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Absratct

Abstract

This project is intended to analyze the maximum power point tracking constraint conditions of
the 12 PV systems under ideal conditions; The constraint conditions are necessary and
sufficient conditions to guarantee the existence of the maximum power points of these PV
systems. These constraint conditions are expressed by the modal parameters of the PV,
therefore they show the inherent relationship between the load and the cell parameters when
the maximum power point of the system always exist. In addition to apply them in practice, the
maximum power point tracking constraint condition of the practical application are
investigated. Furthermore, our work includes the variable weather parameter maximum power
point tracking method based on equation solution (ES-VWP method). This equation consists
of two analytic equations which represent two different operating points of the PV system. The
simulation of this technique has shown a good effectiveness in terms of maximum power point

and time response.
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General introduction

General introduction

We are living in an era where energy security faces multiple threats; the oil spike is
signaling an end to energy security, while geo-political instabilities are pushing even the most
powerful nations to search for local energy solutions. One obvious consequence of this change
is the Global drive toward renewable energy options. Solar energy is considered to be one of
the most reliable and promising source of renewable energy, since the Earth receive huge

amount of energy which is 1.74*1017 watts hours from the sun[1].

Photovoltaic technology is undergoing development in two specific ways: cell material
and power conditioner (DC/DC or DC/AC converters) technology, with the objective to
increase overall conversion efficiency. The theory about photovoltaic is very important;
whether it is for educational or technical purposes; it is a key aspect in improving the quality
of energy obtained from PVs. PV arrays have non-linear I-V characteristics and output power
depends on atmospheric conditions. There exists only one point named maximum power point
MPP on the P-V curve that is on the knee, where power is maximum. MPPT is a technique

employed to extract maximum power available from the PV source.

Modeling gives large insights in terms of design and performance assessment. Many models

have been proposed; Single and double-diode models have been widely used.

In this report , the single-diode model with four parameters is used, which is beneficial for the
hardware design and theoretical research, to look for the existence of the MPPs of 12
configurations, we can estimate by this work, whether PV system can operate or not at its MPP,
which is beneficial to choose the MPPT circuit, design the MPPT algorithm and estimate the
MPPT effect .Furthermore, the MPPTCC (maximum power point tracking constraint

condition) accuracy will be testified on 12 different PV systems under ideal conditions.

Moreover, a novel Variable Weather Parameter (ES-VWP) approach has been developed in
this work as an efficient analytical MPPT algorithm. The approach which has been examined
in [2][3], and proved to be faster than other classical techniques, was further improved in this
project. In essence, the introduced ES-VWP approach relies on 1V characteristics of the PV

system and attempts to extract closed form equations for Maximum Power Point Tracking.

The remainder of this report is organized as follows:



General introduction

In chapter 1, a general overview on PV systems and their characteristics is provided. Chapter
2 elaborates on DC-DC and DC-AC converters as well as the design procedure. The design
and analysis of the proposed MPPT approach as well as its mathematical foundations are laid
out in details along chapter 3. The designed approach is then testified through simulation
assessments in chapter 4. The report then culminates with a conclusion as well as future work

perspectives.
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Chapter 1 : PV modelling

1.1. Introduction

Photovoltaics offer consumers the ability to generate electricity in a clean, quiet and
reliable way. Photovoltaic systems are comprised of photovoltaic cells that convert light energy
directly into electricity. Because the source of light is usually the sun, they are often called solar
cells. The word photovoltaic comes from “photo,” meaning light, and “voltaic,” which refers
to producing electricity. Therefore, the photovoltaic processes “producing electricity directly

from sunlight.”
1.2. Solar Photovoltaic system:

Solar PV systems are power systems that convert sunlight into electricity by utilizing
the photovoltaic effect. This is a process in which semiconducting materials generate voltage
and current when exposed to light. For real world applications, this effect is usually
implemented with the aid of solar cells which are individual devices whose electrical
characteristics vary when exposed to light. These cells are usually made out of polycrystalline
or monocrystalline silicon and can be connected in series or parallel to achieve the desired
voltage and current respectively. A number of solar cells packed into a metal frame is called a
solar module or solar panel and this is the form in which solar PVs are commercially made

available for use.

Photovoltaic (PV) Module
Cell

Panel Array

Figl.1. Photovltaic cells,modules,panels and arrays.

In a solar PV system, the solar panel serves as the receptacle for sunlight and converts the
incident photons to electric power. The energy produced by the panel is then converted from
direct current (DC) to alternating current (AC) using a solar inverter. Other peripherals include:

a solar tracking system to enhance the overall performance and a battery bank for storing the

4
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power output. All components of a PV system besides the solar panels are often referred as the
balance of system. Solar PV systems can vary in size; from small roof-mounted installation of
several megawatts by utilizing large arrays of solar panels. Figl.2 shows the increasing

complexity of a solar PV cell and the constituent devices of a functional solar PV system.

Solar Charge

Controller AC Bus
= g 3 e _— —_
- — ST > v
P-4 g -3 -} —
— r— ~— l
DC-DC DC-AC
PV Array Converter Converter Q
-, +
4 Local AC
Load
ESS

Figl.2. Solar PV system connected to load.

Currently, due to global transition to clean energy and reduction in carbon emissions,
photovoltaic systems have experienced enormous growth and have established themselves as a
ripe technology for electricity generation. A roof mounted photovoltaic system recovers the
energy invested in its manufacturing within 0.7-2 years and produces approximately 95% clean

energy during a 30-years’ service life [4].

1.2.1. Structure of a photovoltaic cell

PV cells convert sunlight directly into electricity without creating any air or water
pollution. They made of at least two layers of semiconductors material, one layer has a positive
charge, the other has a negative charge. When light enters the cell, some of the photons from
the light area absorbed by the semiconductor atoms, freeing electrons from the cell’s negative
layer to flow through an external circuit and back into the positive layer. This flow of electrons
produces electric current. To increase their utility, tens of individual PV cells are interconnected
together in sealed weatherproof package called a module. When two modules are wired together
in series, their voltage is doubled while the current stays constant. When two modules are wired
in parallel, their current is doubled while the voltage stays constant. To achieve the desired
voltage and current, modules are wired in series and in parallel which is called PV array. The
flexibility of the modular PV system allows designers to create a solar power system that can

meet a variety of electrical needs.
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Frontelectrode () | e .Sm_lllght

N-type silicon (P+) o=
P-type silicon (B -) i L

PO | 1t 1

_J} current

A
Back electrode (+)

Figl.3 Solar cell

1.3. Equivalent circuit of a solar cell

The ability to model PV device outputs is key to the analysis of PV system performance.
A PV cell is traditionally represented by an equivalent circuit composed of a current source,
one or two anti-parallel diodes (D), with or without an internal series resistance (Rs) and a
shunt/parallel resistance (Rp). The equivalent PV cell electrical circuits based on the ideal

model, a one-diode model and a two-diode model.
1.3.1. Ideal modal

As represented in figl.4, the ideal PV cell model has the simplest form since it takes no
account of the effect of internal electrical series resistances and parallel resistance. The ideal

mathematical model for an individual PV cell is expressed as:

A\
| = Iph_ ID = Iph - Io(eﬁ-l) (1-1)
Where:
KT
V= “T (1-2)
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Figl.4 Ideal model

1.3.2. One-diode model taking account only of Rs (4-p model)

Figl.3.2 illustrates the equivalent PV cell electrical circuit for series resistance case.
Its mathematical model is presented as:

V+IRs

| = Iph- ID = Iph - Io(e vt -1) (1'3)

rORR /

Figl.5 The single diode Rs -model of PV cell.

1.3.3. One-diode model considering Rs and Rp(5-p model)
To improve the accuracy of the simulation model, parallel resistance is thus introduced

in the one- diode model. This is the well-knows five parameter model, shown in fig1.3.4 and
represented by equation (1.4):

IRs V+IR
I'=1Iph —Ip-lp = Ipy — lo(e"ve -1) - Rp = (1-4)
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E

Ipv C) A\ 4 SR, v

Figl.6 Single diode Rp-Rs model

1.3.4. Two-diode model

The commonly used one-diode model can achieve acceptable accuracy, but the
reality is that the saturation current of the PV cell is the result of a linear superposition of
charge diffusion and recombination in the space-charge layer [5]. This means that the
saturation current is contributed by two Shockley terms. Therefore, the two diode model
was proposed [6-7]. The schematic diagram of the of the equivalent electrical circuit is
illustrated in fig 1.3.5 and the mathematical model is expressed as:

IR

S IRs
1=Ipn — Ipg — Ipy — [=lpn — Ipg("*Ve — 1) — Ip, (eV*vee — 1) — 1o

Rp

(1-5)

Id,l lﬂi /[,L R -
Im: ’

Figl.7 Equivalent circuit of two diodes solar cell.
1.4. Open Circuit Voltage, Short Circuit Current and Maximum Power Point

The current- voltage(l-V) characteristic is the basic descriptor of photovoltaic device

performance. A fundamental understanding of how solar irradiance, cell temperature and
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electrical load affect I-V curves is essential in designing, installing and evaluating PV system

applications.

Maximum Power

Arans Point (MPP) Power
Short Circuit x I-V Curve L

Current (lsc) - -

mp

Amperes (I)

Voltage (V) olts

Open Circuit
Voltage (Voc)

Figl.8 I-V characteristics for PV device.

e Open circuit voltage(V,.): when zero load is connected to PV device ( resistance =
infinite), a PV device produces maximum voltage and zero current, referred to as its
open circuit voltage,Voc.

e Short circuit current (Isc): when zero load is connected to a PV device
(resistance=zero),the device produces maximum current and zero voltage,reffered to as
its short circuit current (lIsc).

e Maximum power point (P,ax): It is the condition under which the solar cell generates
its maximum power.The current and voltage in this condition are defined as Imp and
Vmp,respectively.

e Thefill factor (FF): It represents the degree to which the voltage at the maximum power
point (Vm) matches the open circuit voltage (Voc) and that the current at the maximum
power point (Im) matches the short circuit current (Isc):The fill factor is calculated using
the following formula:

FF= YmpxImp (1-6)

VocxlIsc

e Conversion efficiency (n): It is the maximum percentage of power that can be
converted (from absorbed light to electrical energy ) and collected when a solar cell is
connected to an electrical circuit.It is the ratio of Pmax to the product of the input light

irradiance and the solar cell surface area.

rl:Pmax (1_7)

Pin

1.5. Temperature and Irradiance Effect
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The temperature and irradiance strongly affect the characteristics of solar modules these

two parameters vary according to the different seasons over the year and the location of the pv
system.

1.5.1. Effect of irradiance

Irradiance play an important role for the performance of any PV system. when all
parameters are constant, the higher the irradiance, the greater the output current, and as
a result, the greater the power generated. Figure 1.7 shows the relationship between the
PV module voltage and current at different solar irradiance levels. The image illustrates
that as irradiance increases, the module generates higher current on the vertical axis.
Similarly, the voltage and power relationship of PV module at different irradiance levels
can be observed. As the irradiance increases, the module is able to generate more power
represented by higher peaks on the curves in Fig 1.8.

5=1000 W/m?
. \\
7 \
- 2
. S=TSOW/m?
g \
g s
\\
s S$=500 W/m?

2 $=250 W/m? .
1 \
a

0 5 10 15 20 25 30 35 40

Voltage, V

Figl.9 The effect of irradiance on I-V curve of PV module.

G=B00W/im®

60

Power in watt
@
=]

1 i L i i i i L
(] 5 10 15 20 25 30 3s 40 45

Voltage in volt

Figl.10 The effect of irradiance on P-V curve of PV module.
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1.5.2. Effect of temperature
A PV module’s temperature has a great effect on its performance. As can be seen from
Fig 1.11 and Fig 1.12, the temperature mainly effects the open circuit voltage; the temperature

and open circuit voltage are inversely proportional to each other.

2|
40
=

sk .

25

Currert [2]

20|

15l Incid. Ired = 1000%m®

Opersting Cell Temp = 10°C, Pmpp = S338W

[ Operating Cell Temp = 23 °C, Pmpp = 20.2W
T0F  —— Operating Cell Temp = 40 °C, Pmpp = 465 W
C

C

I — Operating Cell Temp = 55 °C, Pmpp = 429

I  —— Operating Cell Temp = 70 °C, Pmpp = 39.3W
05 .

[ i
on | | | |

1} 5 10 15 20 25

“oltage [v)

Figl.11 Output I-V characteristics of the PV module with different

temperature.

€0 T T T T T
Incid. Irredt = 1000 Wim?

s Opersting Cell Temp= 10°C, Pmpp = S38W
go} — Opereting Cell Temp = 25°C, Pmpp = S02'W
e Opersing Cell Temp = 40 °C, Pmpp = 465W
—— Opereing Cell Temp = 55 °C, Pmpp =
——— Opergting Cell Temp= 70 °C, Pmpp =

w0

=)
:
H
20
10} /
i ¥ ;
1] £l 10 15 Pl 2%

Volage [V)

Figl.12 Output P-V characteristics of the PV module with different

temperature.

In general, a crystalline silicon Module’s efficiency will be reduced about 0.5 percent for every
degree (1°C) increase in temperature. The effect of varying temperature does not have a very

large effect on the current developed [6].

11
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1.6. Conclusion:

this chapter has covered the modeling of the PV system using different equivalent
circuits, we have seen also that the I-V characteristics of the PV module exhibit a nonlinear
characteristic. The amount of the power that can be extracted depends on the temperature and
radiation. The power produced from the PV panel is directly proportional to the irradiance and
inversely proportional to the temperature, for each value temperature and radiation have
different maximum power operating points. This MPP is tracked on permanent basis for a given
radiation and temperature, in order to track this MPP different algorithm and methods are used

which will be discussed in the following chapter.

12
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2.1. Introduction

One of the most important parts in PV system architecture is the power converters. The
reason is that they play an important role in transforming the different types of electricity, to
make the electricity convenient to the end users. Since the solar cell produces a DC type of
electricity, there is room for various types of power converters. Some of the most commonly
used power converter types are briefly describing according to their topology, function,
efficiency. Since the efficiency of the PV cell is low (around 13%), MPPT are used to extract a
maximum possible output power. A dc/dc converter acts as an interface between the load and
the module as we can see in Fig 2.1.

PV DC-DC

Load
Array | Converter

MPPT
Control Unit

Fig2.1 Block diagram of a typical MPPT system.

2.2.DC-DC CONVERTERS

A dc-dc converter is an electrical system (device) which converts direct current (DC)
sources from one voltage level to another. They are used to increase or decrease the voltage
level. There are a different types of dc-dc converters, and the most important are: boost

converter, buck converter,buck-boost converter.

2.2.1. Buck converter (Step down converter)

It is a DC/DC switch mode power supply that is intended to buck (or lower) the input
voltage of an unregulated DC supply to a stabilized lower output voltage. A basic buck
converter is shown in Fig.2.1(a).When switch (S) is turned on Fig.2.1(b) current begins flowing
through S and L, and then into C and the load, charging the inductor by increasing its magnetic
field and increasing V, Diode D will be on reverse bias, thus blocking the path for current[7]
.When switch S is turned off Fig.2.1(c) the inductor acts as a source and maintain the current
through the load resistor. During this period, the energy stored in the inductor decreases and its

current falls. Current continues to flow in the inductor through the diode D as the magnetic field
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collapses and the inductor discharge. Before the indictor completely discharges, diode D is open

and S is closed and the cycle repeats [7]

L i
— ’ AT —
5 -
' D C =— Vo § R
[EL}
L i L i
T PE N
=+ +
+ >
L A 1 3
=V, €= Vo 3R €= Vo 2R
Bwinch O Switch OFF
{h) i}

Fig.2.2. (a) Buck converter circuit diagrams
(b) ON state equivalent circuit (c) OFF state equivalent circuit

The waveforms for the switch state , valtage and current are shown in Fig.2.2

% A T s.T
§s on Off on
£ 0 L
(0]
vV +— - - - - - —
[4D) I VD
(o)) AV
8 Vo t°
o
S 0 >
Vol _ _ _ S R Vv,
- I
e ST S T S
0 DT T

Fig.2.3 Buck converter waveforms.
The average output voltage and current are given by:

Vo = DVi (2.1)

Ii
lo = B (22)
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The duty cycle of the buck converter is defined as:

Ton
D= Ton+Toff (23)
__ Vi*D(1-D)
Al = =2 (2.4)
AV = AL _ VixD(-D) (2.5)

8fC 8f2CL
The critical value for a continous inductor current and capacitor voltage are:

(1-D)R

Lc=L= Y

(2.6)

(2.7)

2.2.2.Boost converter (step up converter)

It is a DC/DC switch mode power supply that is intended to boost (or increase ) the input
voltage of an unregulated DC supply to a stabilized higher output voltage.Similar to a buck
converter,a boost converter relies on an inductor , diode, capacitor , and power switch regulate
the output voltage.The Fig2.3(a) shows the basic boost converter.The circuit operation can be
divided into two modes,mode(1) begins when switch is closed for time t, (t,,),as a result the
inductor current rises and energy is stored in the inductor L.Mode(2) begins when the switch

opened at time t,(t,¢r), the energy stored in the inductor transferred to the load.

Mode 2
(b) Equivalent circuits

Fig.2.4 (a) Boost converter circuit diagram

(b) Model: ON state equivalent circuit (b) Mode 2: OFF state equivalent circuit
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Assuming a continuous current flow,the waveforms for the switch state,voltage and current

are shown in Fig.2.4

[+]
5

o
=+

Switch state

<
Valtage

U
ur'l‘ent

Fig.2.4 Boost converter waveforms.

When the converter is turned on, the voltagelacross the inductor is:

di
V] = La

And the peak-to-peak ripple current is:

Vs
AI = Ttl

(2.8)

(2.9)

The average output voltage and current of the boost converter are given by:

Io:Ii(:I-'D)

Io(Vo-Vs I;D
AVe = etV _ Lab
VofC fC

The critical values for a continous inductor current and capacitor:

D(1-D)R
be=L=="r"

D
C.=C =m

2.2.3.Buck-Boost converter(step down-step up converter)
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The buck-boost converter is one of the types of chopper,which is a device that convert
the DC source into DC output.lt can raise or lower the magnitude of input voltage based on the
value of duty cycle ratio.The basic circuit of buck-boost converter consists of a diode (D),an
inductor (L),and a capacitor (C) , swicth (generaly we use MOSFET) and the load, as we can
see in the Fig.2.5(a).When the switch is ON and the diode is OFF , the current flows from the
source to the inductor.That is, the inductor gets charged during this condition. The terminals of
the inductor gets reversed when the switch is turned OFF and it supplies the energy (current) to
the load.When the switch is OFF and the diode is ON, the inductor reverses its terminals and it

supplies the stored energy to the load,as a result the inductor discharges its energy to the load.

Fig.2.5 (a) Buck-Boost converter circuit diagram
Model:ON state equivalent circuit Mode2:OFF state equivalent circuit.

The waveforms for the switch state,voltatge and current are shown in Fig.2.6

__:; [ Tm a.T

™

S o on off on ¢

gl o

VAV

y W W

%VL"———‘:::::__ o

= 0 \r .'.;
v, o vV

|
" L
= I

Fig.2.6 Buck-Boost waveforms
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The average output voltage and current of the buck-boost converter are given by:

Vo =1 (2.15)
lo = ?Ii (2.16)
Al =222 (2.17)
AV = 8 = 22 (2.18)

The critical values for a continuous inductor current and capacitor voltage:

__ D(1-D)R

L 2f

(2.19)

C=-— (2.20)

2.3.DC-DC Converter for a PV application

In PV system, the buck converter is used for wide applications like charging batteries
or pumping system ,since it provides lower ouput voltage compared to the input voltage .A
buck converter can funtion at the MPP under most conditions, but it can not operate when the
MPP fall under battery charging voltage or low irradiance or high temperature condition.So an
additional boost capability can be used to enhance the overall efficiency[8]. The boost converter
allow us to track the MPP under low irradiance level or at high temperature since the low

voltage of the PV system can be boosted to some required inverter input voltage [9]

2.4.DC-AC converter

The purpose of a DC/AC inverter is to change direct current (DC) electricity into
alternating current (AC) electricity . Inverters are needed in PV systems because the electricity
generated by the solar panels is DC electricity,and most of electrical devices and household
appliances need AC electricity.There is a 3 major types of inverters Fig.2.7: sine

wave,Modified sine wave and Square Wave.
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) 2B VN «— Square Wave

/“ \\.‘__ Pure Sine Wave // \\
/ \

«\————— Modified Sine Wave

20 mS =50 Hz

Fig.2.7 Waveform od different types of inverter.[10].

> Sine wave: It gives a waveform that we get from hydroelectric power or from a

generator.

» Modified Sine Wave: actually has a waveform more like a square wave.A lot of
equipement work well on modified sine wave inverters , including motors,household
appliances and other items.

» Square wave: Is very simple, with the dc supply switched btween positive and negative.

2.4.1.Steps for DC-AC conversion
Fig2.8.Shows the key components of a DC-AC Converters or inverter.

" D.C In
Input
Filter
—
Output
Filter
A.C Out

Fig2.8 DC-AC Converter.[10]

» Input Filter : It removes any ripple or frequency disturbances on the DC supply to
provide a clean voltage to the inverter circuit.

> Inverter : Here where the DC in converted into a miltiple PWM waveform.

» Output Filter :The output filter remove the high frequency components of the PWM

wave,to produce a nearly sinusoidal ouput.
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2.4.2.Pulse Width Modulation
The most commonly used technique in inverters is called pulse width modulation.Which

is used to turn the DC voltage on and off with a certain pulse.The width of each pulse is varied

so that the overall electrical result is similar to that of of a sine wave.

V(t)

Fig.2.9 PWM weveform for a standard inverter.

A single DC voltage is switched on or off to generate the desired output. More input DC

voltage levels are used to create an ouput waveform that more closely resembles a sine wave.

Vdc
e A fen B
VW a 1- Vb
e A e B
TS >

L

toad =Va4—Ve=Vug

Fig2.10.Voltage source inverter topology.
According to Fig2.10.We can create AC voltage from DC voltage when:

e A% closed, Va=Vdc.
e A" closed, Va=0.
e B™closed, Vb=Vdc.
e B7closed, Vb=0.
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2.5.CONCLUSION

As demenstrated in previous chapter,MPPT tracking is very important to deliver
maximum output power to the load and increase the system efficiency. A DC-DC converter is
used in pv system across the load and the source to extrect the maximum power transfer between
the source and the load.The boost converter is used when the load impedence is lower compared
the source impedance.Buck converter is used when the load impedence is higher compared to
the source impedence. By changing the duty cycle of the converter for each value of temperature
and irradiation.the impedence matching can be reached using MPPT algorithms and that will

be investigated in the following chapter.
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Chapter3: Maximum Power Point
Tracking Constraint conditions
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3.1.Introduction

The maximum power point (MPP) may be not tracked successfully because of the
constraint conditions among some circuit parameters.In this chapter a maximum power point
tracking (MPPT) constraint conditions of photovoltaic (PV) system with different
configurations are found by analyzing their integrated mathematical models. Based on them, a
variable-weather-prameter (VWP) MPPT control strategy is proposed.by the use of it, the
complex control of the system will be avoided,which ensured the lower hardware cost, shorter
design period and better MPPT performance.

3.2.Integrated modeling of PV system
3.2.1.PV system with DDC

The configuration of PV system with the DC/DC converter (DDC) can be shown in
Fig.3.1

I I,
4% 3
+ -
DC/DC .
PV cell V Vv, [] R
converter L

Fig.3.1 Configution of PV system with DDC.

We know that: Ise = Ipp &I, = Igce™AVoc
I =Ip — eV *)
(V=0,I= I)
And : {
(I=0,V=V,)
So: Io = I,eAVoc
I, = [;.eAVec **)
I =1
In addition : Lo o
o = Isce o¢
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We replace all results in (*) :

I, = I — I,eAVoc

I = Ise — Isce_AVOC + efAVm
Im = ISC(]_ — eA(Vm_Voc))

Iﬂ =1 — eA(Vm —Voc)

sC

_Im _ (AVm-Voo) 1 _Im
1 ISC =€ - AVm_Voc * log(l Isc
I —om
We take : C,=0- Iﬁ)eCzVoc (3.1)
Vm
T-1
And : C,=—2+—— (3.2

27 log-1m)
v
So: [=I.[1-C, (ecmc _ 1)] (3.3)
The mathematical models of the PV cell,BuDDC,BoDDC,BBDDC, and the load can be

expressed by equations(3.1,3.2,3.3) [11][12]

p, =X (3.4)

RL

For Buck converter and According to equations (3.3) and (2.1) and (3.4) we have:

RpIsc? [PoRL
Po == [1-Cy (e — 1)]2 (3.5)
The integrated mathematical model of PV system with BoDDC by using equations (3.3, 2.10
and 3.4) we get :

JPoRL(1-D)
Po = Rplse’(1 = D)?[1 = Cy(e CzVoe —1]? (3.6)

And the integrated mathematical model of PV system with BBDDC can be expressed as :

J/PoRL(1-D)
[1—Ci(e C2VocD —1)]? (3.7)

_ RpIs*(1-D)?

Py o7
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3.2.2.PV system with DDC and DC bus
The configuration of PV system with DDC and DC bus can be shown by the Fig.3.2.

The mathematical model of the DC bus can be represented by equation (3.8).

I f,
—r -
e e
DC/DC . DC
PV cell J _ v,
converter l—: bus

R,

Fig.3.2 Configuration of PV system with DDC and DC Bus.
To make the analysis simpler , we assume the voltage value of the DC bus is constant:
Vo = Vpbus (3.9)

According to Eq (3.3) , Eq(2.1) and Eq(3.9) , the integrted model of PV system with BuDDC

and DC bus can be expressed as :

VDbus

PO _ VDb;sIsc [1 _ Cl (eCZVOCD —_ 1)] (310)

In addition , according to Eq (3.3) ,Eq (2.10) and (3.9) , the integrated mathematical model of
PV system with BoDDC and DC bus can be expressed as :

Vbbus(1-D)

Py = Vppuslsc(1 = D)[1 —Cy (e C2Voc  — 1)] (3.11)

And according to Eq (3.3) , Eq (2.15) and (3.9), the integrated mathematical model with
BBDDC and DC bus is :

_ Vpbus(1-D)
Po — VDbusI]s)c(1 D) [1 _ C1 (e C2VocD  — 1)] (312)

3.2.3.PV system with DDC and inverter

Fig 3.3 shows the configuraion of PV system with DDC and inverter.
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[ §

_|_

DC/DC
converter

PV cell

v, Inverter

1,
_0—
_|_
J
e

Lo

Fig.3.3 Configution of PV system with DDC and inverter.

We know that :

M: is the modulation index.
R, =2 (3.14)

Iy

For PV system with BuDDC and inverter, according to Eq(3.3),Eq(2.10) , Eq(3.13) and Eq
(3.14) we get:

R 12 *Fore.
Py = i [1 — Cy (eCaVoeM — 1)]2 (3.15)

And for BoDDC and inverter the integrated mathematical model of PV system ,according to
Eq (3.3) ,Eq (2.15) , Eq (3.13) and Eq (3.14) we have :

_ 2RuIsc?(1-D)?

M2

JZPoRL(1-D)
PO [1 - C1 <e

C2VocM  — 1)]2 (3.16)
According to Eq (3.3), Eq (2.15) ,Eq (3.13) and (3.14) , the intgrated mathematical model of
PV system with BBDDC and inverter is :

2,0 2 Y2PoR,(1-D)
p. = 2R Isc%(1-D) [1—Cy(e CzVodM — 1)]2 (3.17)

D2M2

3.2.4.PV system with DDC , Inverter and AC bus

The AC bus is connected with the inverter as can be seen in Fig .3.4
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1 Ly "r
o— o] —o—|
+ +
DC/DC ;
, 7| AC bus
PVeell | 7 | e | Vo | lnverter | 7 w
D - -

Fig.3.4 Configuration of PV system with DDC , inverter and AC bus.
The mathematical model of the AC bus can be represented by Eq (3.18)
Vi = Vabus (3.18)
To make the analysis simpler ,we assume the voltage value of AC Bus as a constant.

In case of BUuDDC, inverter and AC bus ,and according to Eq(3.3), Eq(2.1) , Eq (3.13) and Eq
(3.18) we have:

V2Vabus
P, = % [1-C; (eCZVocDM — 1)] (3.19)

For the PV system with BoDDC , inverter and AC bus , and according to Eq(3.3), Eq(2.10)
,Eq (3.13) and Eq( 3.18) we have :

~ V2V abus(1-D)
P, = w [1-C, (e—czvocm - 1)] (3.20)

And with BBDDC,inverter and AC bus according to Eq(3.3), Eq(2.15) ,Eq (3.13) and Eq(
3.18) we have :

_ V2V Apus(1-D)
P, = W [1-C, <e C2VocMD 1)] (3.21)

3.3.MPPTCC under ideal conditions
3.3.1.Expressions of the MPPTCC

Under ideal condition we use Eq(3.22) to analyze MPPTCC.

dpP,
dD

=0 (3.22)

28



Maximum Power Point Tracking Constraint conditions

In the first configuration (PV+DDC+R;) ,we replace Eq(3.5),Eq(3.6) and Eq(3.7) in Eq (3.22)

, and after simplification we get :

For PV Buck system: Dyax = V°°é“ax =Y P°“éa"RL (3.23)

C
For PV bost system : Dpax =1 — Wi (3.24)

For PV Buck/bost system:  Dp.x = m—% =1- C+\/+—R (3.25)
omax™\L omax L

Where C can be expresed as [13] :

C = C;Voc[lambertw ((e=22) - 1] (3.26)

1

As known 0<D <l (3.27)

By Substituting Eq (3.23),Eq(3.24) and Eq(3.25) in Eq (3.27).The MPPTCC of PV-buck

system, PV-boost and PV-buck/bost system can be expresses respectively by the following

equations:
CZ
0 <R < (3.28)
CZ
5 <R, (3.29)
0<R, (3.30)

In the second configuration (P\V+DDC+DC bus),we replace Eq(3.10),Eq(3.11) and Eq(3.12)

in Eq(3.22) we get:

For PV Buck system: Dy = “Rbus (3.31)

For PV bost system : Dpax =1 — (3.32)
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For PV Buck/bost system: Dy =—Rbus =1 © (3.33)

max—
C+Vppus C+Vppus

Sabstituting Eq (3.31), Eq(3.32) and Eq(3.33) in Eq(3.27). The MPPTCC of PV-buck system,

PV-boost and PV-buck/bost system can be expresses respectively by the following equations:

0 <Vppus <C (3-34)
C SVDbus (3-35)
0 < Vppus (3.36)

For the third configuration (PV+DDC+INV+Rload), we replace Eq(3.15),Eq(3.16) and

Eq(3.17) in Eq(3.22) we get:

For PV Buck system: Dimax = —VZID"C"“”‘F{L (3.31)

CM

For PV bost system : Dpax =1 — Nz (3.32)

: 1M
For PV Buck/bost system: Dpax =1 YT -y (3.33)

Substituting Eq(3.31),Eq(3.32) and Eq(3.33) into Eq(3.27),the MPPTCC of PV-buck-Inv

system,PV-bost-Inv system and PV-buck/bost-Inv system can be expressed respectively by:

Poma <M< 1 (3.34)
0 < M < YZomah (3.35)
0<M<I (3.36)

So we can deduce the limits of R;,according to Eq(3.34) and Eq(3.35) :

0< R << (3.37)

omax
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R, > ¢ (3.38)

- 2Pomax

For the fourth application ,PV-Buck-INV-AC system , PV-boost-INV-AC system and PV-
buck/boost-INV-AC system, Equations (3.39),(3.40) and (3.41) can be obtained by

substituting Eq(3.19),Eq(3.20) and Eq(3.21) into Eq(3.20) repectively we get:

\/—V us
Dimay = “caus (3.39)

_4__CM
Dax = 1 = 50— (3.40)

V2Vpus _ CM (3 41)

D — —
max — CM++v2Vapus CM+V2V ppus

Substituting Eq(3.39),Eq(3.40) and Eq(3.41) in Eq(3.22) we get :

cM
0 < Vapus < Ne (3-42)
cM
7 < Vapus (3.43)
Vapus > 0 (3.44)

We can select the index M easily from Eq (3.42) and Eq(3.43)

abws < < 1 (3.45)

0< M < Y2lbus (3.46)

Under Ideal condition MPPTCC of PV system with different configurations can be clearly

shown by the previous equations, these expresions are sufficient and necessary conditions

to track the MPP succefully under ideal conditions.
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We can notice that there is a hardly any constraint condidions for PV-buck/boost system ,PV
buck/boost-DC bus,PV buck/boost-Inv system and PV-back/boost-Inv-AChbus system under
ideal conditions . by contrast , some constraint condition always exist for other PV system ,
even if they are ideal circuit.To track MPPT succefuly the MPPTCC conresponding to each

configuration must be met.

3.3.2.MPPTCC based on four-parameter model of PV cell

In order to analyze the relationship between four-parameter model of PV cell (FPPV)
and MPPTCC we will use Eq(3.47) and Eq(.48) [14]:

CZ
Pomax = CDZ R_os (3-47)

_ 1+C1—C1eC1W
Cp = ’—Czclw (3.48)

Where R, is a virtual resistance of PV cell , and CZW:Iambertw(e+Ci) - 1.
1

Ros = —o¢ (3.49)

ISC
According to Eq(3.47) and Eq(3.49) we have:

c Voc

Pomax - CR ISC (3.50)
Where Cy can be expressed by Eq (3.51) :
— 1_ C2Crw
CR= T Trc,—cietw (3.51)
And according to Eq(3.26) we get :
C = CcVye (3.52)

Where:  C.-C,Cjyy-
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We substitute Eq(3.50) into Egs (3.28),(3.29),(3.34),(3.35),(3.37)and (3.38) , then we get the

following Equations:

0< Ry <Cg (3.53)
VOC
Rp>Cp (3.54)
[PRikse < \f < (3.55)
CRVoc

1<M< [Fb (3.56)
RVoc
2

0< R <reci (3.57)
2

Ry >0 R (3.58)

And we substitute Eq(3.52) into Egs.(3. 34),(3.35),(3.42),(3.43),(3.45) and (3.46) ,then we get

the following Eqgs:

0< Vppus < CcVoc (3.59)
Vbbus = VocCe (3.60)
0< Vapys < 72 (3.61)
Vabus = 725 (3.62)

3.3.3.MPPTCC in practical application

The parameters Cg and C. have been successfully expressed by the cell model
parameters (V,, Iy, Vo and I ) ,the previous MPPTCC from Eq(3.50) til Eq (3.62) based on

the cell model parameters are still complex . Therefore, to simpliy the expressions of these
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MPPTCC, Cg and C. can be assumed as two constants . The DDC and inverter are the non-
ideal circuits, therefore these MPPTCC are not available in practical application .It is generally
known that the duty cycle can not be too small for the BuDDC while it can not be too big for
the BoDDC . In addition , for the BBDDC , its duty cycle can not be too small or too big
.Therefore , to find the MPPTCC in practical application , assume that the minimum duty cycle
of the BuDDC or BBDDC can be represented by D;, and the maximum duty cycle of the
BBDDC can be represented by Dy . Now, Eq(3.63),Eq(3.64),Eq(3.65) can be used for the
BuDDC , BoDDC and BBDDC, repectively.

DL < Dmax <1 (3.63)
0< Dmax < DU (3-64)
DL< Dmax < DU (365)

For PV-buck system,PV-boost system and PV-buck/boost system, we substitute
Eq(3.23),Eq(3.24) and Eq (3.25) into Eq(3.63),Eq(3.64) and Eq(3.65) we get the three DDCs
for the MPPTCC of PV.

212 2
¢DLo g < (3.66)
omax omax
c? Cc2Dp?,
< R < ——L 3.67
Pomax ~ = (1-Dy)?Pomax (3.67)
212 2n2
CsD~y, < RL < C*D“y (368)

(1_DL)2Pomax - - (1_DU)2Pomax

The MPPTCC of PV system with three DDCs when the MPFPPV is used , the result is given
by substituting Eq (3.50) into Eq(3.66), Eq(3.67) and Eq(3.68) ,we get :

VOC

Voc
DZL CR E S RL S CR; (366)
Voc VoccR
CR E S RL S (1_DU)ZIsc (367)
CZDZLCR CRDZU VOC
(1_DL)ZISC o RL = (1_DU)215(: (368)
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Secondly,for PV-buck-DC system, PV-boost-DC system and PV-buck/boost-DC system we
substitue Eq(3.31),Eq(3.32) and Eq(3.33) into Eqs(3.63,3.64,3.65), we get the three DDCs of
DC bus for the MPPTCC of PV system .

DL.C < Vppus <C (3.69)
C

C < Vopus < 15 (3.70)
CD CD

1_DL— Abus Sl—DUU (3-71)

Now we substitute Eq(3.52) into Eq(3.69),Eq(3.70) and Eq(3.71).The MPPTCC of PV system
with three DDCs and DC bus Equations when the MPFPPV is used

DLCCVOC < VDbus SCCVoc (3-69)
CcVoc

CcVoc = Vppus = 1C_—D (3-70)
U

CCVOCDL< VAb s CcVocDy
1-D — us = 1-py

(3.71)

Thirdly, for PV-buck-INV system , PV-boost-INV system and PV-buck/boost-INV system , we
substitute Eq(3.31),Eq(3.32)and Eq(3.33) into Eq(3.63),Eq(3.64) and Eq(3.65).eqs (3.72)

And(3.73) and (3.74) can be presented.They are the MPPTCC of the PV system with three
DDCs and inverter

C2D? M? C2M?
> - L7 <

2Pomax Ry = 2Pomax (3'72)
CZM? czMm?
2Pomax < Rus 2Pomax(1-Du)? (3.73)
212, M2 2012712
C2D% M < R < C2M2Du (3.74)

2Pomax(1-D1)2 — —  2Pomax(1-Du)?

Submiting eq(3-50) into eq(3.72),eq(3.73),eq(3.74),respectively,eq(3.75) and eq(3.76) and
eq(3.77) can be given.They are the MPPTCC of PV system with three DDCs and inverter when
the MPFPPV is used.
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CR VocD?| M? MZ2CRVoc

Ry < g
2Isc - L= 2Isc (3 5)
CR VocM? MZ?CRVoc
< R _— g
2Isc L= 2(1-Du)2Isc (3 6)
CR VocM?D]? MZ2CRVocDu?
— 2T < Ry < —— (3.77)
2Isc(1-DI)2 2(1-Du)2Isc

Fourthly,for PV-buck-INV-AC system,PV-boost-INV-AC system and PV-buck/boost-INV-
AC system,submit eq(3.39) and eq(3.40) and eq(3.41) into
eq(3.63),eq(3.64),eq(3.65),respectively,eq(3.78),eq(3.79);eq(3.80) can be presented.They are
the MPPTCC of PV system with three DDCs,inverter and AC bus.

CMD CM
V2 LS VAbus = W (3-78)
CM CM
W = VAbus = V2(1-Du) (3-79)
CMDy, C MDu
\/5(1—DL)S Vabus < V2(1-Du) (3.80)

submiting eq(3.52) into eq(3.78),eq(3.79),(3.80) can be given.They are the MPPTCC of PV
system with three DDCs,inverter and AC bus when the MPFPPV is used

D; M CcVoc M Cc Voc
< Vabus <—; (3.81)
M Cc Voc MCc Voc
7~ Vabus SEopom (3.82)
Dy, M Cc Voc M Du Cc Voc
by © VA S TRy (3.83)

In case of an inverter is connected with different DDCs in PV system,its control signal (M) is
hardly selected to implement the MPPT control in practical application ,therefor for PV-buck-
INV system,PV-boost —INV system,PV-buck/boost-INV system,PV-buck-INV-AC system and
PV-boost-INV-AC system only some expressions based on Rl,Vdbus and Vabus are given by

previous equations,it is obvious that in practical application,there exist the MPPTCC for PV-
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buck/boost system PV-buck/boost-DC system ,PV-/boost-INV system and PV-buck/boost-
INV-AC system.

When these MPPTCC of 12 different PV systems are found ,a lot of advantages can be shown
as follows:firstly,when PV system is designed ,it is easier to select the system configuration
and calculate circuit element parameters,secondly,based on these MPPCC,the new MPPT
control strategy can be designed easily because they clearly reveal the range of the varying
control signal. Thirdly,according to these expressions shown by previous equations,the future
MPPT operating effect of a PV system can be estimated by the historical data of solar
irradiance,temperature and load in a certain area.Therefore these expressions can be used as

theoretic guide during installation and commissioning periods for PV system
3.4.Perturb and Observe algorithem

The most commonly used MPPT algorithm is Perturb and observe method .it operates by
introducing a small perturbation to the pv system,At each perturbation point the power of the
module will change,if the power increases due to perturbation it countinues int that
direction.After we reach the peak power the power at the next instant decreases ,hence after that
the perturbation decreases .the algorithm continues to operate in the same manner.the main
advanyage of this approach is the simplicity of technique.Furthermore previous knowledge of
the PV panel characteristics is not required.In its simplest form this method generally exhibits
good performance provided the solar irradiation does not vary too Quickly.At steady state the

operating point oscillates around the MPP voltage and usually fluctuate lightly.
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h 4 ¢ ¢

Fig.3.5.Flowchar of perturb and observe method [12]

3.5.A variable weather parameter MPPT method based on equation solution for

photovoltaic system with DC bus

The control signals of the variable-weather-parameter (VWP) methods need to be
calculated by the real time measured data of the irradiance and temperature (S&T) sensors,
which leads to the high hardware cost of the sensors.To solve this problem, the PV system with
a DC bus is selected as the research subject and a maximum power point tracking (MPPT)
method is proposed, which is named the VWP MPPT mehod based on equation solution (ES-
VWP method).The output maximum power point is directly calculated by solving the
established equation. This equtions set consists of two integrated mathematical equtions which

represent two different operating points of the PV system.

3.5.1.The principle of the ES-VWP mehod

3.5.1.1.Mathematical modeling of PV system with DC bus
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In this section, the buck DC/DC converter or (buck circuit) is used as the MPPT circuit.
For the PV cell , its mathematical model is shown by Eqs(3.1, 3.2, 3.3) . It is usually called the
four- parameter model [15].
Four the buck circuit, its model can be represented by Eq(3.84) and its input power (Pi) and
output power (Po) can be represented by Eq(3.85) and Eq(3.86), recpectively.

V, = DV (3.84)
P, = V,I, (3.86)

For the DC bus , its model can be represented by Eq(3.87)
Vo = Vius (3.87)

Assume that , under ideal condition , there is no power loss to the DC/DC converter ,

therefore :
P, =P (3.88)
According to Egs (3.3) and (3.84)-(3.88), Eq.(3.89) is satisfied under ideal conditions.

Vbus

P, = % [1 — C,(eC2Vocd — 1)] (3.89)

Eq.(3.90) is the integrated equation of the PV system with a DC bus under ideal conditions
when the buck circuit is used .It can be used to establish the equation set which is the theoretical

basis of proposing the new VWP method .

The control signal at the mpp can be calculated by Eq (3.90) for the PV system with a DC bus

Vbus
Dmax = bc (3.90)
Where
C = CyV,[lambertw (e X 1Z—C1) —1] (3.91)
1
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Therefore , two differents operating points A(V;, I, D;) and B(V,, I,, D) are first selected, and
then Eq(3.92) and Eq3.93) are given by submitting them into Eq(3.89) .

Vbus

Por = Py = "1 — €y (e%2Vocds — 1)) (3.92)
1
Vbuslsc “bus
Poz = Bz =~ [1 = €y (%2VocPz — 1)] (3.93)
2

By substituting Eq(3.85) into Eq(3.92) and Eq(3.93) we get:

Vbus

Vily = TBESE[] — € (eFaVoePs — 1)] (3.94)
Vbus
V,l, = % [1— C,(eS2VocDs — 1)] (3.95)

When two operating points A and B are differents from each other as a result Eq(3.94) and
Eq(3.95) are two independent equations.Therefore , an equation set can be established by

combining them , then Eq (3.96) is presented

Vv I Vbus
Vil = % [1 — Cy(e€2VocP1 — 1)] (3.96)

Vv I Vbus
Volp = % [1 — Cy(eC2Vocbz —1)]

To simplify Eq(3.96) ,Eq(3.84) and Eq (3.87) are substituting into Eq (3.96)

Vbus
[; = Ig[1 — Cq(eC2VocP1 — 1)]
Vbus

I; = Isc[1 — Cy(eC2VocPz — 1)]

(3.97)

The main principle of the ES-VWP method can be shown in the following figure
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Fig3.6 The priciple of the ES-VWP.
Where Dinax2 = Dmax —AD (3.98)

The following flowchart is the design of the MPPT control process

F*ﬂ
Sample I, , I, .V, and [,
¥

Solve Vm_ and fﬂ

L]

Calculate D and D__

Solve and update ]'“LJ

&~

'Dmuz =1

v
Sample [, and
[

Fig.3.7 Flowchart of ES-VWP method.

Note that Vs can be calculated from Eq (3.96).
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3.6.Conclusion

This chapter investigate 12 different PV configurations , the reason to select these
configurations which is illustrated as follows,these selected pv systems are more typical in real
applications so findig their MPPTCC will insure the success of MPPT control. After we have
established the MPPTCC of these 12 configurations ,other PV systems can be easily analyzed
by analogy.In the other hand ,two equations of the PV system have been combined as an
equation set to solve directly the real time V,.and I..In addition, an equation solution method
that can estimate the real-time value of the DC bus voltage which is presented under unknown
or varying bus voltage conditions .Based on them an ES-VWP method has been proposed.
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CHAPTER 4
Simulation and discussion
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4.1.Introduction

In this chapter we are going to walk through the processes of simulation and result ,
involving 12 PV confugurations MPPTCC and VWP using equation solution , these
simulations will be carried out using MATLAB/SIMULINK tool.

4.2.Characteristics of Cgand C,

To test the reasonabless of two assumed constant Cgand C.we use
MATLAB/SIMULINK tool.The results are shown in figures below .Firstly Cg-S and C.-S
curves are given under 25°C and varying irradiance conditions ,secondly Cg-T and C.-T

curves are given under 1000W/m? and varying temperature conditions.

0.96 [ —

0.94 i i -

092 [~ —

0.9 — —

CR

0.86 [ =

0.84 — —

0.82 [~ T T —

0.8 [~ —
| | | | |

0 200 400 600 800 1000 1200
S(W/m2)

Fig.4.1. Cg-S curve

098 ' ' ' ]
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0.04 | | | i
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o 0.9+ —
O oesl ]
0.86 — T T T —
.84 | | | i
0.82 — —
0.8 | | | | | ]

0 10 20 30 40 50 60
T(c)
Fig.4.2 Cg-T curve
> Discusion:

Fig.4.1 Shows that Cg is constant when the irradiance vary ,Meanwhile, fig 4.2 shows that Cg
always keeps constant under varying temperature. According to Fig.4.1 and Fig.4.2 Cy, is about

0.889.
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Same thing for C. it keeps constant under varying irradiance as we can see in Fig.4.4, also it

keeps constant under varying temperature as drawn in Fig.4.3.
Note that the value of C.. is about 0.814.
4.3.Accuracy of the MPPTCC

In order to verify the accuracy of the MPPTCC wich are proved from Eq(3.66) till
Eq(3.83) ,we assume the values of Dy, Dy and M are 0.2, 0.8 and 0.80 respectively.The upper
boundaries (UB) and the lower boundaries (LB) of the MPPTCC for all systems can be
calculated and sown in Table 1.
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PV systems Expressions of LB Expressions of UB Values of LB Values of UB
PV-buck D, 2CxVoe/ . CrVie/lsc 0.085156 2.1289
PV-boost CrVoe/lse CrVoe/[(1 = Dy)?1] 2.1289 53.223
PV-buck/boost CeVoeD,2/[(1 = DIl CrVyeDy?/[(1 — Dy)?l,]  0.1331 34.062
PV-buck-DC CcVieDy, CcVye 3.5812 17.906
PV-boost-DC CcVe CcVye/ (1= Dy) 17.906 89.529
PV-buck/boost-DC  C.V,.D,/(1 — D;) CcVieDy/(1 = Dy) 4.4764 71.6232
PV-buck-INV CxM?V,.D,?I(21,) CrM?V,./I(21,.) 0.02725 0.68125
PV-boost-INV CxM? V. /I(21.) CxM? V, /[2(1-Dy)>?I,,] 0.68125 17.0312
PV-buck/boost-INV  CxM? V,.D,*/[2(1-D,)?I;c]  CrM? V,.Dy?I[2(1-Dy)?I,.] 0.04258 10.889
PV-buck-INV-AC  D,C.V,.M/2 C VM /N2 2.0258 10.129
PV-boost-INV-AC  C.V,.M/V2 C.V,eM/[N2(1-Dy)] 10.129 50.6453
PV-buck/boost-INV-AC C.MD,V,.//[V2(1-D;)]  C.MDyV,.//[V2(1-Dy)] 2.5322 40.5162

Table 1 .The upper and the lower boundaries of the MPPTCC of all PV systems

To invistigate the accuracy of the MPPTCC which is shown in Tablel, some simulation

experiments were carried out under 1000W/m?,25°C conditions and the results are shown in

the following figures .
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According to Figures 4.5,4.8, which represent PV-buck, PV-buck-DC systems repectively,
their MPPs are achieved when D=Dy, in other word when the load resistance or bus voltages
are equal to their corresponding LB.Figure 4.6 its MPPs reach when D=0, in other word when
the load resistance equal to their corresponding UB.,finally figure 4.7 its MPP is reached when
D=D,, such that the load resistances is equal to its corresponding LB and when D=Dy; such that

the load resistance is equal to its corresponding UB.
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Fig4.9 P, — D curve of PV-boost-DC system
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Fig4.10 P, — D curve of PV-buck/boost-DC system
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Fig.4.12 P, — D curve of PV_boost_INV

Figure 4.9 and 4.12 , their MPPs reach when D=0 , in other word when the load resistance or

bus voltages equal to their corresponding UB.Figure 4.10 its MPP is reached when D=D;, such

that the load resistances is equal to their corresponding LB and when D=Dy; such that the load

resistance is equal to its corresponding UB.Finally for the figure 4.11.MPP is achieved when

D=D,, in other word when the load resistance is equal to its corresponding LB.
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Fig4.13 P, — D curve of PV-buck/boost-INV system
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» Discusion:

According 4.14 , its MPP is achieved when D=Dy, in other word when the bus voltage is
equal to its corresponding LB.Moreover, When the bus voltage is equal to UB the MPP will
reach at D=1 condition.Figure 4.13,4.15, their MPPs reach when D=0, in other word when
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the load bus voltage or load resistance equal to their corresponding UB.Finally, Figure 4.16
which represents the graph of PV-buck/boost-INV-AC system, its MPP is reached when D=Dy,
such that the load resistances or bus voltages is equal to its corresponding LB and when D=Dy

such that the bus voltage is equal to its corresponding UB.
4.4.Feasibility and availability of the proposed method

4.4.1.Analysis under variying S condition

To analyze the feasibility and availability of the ES-VWP method , some simulation
will be carried out under 5 different S conditions, when T, V},,s , D, and AD are set as 25°C
15V , 0.8 and 0.001, respectively.The simulation results are shown in Table 2
I.." and V, "represent their solved values of I .and V,. respectively and V;*, V,*, I;"and ,
I,*represent the measured values of Vi, V,,I; and I, respectively,Dmax* and Dmax 2*
resprent the calculated values of Dmax and Dmax2 respectively; Pymax and Pomaxz represent
the output powers of PV subsystem 1 and PV subsystem 2, respectively.Finaly Dm represents
the ideal value of Dmax.

Table 2.Results under different irradiance condition

51

S Vi'(V) L") | V.'(V) LA | Vo' (V) lse™(A)
(W/m?)
300 17.8270 2.5225 17.8484 2.5195 21.9037 2.7571
400 17.5762 3.3636 17.5767 3.3596 21.5707 3.6761
600 17.2924 5.0477 17.3133 5.0417 21.2466 5.5149
700 17.3040 5.8885 17.3240 5.8816 21.2608 6.4336
950 17.7498 7.9893 17.7700 7.9800 21.8077 8.7300
Dmax* Dmax 2 l:)omax* (W) l:'omaxz " (W) Dm

0.8415 0.8405 44.9686 44.9690 0.8414

0.8545 0.8535 59.1193 59.0507 0.8544

0.8676 0.8666 87.2868 87.2884 0.8686

0.8658 0.8648 101.8946 101.8928 0.8658

0.8461 0.8451 141.8084 141.8046 0.8461
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» Discusion:

According to table 2, Dmax* is almost equal to its corresponding Dm under different S

conditions, which means that the ES-VWP method is feasible, available and accurate, we

notice that the error between P, ., "and Py max2” is always less than 0.01W, which means that

PV subsystem 2 is operating around the MPP.

4.4.2.Analysis under varying T conditions

To analyze the feasibility and availability of the ES-VWP method , some simulation

will be carried out under 5 different T conditions when S , Vs , D, and AD are set as

1000W/m? , 15V, 0.8 and 0.001 respectively.Table 3 shows the results .

S vy (V) L'@a) | V.'(V) L°A) | Vo (V) Is."(A)
(W/m?)
0 19.1949 7.8854 19.295 7.8751 23.5839 8.6157
10 18.6792 8.0957 18.7025 8.0854 22.9503 8.8454
20 18.1636 8.3059 18.1856 8.2957 22.3167 9.0751
40 17.1322 8.7264 17.1518 8.7164 21.0495 9.5346
50 16.6166 8.9367 16.6350 8.9266 20.4159 9.8791
Dmax” Dmax 2* Pomax*(m Pomaxz*(W) bm
0.7815 0.7805 151.3564 151.9501 0.7814
0.8030 0.8020 151.2212 151.2172 0.8530
0.8258 0.8248 150.8650 150.8622 0.8258
0.8755 0.8745 149.5024 149.5019 0.8755
0.9028 0.9018 148.4975 148.4939 0.9028
Table 3.Results under different temperature conditions .
» Discusion:

According to table 3, Dmax™ is almost equal to its corresponding Dm under different T
conditions, which means that the ES-VWP method is feasible, available and accurate,also we

notice that the error between Py, and P, .~ IS always less than 0.01W, which means that

PV subsystem 2 is operating around the MPP.
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4.5 MPPT performance comparison
Some simulation are done to analyze the MPPT performance of the ES-VWP

method.here we select D, and delta D 0.8 and 0.001 respectively.Vbus is selected as 12 V
,P&O method represents a conventional MPPT method.Therefore , it is used to compare with
ES-VWP method.The results of P&O are the mean values of their oscilation.

4.5.1 Performance under varying S condition

Under varying S and 25°C conditions,two simulation are done, the result are shown
together in Figs 4.17 and 4.18.The duty cycle curves are compared in Fig.4.17 while the output
power curves are compared in Fig.4.18.The data corresponding to Fig.4.17 and 4.18 are shown
in Table 4. Where D& and  Poax>  represent the results of P & O method.D .y

and Py .« Teprent Do, and Py,.,0f ES-VWP method.

——Pand O method
—ES-VWP method
0.9

0.8 m
D ﬂun nnnnnnnnnnn
0.7 N
[} I
0.6 U m
| | | | | | | | |
0 0.2 0.4 0.6 0.8 T(s) 1 1.2 14 1.6 1.8 P
Fig 4.17 Simulation results of duty cycles
200 -
150 : I | P and o method _
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o
0 —
| | | | | | | | |
0 0.2 0.4 06 08 1 12 14 16 1.8 2
Offset=0 T(s)

Fig. 4.18 Simulation results of output powers
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Time S Dm Dm* | Dmax® | Pomax (W) | Pypax™ (W)
interval(s) | (W/m2)

[01] 400 0.630 | 0.630 0.630 59.63 59.63
[12] 1200 0.752 | 0.752 0.751 189.41 189.41

Table 4. Result of Fig 4.18 and Fig 4.17
» Discusion:

Fig 4.17,Fig 4.18 and table 4 show that the MPPT speed of ES-VWP is better than P & O
speed ,Since ES-VWP takes less transient time compared to P&O method.The steady-state
oscilation exists in P & O method, Therefore,the ES-VWP method has better steady state

performance.

4.6.conclusion

After the analytical formulations were developed ,the constraint conditions of the 12
widely used PV configurations were found , some simulations were carried out to verify the
analytical results.The simulation results confirmed the integrated mathematical formulations
and showed a good accuracy of MPP Conctraint Condition.Moreover, ES-VWP was
successfully designed and assessd on PV system with DC bus.the simulation results showed a

better transaint and steady state performance compared with the conventional P&O method.
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General conclusion
In this project, an MPPTCC-based approach has been developed and examined on 12

widely used PV configurations. Its integrated mathematical formulations and constraints were
elaborated and testified under ideal conditions through PV models’ parameters. In this regard,
several simulation experiments were carried out to assess the accuracy of these proposed
MPPTCC approach. The inherent relationship between the model parameters and the
Maximum Power Point as well the system components was exploited to design a more efficient
MMPT control strategy. Moreover, an improved ES-VWP method has been successfully
designed and assessed on a PV system with DC bus, and proved to be feasible and effective
for MPPT applications. In effect, the simulation results have shown a better transient-state and
steady-state performance compared with the conventional P&O method.

As a farther work on the subject, we intend to apply this approach for more practical models.
Moreover, implementing the proposed approach on DSP or FPGA boards will be highly

valuable to experimentally validate it for MPPT applications.
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