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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&O0), 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




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.

www.manaraa.com



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

Iev
' MNA—
[?hl lrn R, *
Current s
Source CTD v e Ve
| | )

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

Ipy : Output photovoltaic current (A).
Ipp : Light generated current (A).

Ip : Diode Current (A).

I : Shunt resistance current(A).

The series resistance R 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, Ry = 0 Q (no series loss), and Rg,= 00 Q (no leakage
to ground).The photovoltaic conversion efficiency is sensitive to small variations
in R, but s insensitive to variations in Rg,. A small increase in Ry can decrease

the photovoltaic output significantly [1].
The current through these elements is governed by the voltage across them:

\/]' = va + IPV RS ................................................................................................ (2)

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

Vpy: Voltage across the output terminals (V).

Ry: Series resistance (€2)

Ol LAC U Zyl_ilsl
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The diode current is given by the diode current expression:

Ip =Ig * (exp (qnl?rc) - 1) ..........................................................

Where:

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

q = electron charge = 1.6 * 107 (C).

n = ideality factor

K = Boltzmann constant = 1.38 * 10> (J/K).
T = temperature on absolute scale (K).

The load current is given by the expression:

Ipv = Iph — Is * (exp (an;c) - 1) - % .....................................

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 V,. and the short-circuit current Is.. 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 Ipy = 0 gives the open-circuit voltage as the following [1]:

Voc =%*log (@+ 1).. .........................................................
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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] .

Current { A )
Isc f MPT
Tnre
et Voltage (V)
Vmpe Voc

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].

10

www.manaraa.com



Power (W)

P s MPP

: - - - - -— Voltage (V)

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 (Py,) 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 = Dmax _ Ve Imp (6)

P Vgl 7T

11
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Current { A )

: : Voltage (V)
Ve Voc

Fig.2.4 Fill factor on I-V Curve

2.3 Photovoltaic Efficiency

Efficiency is the ratio of the electrical power output P, to the solar power
input P;, into the PV cell. P, can be taken to be P, since the solar cell can be

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

P, is taken as the product of the irradiance of the incident light, measured in
W/m? with the surface area of the solar cell [m*]. The maximum efficiency (M)
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].

12
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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] .

'; - 7 :_.1 5
= T 1 Rk ——
1, .1 A, L N L
- — ] X 5 i | i
L3 il 1 a1 A | 5,
o 1 1 & i A AN
- | W N h i e
1N 5 S
1l — o [ -
i | | 5, A [N
—f— g\ | 3wl g ;
- - - -
Y LR 7 -l- L
o a R A
e et e e (f o | i [ %
= - _— 1 i i [N i | i
1 E,__._ o R D o | o
Call Module A rray

Fig.2.5.Several PV cells make a module and several modules make an array

13
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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

14
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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

15

www.manaraa.com



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 lum is 0.00lmm. 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

16
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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 Module Energy Density
PV cell Material 5 Cost
Efficiency (%) (Kwp/m”)
Hybrid PV 18
Monocrystalline 13-16
Silicon PV
A A A
Polycrystalline 12 -16
Silicon PV
v 4 4
Amorphous Silicon 6.8
PV
17
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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
(power components, electronic components, boards, etc...) equal for all the devices. To
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,

1t can be written as:
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€))
The constant k; can be calculated from the data sheet and typically has a value between
0.8-0.92 [7].
MPP
Tac L
"" - - “.‘-\\\\
Ive =K1 . Isc — kY
’a" ""
-~ Y
e %
E ’r/ '-“

Dh_' ’J’ ‘i‘

2 i

5 ,” \I

g 'l' |;

Lew] - L

= o B
(=5 1 '\.
-~ H
'/' Current-Voltage Y

// ————— Power-Vaoltage
ok 1
0 PV Voltage Voc
Ve =Kz . Voc

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 :

The value of k, varies from 0.7-0.85 and can be calculated from the datasheet of a
particular PV module [7].

19

www.manaraa.com



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].

Power (W)
e 20=0(AtMPP)
Paax MPP
. %> 0 (At the right %_3” 0 ' % <0
side)
e 20<0 (Atthe left side ) etage (V)
Ve

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].

Inputs : V(t),V(t-2 t)
P(t) & P(t-At)

!

AV = V(t) - V(t-At)
4 P =Pit) - P(t-21)

1 Yes
¥
Decrease Increase
W re Vet

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.

Start

13

Measure V(k)&l(k)

!

Calculate P{K}=VikFI(K)

Decrementing D Incrementing D Decrementing D Incrementing D
Dik}=D{k} - AD Dik)=D{k) + AD | | D(k}=D{k)- AD Dik)=D(k) + AD
‘ v ' '

GoTo
Start

Fig.2.12. Flow Chart of P &0O Algorithm
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If the perturbation of voltage AV and power AP 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].

Power ( W)
';alﬂ-
Prax | e® {d}a:“b il
o
| "‘ﬂ;% %
B
- - - - - - Voltage (V)
Vi

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].

— Buck Boost To
ovoltaic

Array > Convertor 3 System

Vv & ley
A
D
Y
MPPT

Perturb and '
Observe Algorithm

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 t,, and the

total and the total switching period Ts.

xFor 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.

D

VO ZE LT (11)

25

www.manaraa.com



The Equivalent circuit of buck boost converter is shown in Fig.2.15.

Ipv
4. . | P& O MPPT |
D
l-*—""l |5 Io
H - :5* -
Vev _
_N\ Vo
. -+
[ 2 - e

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 array is connected to load using Cuk convertor. The system in this paper is
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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MFFT
1 D
*+ Iey
Vev
A
b _ =
l 1 1] DC-DC .
DC-AC Infinite |
PV Generator Buck Boost LC Filter  Transformer Transmission lines
Inverter Bus

Converter

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]

Vg0 = K Vi crvveeeienieneeeeemmeeessmaesesseessssseesssssesssssessssseesesseesssses et neiiene s (12)
L4q0 = K Lipeeceeeeeeemmeeeeemmeseeasseesseseesse et sssse s st ssse s e e (13)
Vabe = KT Vg0t e e (14)
Libe = KTHdq0 oo e (15)

; _1 dK . .
where K, K and K~1. < are matrices used to complete the park transformation

cos@ cos(d—120) cos(€+120)
KZ% sin@ sin(@—120) sin(€ +120)

1 1 Lo e (16)
2 2 2
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The Inverse for Matrix K is

cos @ sin @ 1

K™ =|cos(0@—120) Sin(@—120) 1| oo,

cos(@+120) sin(€@+120) 1

The product between K™ and the derivative of K is

dK 0 —w 0
K1 —== [oo 0 0] ...................................................
dt
0 0 0
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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

PO

MPET
! 1 D
f + Iev
I
: ;
= Vev J} 1
E. 'y
A ] DC-DC ]
DC-AC Infinite |
PV Generator Buck Boost LC Fiter  Transformer Transmission lnes
Inwverter Bus
Converter

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 & Leg

F&O )
MEFT
Tev Vinp£8ins
£ Vp‘réaw
: ) L oA R Ly
Vev J} { —fm; — . L e
4 ] IdP\-""quPV Ivmﬁvﬁl ]d+]]‘l
[ o 1T Ica®11cq
i _ =
4 L DC-DC
DC-AC Infinite
PV Generator Buck Boost LC Filter  Transformer + Transmission lines
Inverter Bus
Converter

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]

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

-1
dK1Vey o

K. K 1. Icgq0 = K G (21)

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

dKk~1L.

Ve
Icgqo = K. CT“““l ................................................................................................ (22)

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

transformation matrices

dK—l _ dVC
Icaqo = K.C(T.Vcdqo +K 1%) .................................................................... (23)
dK—l _ dve
Icaq0 =C<K.T.Vcdq0 +K.K 1%) ............................................................... (24)
C 0 0]1[0 —w O0]|Veal [C 0 0] 4 [Vea
Icgqqo={0 C Of|lw O OVCq+0COaVCq
0 0 cllo o ol|vg| Lo o cl™ v
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2.Apply KCL at node A

ICd = IdPV - Id ........................................................................................................... (25)

1Cq = Lqpy = Lgeemmeeeeeeeessssessseeeeeessssssssessse s (26)

So rearrange the above equation and in per unit w = 1

dv

CEh = Tgpy = Lg o CVg o (27)
dv

C dfq IgpV — L = CVEq cerrreerrrereeemeeneeissees st e (28)

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

LC filter
D Al pyave
EVPV L8py = L%tb + Vcabc ................................................................................ (29)

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

K12 v s, = LI evaao | o1y 30
Py py £O0py = T-I- G e ereeserseses st st (30)

Multiply both sides by K to eliminate the K™ from the left side

D dK~LI _
K K™ —Vpy £8py = LK.TPVC"’O+ K KTV e (31)
D dKk 11
EVPV LSPV == LK TPquO + Vcdq T P T PP TSP TP PRTTUPPRTCPPRIOPS (32)

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

transformation matrices
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D dKk~1 1 dlpvdq o

T VPV L8py = L(K'TIPquO + KK~ ) + VquO ............................................. (33)
D L 0 0][0 —o Offlev]| 1L 0 074 [lev]| [Vea
mvwaspvz 0 L Olfo 0 oflleev|[+]0 L 0 7 Igpv | + | Veq
0 0 LILO 0 0l|Viyy 0 0 L lopy Veo
dlgpy D :
LT = EVPV Sln(8pv) + LIqPV — VCd ..................................................................... (34)
Loy = Dy Spy) — LI Y 35
T = E PV COS( pv) = Llgpy T Vg e ( )

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

lines ending with infinite bus

dl 3pc
= Req Iabc + L —2be. + Vinfabc LSinf ................................................................ (36)

Ve €d  qdt

abc

Multiply both sides by K

_ - dK~11 _
K™'Ve 0 = Req KT Mago + Leq%+ KT Vi Z8inf eveeeeeeeeererseeeeeeeeeeeeseneen. (37)

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

_ _ dK~11 _
KKV, 0 = RegK K aq0 + Leg K= + K KT WVing £8inpcvvvrsscecnnnisn (38)
dK~Ll4q0
Veago = Reqlaqo + Lieq K 4 Ving £8ing ccvsovvcnessicenssicensscisscen (39)

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

transformation matrices

dK—1 _,dl
Veggo = Reqlaqo + Leg K (ligo—— + K™* %) e VA (40)
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dk—1 _qdl
VquO = Reqlqu + Leq (K-Tlqu + K.K 1%) + VinfLSinf ................................... (41)

Veg[=] 0 Reg O [[Igf+] 0 Legq Offw 0 0fflg

A Req O 0 114 Lgq 0 O [0 —w O] I
Vol [0 0 Rglllb] [0 0 LeJlo o olls

Leg O 0 d Iy
+] 0 Lyg 0 It Ig | + Vine £8in
0 0 Leg| %L
dI .
Leq S8 = Ve — Regla + Leqly = VinrSIN(Sin) ettt (42)
dI
Leq d—tq = Veq — Reqlg = Leqld = Vinf COS(Bing ) vvmrmmrmrrieiieiiicicic e (43)

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

tan(6 ) _ —L[qpv + Vg ) _LIqPV +Req lq—Leqlq
PV LIdPV + ch LIdPV +Req Iq +Leq Iq+Vinf cos (Sinf )

The magnitude of the PV current is
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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:

PO

DC-.
PV Generator Buck Boost LC Filter Transformer Transmission lines
Inverter Bus

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

P&O

MFFT

Ry L1 Ving £8inr

PT A%

DC-DC

fdegaads

PV Generator Buck Boost LC Filter  Transformer

Converter

Inverter

Transmission lines

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

P&O
MFPT
|- 1 D
i Hit i Ving£8in
T HEC
HESIHHEE
i l
wous save E ! B
- DC-DC
PV Generator Buck Boost
Converter

Transformer + Transmission lines Bus

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

abc

D dl pyape
EVPV ASPV ES L‘% + VC ..................................................................................... (46)

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

_1 D dK_l.IpV qu _1
K EVPV LSPV =1L T + K VquO ................................................................ (47)

Multiply both sides by K to eliminate the K™ from the left side

D dK~LI _
K K™ = Vpy £8py = LK ——72 + K KTIVe i (48)
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D dK=L1
EVPV LSPV = LK TPquO + Vqu T P PP PRI CP PRI TPPPTELPPPELOPPR (49)

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

transformation matrices

D dK~1 _q dl
EVPV LSPV = L(K'TIPqu 0 + KK 1 %} + VquO ...........................................

D L 0 0][0 —o Offlev | tL 0 0] 4[laev]| [Vea
mvpvﬁpv: 0 L Olfw 0 oflleev|[+]0 L 0 7 Igpv | + [ Veq
0 O L O 0 O VIOPV 0 0 L IOPV VCO
dlgpy D .
LT = EVPV Sln(6pv) + LIqPV - VCd ............................................................ (51)
dlqpv D
L at = EVPV COS(Spv) - lepv - ch .......................................................... (52)

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

dIAa c dIBa .
2% 4+ Rplp,,, + Lp (53)

VC = RAIAabc + LA

abc

But

IBabc = IAabc - Icabc

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

dK 11,
- -1 _ -1 dq0 -1 -1
by K K™'Ve, , = RaK My, + Ly — 20 + Ry (KT, o — KM, ) +

-1 -1
dK Mg K Moy
dt dt

Lp(

Multiply both sides by K to eliminate the K from the left side
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dK~ 11,
el _ -1 dq 0 -1 -1
K. K Vcqu—RAK.K IAdqo+LAK.T‘1+RB(K.K IAqu—K.K chq0)+

dK~11 dk~1
LK (80 = ——90) e (56)
_ _1IAdq0 _1IAdq0
Vego = Ralagge + LaK = + Rg (I, — Iy ) + LaK. (—
dK-llcd
dKTeaqo
D) ettt S e (57)

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

transformation matrices

_ dK—l 1 dIAd 0 dK—l
Vego = Ralago + LK (IAdqo—dt + K1t ) + Rg (Iaggo — leggo) + LeK- (IAdqo—dt +
dIA dK—l dIC
-1 dq0) _ -1 dq 0
K1 o) (chqo S ) .............................................................................. (58)
_ dk—1 _1Yagq0
Vearo = Ralago + La (IAquK. KK ) +Rp (Lo = leggo ) +
dKk-1 1 dIAqu dKk-1 1 dIquO
Lp (IAquK.T +KK T) — Ly (chqu.T +KK T) ........................... (59)
g dK—l dIAqu dK—l
Ve = Ralago + La(lay, o K-S + —2%) 4 Ry (IAqu - chqo) + Ly (L, K-S +
(60)

dl 4
_dq0y _ ar 4 _~dq0
dt ) Ly (chq 0 K. dt dt

44

www.manaraa.com




Veal TRa 0 07[U] La 0 0770 —o 0]l
Veg| =10 Ry O |fla|+]|0 L4 0”(» 0 0] L |+
Veo 0 0 Ry, | Lo o rJdlo o ol

Rg 0 07l
0 Rg O0f|l,|-

0 0 Ryl

Rg 0 07[le]
0 Rg O]l |+
0 0 Rgl|ig]

Ly 0 0170 - O01[M«] s 0 07 [4] [Lg O O
0 Lg o[w 0 O]IAq+0 Lg 0];—tlAq—o Lg 0]
0 0 Lgllo 0 o1, 0 0 Lg I, 0 0 Lp
0 - 0fflea] Lz 0 074k
[w 0 0] Ie, —[0 Ly Ol—tlcq
0 0 O ICO 0 0 LB IC()
dl dl dl
Vea = Ralg — Lalg + LAd_td+ Rgly — Rple, — Lglg + LBd_td+ Lplc, — LB% ......... (61)
After re arrange the previous equation the result is equation (32)
dld dICd
(Ly + Lpy—~—Lg <) Vea — (Ra + Rp)lg + Rple, + (La + Lpylg — Lplg coooveeee. (62)
dl dl di¢
Veqg = Ralg + Lalg + LAd_tq+ Rplqy —Rplg, + Lglq +Lg d—tq — Lgl¢, — LBd_tq ........... (63)

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

dl dl¢
(Lp + LB)d_tq —Lp d_tq = ch —(Rpy + RB)Iq =+ RBICq — (Lp + LB)Id - LBICd ......... (64)
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Apply KVL around the loop from branches B and C ending with infinite bus

abc

dl dl
0 — Ving £8inf = —Rplp,,, — Lp —2 + Relgy,, + Lo (65)

But IBabc = IAabc - IC

After substituting Ip,pe in the previous equation above

dIAa C dICa C dICa C
0 = Ving £8ins = —Rg(la,,, — e, ) — Lo (2= — —29) + Rcle,,, + Le—2=.......(67)

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

dK~ 11, dK 11
-1 — -1 dq 0 dq0
0—-K \,infLSinf = —RBK (IAqu - IquO) - LB( dt - dt

)+

Multiply both sides by K to eliminate the K' from the left side

B B dK~ 11, dK~ 11
0 — K K™ 'Wins 28in¢ = —RpK. K™ (Iy o = Iyp0) — Lp (K — 440 K. — ki

L dk e, o
ReK KT gy o F LeKom™ s (69)

dK_lIAqu _11qu0
0 = Vius 28t = =R (Luyyy = leggo ) — LK —— % + LgK.——22 + Relc,, , +
dk e,

LK (69)

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

transformation matrices
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dK~!
0-— VinfLSinf = _RBIAqu + RBIquO + LB(IAquK.

dt ) dt
dK™ _ dK_ _ 4
Le(Ic,, K- K KK dq°)+RCICd o +Le(e, K ——+ KK d‘;qo) ........... (70)
0 — Vi p 28, = —Rl Rgl Lol KU Phagoy g g ak™
— Ving £8ins = =Rgla,  + Rple, o + Lp(lay,, vt ) tLe(c, K——+
dlcd 0 dKk-1 dlcd 0
d—t") +Reley, + Lc(lcdqu-Tde—tq) ................................................................ (71)
Rg 0 071[l] Rg 0 071l
O_VinfL(Sinf=_ 0 RB 0 IAq + 0 RB 0 ICq
0 0 Rgl|i, 0 0 Rgli,
Lg 0 07[0 —w 0][4] s 0 074U
+[{0 Lg Oflw o0 of|la[+|0 Ly 0]—=|lL,
dt
0 0 Lgllo o olfy,| Lo o LgI™|1, ]|
Lg 0 0770 —o O0][lca] e 0 07 4[]
+[0 Lg O|flw 0 of|lg|[+]0 Lz 0]|=|l,
dt
0 0 Lgllo o olli,| Lo o0 LgI™ig
Rew 0 071[fca] 1Le 0 0710 —w o07[lc
+]0 Re Of|lg[+[0 Lc O [w 0 o] Ie,
L0 0 Rl 0 0 Ldlo o olfig
_LC
+ 0 LC ] Cq
[0 0 L
_LB dId+(LB+Lc) RBId_(RB+RC)ICd LBI +(LB +Lc)lc 1r1f Sln(61nf) ....... (72)

di dic,
_LB d_: + (LB + LC) d RBI - (RB + RC)IC + LB Id - (LB + Lc)lcd 1nf COS(Smf) ....... (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:

di
((LA+LB)(LB+LC) _ LB)A = Vg + (RA(LA+LB) — (Rg + ROy + (Rg — (LA+LB)(RB+RC))IC 4
Lp dt Lg Lg d
7 LSO s (74)
B
di
((LA+LB)(LB+LC) _ LB)ﬁ = Ve, + (RA(LA+LB) — (Ry + Rp))I, + (Rp = (LA+LB)(RB+RC))IC +
Lg dt a Lg q Lg q
(La+Lg)(Lg+Lc) (La+Lg)
(LB - %)ch - AL—BBVinfCOS(Sinf) ........................................................................ (75)
Lg? dl RgL Lg?
(La + L — (LBiLc) = =Vea + (LBB+5C — (Ra +Rp)Ig + ((La + Lp) — LBiLC)Iq + (Rg —
Lg (Rg+R¢)
%) Corrmreremeremsmssrmssrsssssssmssssssssssssssneessg® o rsssrsessssessssssssnesssssssssasssssssssasssnssssssssasssnsssassaes (76)
Ly + Ly — 5 %y LsT (g, 4 L))l + (REEE (R, + Ry ), + (R
Latle =755 = Voo + (o — La + Le)la + (7 - — (Ra + Rp))lg + (Rp —
Lg (Rg+Rc)
W)Icq ................................................................................................................................... a7

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

tan(8 ) > _LIqPV +VCd _ _LIqPV +(RA +RB)Id —RBch —(LA+LB)Iq +LBICq (78)
PV Llgpy + Veq Llapy +(Ra FRp)lq—Rplog H(LaLp)lq—Lplg, ="
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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.

P&OQ

MFFT

Ri1 L1 Vinf£8in

Vev

D
DC-DC
Buck Boost

!

PV Generator
Converter

Transmission lines

Fig.4.7.Schematic diagram for the post fault power system under study
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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 R.q and L is increased.

dv
C dth = Igpy — L A Vg e BB (79)
cea _py —1, —CV, (80)
& lgpv q (0TS LT St
digey _ D (S
dI D
L;_tPV = EVPV COS(Spv) - LIde - ch ...................................................................... (82)
dl .
Leq d_td = VCd - Req Id + Leq Iq - Vinfsm(Sinf) ................................................................. (83)
dl
Leg d—tq = Vg — Reqlq = Leqla = VineCOS(Sing)vvvevmrvirmciiieieeiccc e (84)

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

“Mapy +Ved _ “LIgpy tReqlq—Leqlq
lePV +Veq LIde +Req Iq+Leq ld+Vinf €0 (8inf )

tan(Spy) =

e e (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 548kW,, 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]

I/V Characteristics at STC
MPP Voltage 437V
MPP Current 2.86 A
Power Rating 125 W
Open Circuit Voltage 5895V
Short-Circuit Current 343 A
Increase open circuit voltage before stabilization 0%

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 m>.
PV Generator Surface = 4384 modules* 1.053m?*/module = 4,619.7 m?.

Total Investment Cost=822,000 $ ( 582565 JOD).
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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 350V

So the total number of inverter for the PV solar power plant is 548kWp/33.3kW =16

PV Generator Module Area

Name Area South

PV Modules™ 4384 x PowerMax SMART 125(2013)
Manufacturer AVANCIS

Inclination 10°

Orientation South (180 °)

Installation Type Mounted- Open Space

PV Generator Surface 4,619.7 m2

Figure: 3D Design for Area South

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
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Fig.5.2.0Output 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.
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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.
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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 10" order is used to approximate the nonlinearity
of the V-I output characteristics as:
11

— 11-n
Vpy = Z Ay lpy

n=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 ,the values for D and AD at corresponding
operating point on the output current voltage characteristics are shown in the Fig.5.6 -

Fig.5.11 at different solar intensities.

Start

1

Measure V(k)&l(k)

!

Calculate P(K}=Vik)y (K}

Decrementing D Incrementing D Decrementing D Incrementing D
D{k)=D(k) - AD D(k)=D(k)+ AD | | Dik)=Dik) - AD D{k}=D{k) + AD

4 y v '
o

Fig.5.5.Flow Chart of P &O algorithm
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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.
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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.
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Fig.5.12.PV generator output current at full solar irradiance
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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 .

66

www.manaraa.com



Photovoltaic Output Current (pu)

Photovoltaic Output Terminal Voltage (pu)

0.62

T
————— Pre-fault
0.6 —©— During-fault ||
Post-fault
0.58 - f
0.56 - f
0.54 - N
0.52 - _
0.5 f
0.48 - _
0.46 | | | | | | |
0 20 40 60 80 100 120 140
Time(s)

160
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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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70

www.manaraa.com



Photovoltaic Output Terminal Voltage (pu)

Output Power from Photovoltaic Generator (pu)

1.25

= Pre-fault
—©— During-fault
12r Post-fault
115+ i
111 B
1.05- b
1 |- .|
0.95) 4
0-9 L L L L
50 100 150 200 250

Time(s)

Fig.5.21.PV generator injected voltage at 60% of full solar irradiance

0.45
————— Pre-fault
—©— During-fault
0.445 Post-fault -

0.44

0.435

0.43

0.425

0.42 : :

0 50 100
Time(s)

150

200 250

Fig.5.22.PV generator output power at 60% of full solar irradiance

71

www.manaraa.com



0.53

——— Pre-fault
—©— During-fault
o Post-fault -

0.51

0.5

Duty cycle

0.49

0.48

0.47 o
0 50 100 150 200 250
Time(s)

Fig.5.23.Duty cycle for DC-DC converter based on P&O Algorithm at 60% of full solar
irradiance

72

www.manaraa.com



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.5.27.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.
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Fig.5.28.PV generator output current at step change of solar intensities
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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

= 90% of full solar irradiance
= 75% of full solar irradiance
""" 60% of full solar irradiance
""""" Full solar irradiance
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o
o
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|
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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

78

www.manaraa.com




15

e 90% of full solar irradiance
145= — 75% of full solar irradiance a
----- 60% of full solar irradiance
S Full solar irradiance
[
e
o 13 -
[
o
=1
]
=
g 12- -
c
[
(O]
>
& nr i
o
K]
(=2}
c
©
s 10— -
]
(=]
9 = -
W,
8 | | | | | | |
0 5 10 15 20 25 30 35 40

Time(s)

Fig.5.32.PV generator voltage delta angle at step change of solar intensities(Degrees)

79

www.manaraa.com




Chapter
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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 Full Solar 75% of Full 60% of Full 50% of Full
Level Intensity Solar Intensity | Solar Intensity | Solar Intensity
Critical Clearing
55 55 55 35
Time (ms)
Time Required
to'Recover 5 80 190 210
stability(s)

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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srespectively. 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
90% of Full Solar | 75% of Full Solar | 60% of Full Solar 100% of Full
Changes in Solar . ] ) ]
o Intensity Intensity Intensity Solar Intensity
Intensities
PV Output
0.675 0.513 0.389 0.718
Current (pu)
PV Injected
1.03 1.12 1.118 1.13
Voltage (pu)
PV Output
0.695 0.575 0.435 0.812
Power (pu)
Duty Cycle of
Buck Boost 0.51 0.503 0.493 0.518
Converter
PV Generator
Voltage Delta 14 10.8 8.2 14.8
Angle (Degrees)
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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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Appendix



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)
Ry 0.0444
Ry 0.0012
Ly 0.44
Ly 0.16
Req( Pre-fault) 0.0234
Leq(pre-fault) 0.36
Req (Post-fault) 0.0456
Leq (Post-fault) 0.6
Ry, 0.0123
Rp 0.0056
Rc 0.0111
La 0.24
Lp 0.055
Lc 0.11
L 0.01
C 0.015
Vint 1
Sint Zero
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Table A.2: Constants of 10"Order polynomial curve representing Voltage -Current

Characteristics of the PV generator at different solar irradiance levels

Full solar 90% of full 75% of full 60% of full solar 50% of full
Constants Intensity solar intensity | solar intensity intensity solar intensity
010 -33336.615210 | -93925.186158 | -563524.33871 | -5042650.476321 | -30182735.5631
Oy 130902.39597 | 331933.18052 | 1659587.04125 | 11880540.813782 | 59259051.6066
og -218746.85257 | -499214.73270 | -2079962.55067 | -11911917.53289 | -49512963.1844
o7 202806.68286 | 416553.08158 | 1446296.14264 | 6626334.8321643 | 22952466.9820
O -114028.78549 | -210787.61881 | -609888.898835 | -2235408.328059 | -6452553.47901
as 39918.030057 | 66411.334772 | 160127.747314 | 469529.31976117 | 1129421.93760
o4 -8596.1359999 | -12871.195744 | -25861.9956638 | -60666.38882745 | -121607.511229
o3 1083.3915535 | 1459.9687890 | 2444.58681827 | 4587.5579373325 | 7663.24256150
o -72.252319806 | -87.629923123 | -122.273707103 | -183.5689241145 | -255.534137438
o 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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Appendix



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 437V
MPP Current 2.86 A
Power Rating 125 W
Open Circuit Voltage 5895V
Short-Circuit Current 343 A
Increase open circuit voltage before stabilisation 0%

1/V Part Load Characteristics

Values source

Manufacturer/user-created

Irradiance 300 W/m?
Voltage in MPP at Part Load 427V
Current in MPP at Part Load 0.86 A
Open Circuit Voltage (Part Load) 541V
Short Circuit Current at Part Load 098 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 333 kW
AC Power Rating 333 kW
Max. DC Power 39 kW
Max. AC Power 333 kW
Stand-by Consumption 30W
Night Consumption TW
Feed-in from 120 W
Max. Input Current 102 A
Max. Input Voltage 1000 V
Nom. DC Voltage 350 vV
Number of Feed-in Phases 3
Number of DC Inlets 4
With Transformer No
Change in Efficiency when Input Voltage deviates from Rated 0.5 %/100V
Voltage
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 34A
Max. recommended Input Power per MPP Tracker 20 kW
Min. MPP Voltage 200 V
Max. MPP Voltage 800 V
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