voltage 1000 V 

Spec. Heat Capacity 920 J/(kg*K) 
Absorption Coefficient 70 % 
Emissions Coefficient 85 % 
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Table B.2: Inverter Data Sheet 

Manufacturer KACO new energy 
Available Yes 

Electrical Data  
DC Power Rating 33.3 kW 
AC Power Rating 33.3 kW 
Max. DC Power 39 kW 
Max. AC Power 33.3 kW 

Stand-by Consumption 30 W 
Night Consumption 7 W 

Feed-in from 120 W 
Max. Input Current 102 A 
Max. Input Voltage 1000 V 
Nom. DC Voltage 350 V 

Number of Feed-in Phases 3 
Number of DC Inlets 4 

With Transformer No 
Change in Efficiency when Input Voltage deviates from Rated 

Voltage -0.5 %/100V 

MPP Tracker  
Output Range < 20% of Power Rating 99.4 % 
Output Range > 20% of Power Rating 99.6 % 

No. of MPP Trackers 3 
Max. Input Current per MPP Tracker 34 A 

Max. recommended Input Power per MPP Tracker 20 kW 
Min. MPP Voltage 200 V 
Max. MPP Voltage 800 V 

  

 

 

 

 

 


