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ABSTRACT

Considering the high initial capital cost of photovoltaic (PV) panels and their low conversion
efficiency, it is imperative to operate the PV system at the maximum power point (MPP). In this
context, our goal in this thesis is to develop and improve the PV system, by contributing to the
optimization of energy withdrawn from PV panel using an embedded system. For this purpose, in
order to simulate and test MPPT algorithm, the model of the PV panel should be first studied in
accordance with the real behavior of the PV panel. Therefore, the single diode model of the PV panel
is introduced in Matlab/Simulink and PSIM. Moreover, for the first time, the PV panel model is
developed in Proteus; an experimental test bench was built to validate the developed model. On the
other hand, this work proposes a modified incremental conductance (INC) algorithm to improve the
MPP tracker (MPPT) capability for PV system when the irradiation is suddenly modified. Three
modifications are made in the INC algorithm, which are described as follows:

(1) A check to identify the increase in irradiation and make a correct decision.

(2) Eliminate the all-division computations in the INC algorithm and make the algorithm structure

simpler allowing the algorithm to be easily implemented by a low-cost embedded system.

(3) A modified variable step INC algorithm is used, which can reduce the steady-state oscillations

and improve the tracking speed under sudden irradiance variation.

The first modification is simulated using PSIM through “Software in the Loop” test and the results
show that the modified algorithm provides an accurate response to a sudden variation of solar
irradiation with an efficiency of 98.8 %. The second modification is simulated using the PV panel
model proposed in Proteus. For verification, a hardware test bench is implemented by using the
Arduino Uno board in which the low-cost Atmega328 microcontroller is integrated. This has led to a
low-cost PV system with an efficiency of 98.5 %. The third modification is developed following the
techniques employed in the automotive and aeronautical embedded systems. This is done by
following the V-cycle development process, which means that our controller will be validated using
“Model in the Loop/Software in the Loop/Processor in the Loop” tests. In this sense, integrating the
MPPT embedded system in the automotive or aeronautical area will be possible. It should be
mentioned that Matlab/Simulink is used for MIL/SIL/PIL tests, thus STM32F4 board is used for PIL

test.
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On the other side, if minimizing the cost of the PV system is not essential than guarantying a very
high level of robustness and efficiency, it is required to use a ?more robust method. Therefore in this
thesis, we design and implement MPPT based on Kalman Filter. The expected outcome of this
proposal is an efficient MPPT method which presents a very high level of robustness, reliability and
accuracy. The obtained results clearly highlight the superiority of the proposed method; it yields an
efficiency of 99.38 %, which is almost 3 % higher than the conventional INC method.

In a nutshell, this thesis proposed two solutions, the first one is for low-cost applications with a good
performance using the modified INC, and the second is for higher performance and critical

applications by using Kalman filter.

Keywords: PV Panel, Proteus, modified incremental conductance, fast change of irradiance,

embedded system, low-cost PV system, Kalman filter-based MPPT, Reliable and robust PV system.
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RESUME

Vu la forte sensibilité des panneaux photovoltaiques (PV) aux I’irradiation solaire et a la
température, leur faible rendement et leur colit élevé, il est impératif de les faire fonctionner au point
de puissance maximale (MPP). Dans ce contexte, 1’objectif de ce travail est de développer, améliorer
et optimiser I'énergie soutirée du panneau PV en utilisant les techniques des systemes embarqués. 11
s’agit donc, dans une premiere étape d’étudier et de simuler le modele du panneau PV dans le but
d’avoir un mode¢le fiable décrivant correctement le comportement réel de ce dernier qui sera utilisé
par la suite pour simuler et tester les algorithmes MPPT.

Dans cette thése le modele du panneau PV a une seule diode a été retenu et simulé dans deux
environnements connus, Matlab/Simulink et PSIM. De plus, une procédure de simulation d’un
panneau PV a ¢été réalisée dans I’environnement Proteus. Les résultats de simulation et
expérimentaux ont été confrontés. Dans une deuxiéme étape de ce travail des modifications a

I’algorithme d’incrémentation de la conductance (INC) classique ont été apporté afin d’améliorer la
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capacit¢ du controleur MPPT pendant les variations brusque de l'irradiation solaire. Trois
modifications proposées et exécutées pour cet algorithme a savoir :

(1) L’ajout d’une condition permettant de détecter cette variation de 1’irradiation solaire et par
conséquent d’assurer un suivi MPP correct.

(2) L’¢limination de tous calculs de divisions dans l'algorithme (INC) afin de simplifier sa
structure et facilité son implémentation et par conséquent réduire le temps de réponse et le cout du
systéme photovoltaique.

(3) Adopté un pas variable pour réduire les oscillations en régime permanent et améliorer la
vitesse de poursuite sous des variations soudaines d’irradiations solaires.

La premiere modification a été simulée avec le logiciel PSIM en utilisant le test “Software in
the Loop”, les résultats ont montré que 1'algorithme modifi¢ fournit une réponse précise avec un
rendement de 98,8 %. La deuxiéme modification a ét¢ simulée a l'aide du modele du panneau
photovoltaique élaboré sous Proteus et validée au laboratoire au moyen d’un émulateur solaire et une
carte Arduino (Uno intégrant un microcontroleur Atmega328) justifiant ainsi le faible colt du
systeme avec une efficacité de 98,5 %. La troisieme modification a été développée en guise de la
manicre adoptée par 1’industrie automobile et aéronautique dans le but d’une éventuelle intégration
dans ces domaines. Le cycle de développement en V sera donc suivi, et notre contréleur MPPT va
se soumettre aux trois tests a savoir les tests : Model In the Loop, Software In the Loop et Processor
In the Loop. Ces trois tests du cycle ont été exécutés et testés avec Matlab/Simulink, et la carte
STM32F4 a été utilisée pour le test PIL.

Par ailleurs, nous avons aussi envisagé d’implémenter un algorithme MPPT trés puissant basé
sur le filtre de Kalman dans le cas ou la précision, la robustesse et 1’efficacité¢ du systéme priment
sur son prix. Les résultats de simulation de cet algorithme montrent clairement sa supériorité par
rapport aux algorithmes classiques. Le rendement obtenu avoisine 100% (99,38).

En résumé de ce travail, nous pouvons dégagés deux idées majeures : La premiére, pour des
applications a faible colit avec des bonnes performances nous proposons I’utilisation de I’algorithme
INC modifié. La seconde, pour des applications plus performantes et critiques nous proposons

I’algorithme basé sur le filtre de Kalman.

Mots clés: panneau PV, Proteus, INC modifié, changement rapide de l'irradiation solaire, systéme

embarqué, systéeme PV a faible colit, MPPT, filtre de Kalman, systéme PV fiable et robuste.
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NOMENCLATURES

a : is the diode’s ideality factor

F : is switching frequency [Hz]

Ip : is the diode current [A]

I : is the panel output current [A]

Is : is the panel reverse saturation current [A]

Iph : is the panel photocurrent [A]

To : is the output current of the Boost converter [A]
K : is the constant of Boltzmann [J.K"!]

N : is the number of cells connected in series
q : is the electron charge [C]

Rs : is the series resistance [Q]

Rsn : is the shunt resistance [Q]

R : is the load [Q]

T: is the junction temperature [K]

Vb : is the diode voltage [V]

V : is the panel output voltage [V]

Vo : is the output voltage of the Boost converter [V]
AV: input voltage ripple of the Boost converter [V]

AVo: output voltage ripple of the Boost converter [V]
AlL: inductor current ripple [A]

GREEK LETTERS

a : is the duty cycle

ABBREVIATIONS

CAN : Controller Area Network

FLC: Fuzzy Logic Control

FSCC: Fractional Short-Circuit Current
FOCV: Fractional Open-Circuit Voltage
INC : Incremental Conductance

LCD: Liquid Crystal Display

MBD : Model-Based Design

MIL : Model In the Loop

DMPP: distributed MPP

DMPPT: distributed MPPT

GMPPT: global MPPT

MPP : Maximum Power Point

MPPT : Maximum Power Point Tracking
P & O : Perturb and observe

PIL : Processor In the Loop

PV : Photovoltaic

PWM : Pulse Width Modulation

RE : Renewable Energy

SIL : Software In the Loop

STC: Standard Test Conditions

USB : Universal Serial Bus
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1. Overview

With the rapid growth in population, the unabated usage of technology, frequent human
movement and the ever-increasing level of lifestyle, the world energy demand have been subjected
to a tremendous strain. This phenomenon has resulted in two major concerns, namely energy
sustainability and environmental concerns. The latter, which manifests itself in the form of climate
change, is seriously jeopardizing the earth civilization. The challenge today is to tackle the climate

change and greenhouse warming by utilizing clean and affordable renewable energy (RE) sources

[1].

Energy generated from renewable natural resources, such as solar, wind, rainfall, tidal,
geothermal heat, etc have been applied for electric power generation. Compared to conventional
fossil energy sources (coal, oil and natural gas), RE sources have the following major advantages (1)
they are refilled from natural resources; therefore they are sustainable and will never run out, (2)
when generating, they emit little or no carbon dioxide. It can be concluded that RE appears to be the

ideal and effective solution to deal with the environmental problems.

For the past several decades, solar photovoltaic (PV) energy has emerged as one of the
preferable RE sources. The sun radiates an enormous amount of energy onto the earth’s surface every
day, which, if properly harvested, would be more than sufficient to provide the demand of the whole
world [2]. The main advantages of PV power system can be attributed to its low operational cost,
almost maintenance-free and environmentally friendly. Regardless of the high cost of solar panels,
PV power generation systems, in particular the grid-connected type, have been commercialized in
many countries due to its potential medium and long-term economic prospects [3]. Furthermore,
generous financial schemes, for example, the feed-in tariff [4] and subsidized policies [5], have been

introduced by various countries, resulting in rapid growth of the industry.

However, despite these tangible benefits, the main hindrance for public acceptance of PV
system is still apparent, i.e. the high capital investment. This is primarily due to the high panel price.
Although the price per watt has declined rapidly over the past decade, PV power remains
considerably above the cost of conventional electricity. Grid-parity, i.e. the point at which the price
of PV power per unit is less than or equal to the price of the electricity provided by the power utility
companies, is still a long way to go. With regards to this concern, it is imperative that whatever
available energy captured by the panels to be the optimally processed. An enormous amount of work
has been carried out to enhance the solar cell design and its fabrication technologies [6]-[9]. Whilst
these efforts are crucial, it is equally important to continually improve the overall performance at the

system level. One area of immense interest is the maximum power point tracker (MPPT). MPPT
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aims to ensure that at any environmental condition (particularly solar insolation and temperature),
the maximum power is extracted from the PV panels by matching its I-V operating point with the

load.

Due to the non-linear I-V characteristics of the PV source, the tracking of the maximum power point
(MPP) at various environmental conditions can sometimes be a challenging task. Researchers have
proposed different MPPT algorithms to maximize PV power, namely FSCC, FOCV, Fuzzy Logic,
Neural Network, P&O, and INC [10], [11]. FSCC and FOCV are the simplest MPPT algorithms,
which are based on the linearity of short-circuit current or open-circuit voltage to the maximum power
point current or voltage respectively. However, these methods isolate the PV panel to measure short-
circuit current or open-circuit voltage. Therefore, the loss of energy is increased due to the periodic
isolation of the panel [12]. On the other side, Fuzzy Logic and Artificial Neural Network are
knowledge-based controllers where they require detailed knowledge while implementing them.
Fuzzy Logic and ANN are effective in tracking MPP and they obtain a consistent MPPT algorithm
due to their ability to treat the nonlinearity of the PV Panel. But they require large memory for rules
implementation (FLC) or training (ANN). In particular, the fuzzy logic method requires the designer
to have some prior knowledge of how the output responds qualitatively to the inputs, and it suffers
from a severe drawback that the rules cannot be changed, once it is defined. ANN presents many
disadvantages like the fact that the data needed for the training process has to be specifically acquired
for every PV panel and location, also the PV characteristics change with time, so the neural network
has to be periodically trained. Hence, since the amount of training involved is quite high for this
algorithm, it makes its implementation even more complex [13]. On the other side, P&O and INC are
mostly used. These methods are based on the (P-V) curve of the PV panel. For P&O, steady-state
oscillations occur after the MPP is found due to the perturbation made by this algorithm to maintain
the MPP, which in turn increases the loss of power [14]. For INC, it is founded in the fact that slope
of P-V characteristic is zero at the maximum power, and theoretically, there is no perturbation after
the MPP is found. Therefore, oscillations are minimized. However, the INC algorithm can make an
inaccurate response when the irradiation is suddenly increased [15]. Therefore in this thesis, we will
present and implement a modified INC algorithm that can overcome the wrong response made by the
conventional INC algorithm when the irradiance is suddenly increased. Nevertheless, INC is more
complicated in structure compared to P&O since it contains several mathematical divisions that
complicate the calculation process and require a stronger microcontroller which reduces the
opportunity to use a low-cost embedded board [16]. Therefore, P&O algorithm is extensively
employed in PV autonomous systems for its simplicity [17]-[19] because in this kind of PV systems,
it is preferred to implement MPPT algorithms by using a low-cost microcontroller in order to reduce

the system cost. Thus, the P&O algorithm, being an algorithm with no arithmetic-division [20]-[24],

10
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is a suitable choice to be implemented by a low-cost microcontroller. However, based on the above-
mentioned analysis, INC is capable of tracking the MPP correctly with less steady-state oscillations
and faster response when compared to P&O algorithm [25]-[28]. Therefore in this thesis, the INC
algorithm is improved by eliminating the all-division computations and make the algorithm structure
simpler. This decreases the real-time processing which in turn enables the algorithm to be easily
implemented by a low-cost embedded board. Hence, the modified algorithm is implemented by using
Arduino Uno board in which the low-cost Atmega328 microcontroller is integrated; as a result, reduce

the system cost.

On the other hand, to improve the efficiency of MPPT algorithm, a variable step-size (VSS)
is proposed [ 14]. However, this variable step can show poor performance in case of sudden irradiance
variation. In addition, it can increase steady-state power oscillations [29]. Therefore, an improved
variable step-size is presented in this thesis. Then we offer a guidelines to develop this VSS INC
controller as automotive and aeronautical embedded systems are developed, this by following the V-
cycle development process, which means that our controller will be validated by using “Model In the
Loop (MIL)/ Software In the Loop (SIL)/ Processor In the Loop (PIL)” tests. In this sense, integrating
the MPPT embedded system in the automotive or aeronautical area will be possible. On the other
hand PIL test can be used as a low-cost option to test the hardware implementation of the MPPT
algorithm. It should be mentioned that Matlab/Simulink is used for MIL/SIL/PIL tests, thus
STM32F4 board is used for PIL test.

On the other side, if minimizing the cost is not important than guarantying a very high level
of robustness and efficiency of our PV system, it is required to use a powerful method. Therefore in
this thesis, Kalman filter based MPPT algorithm is proposed since it can provide an efficient
computational (recursive) solution of the least-squares method. The filter is very powerful in several
aspects: it supports estimations of past, present, and even future states, and it can do so even when
the precise nature of the modeled system is unknown [30]. Hence, this filter can be used to respond

accurately to rapid environmental changes.

In order to simulate the performance of such MPPT algorithm, several researchers have
modeled the PV panel either in Matlab/Simulink or PSIM tools [52], [62], [64]; however, these tools
don’t provide a microcontroller or an electronic board in which our algorithm can be implemented
and tested as made during the hardware implementation. Consequently, we can’t rely on these tools
to validate and guarantee the excellent performance of such MPPT algorithm. On the other hand,
Proteus is the best simulation software for various designs with electronics and microcontrollers. It
is mainly popular because of availability of almost all microcontrollers in it. However, it does not

contain a PV panel model. Hence in this thesis, a PV panel is modeled in Proteus and this model is

11
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validated by using a laboratory test bench. Therefore, by using Proteus, MPPT algorithm can be
implemented on the electronic boards and consequently, this solution can be used as a low-cost PV

simulator.

2. Objective and Importance of Research

2.1. Objective of Research
The objectives of this research are:

(i) Propose a new Proteus model of PV panel.

(i) Propose, design and implement an improved INC algorithm that can make an accurate response
when the irradiation is suddenly modified. Also, eliminate the all-division computations in INC
algorithm and make the algorithm structure simpler, allowing the algorithm to be easily

implemented by a low-cost embedded system; as a result, propose a low-cost PV system.

(ii1) Develop the MPPT controller as the automotive and aeronautical embedded systems are
developed. In this sense, take advantage of safety level integrated into these areas, and
integrating the MPPT embedded system in the automotive or the aeronautical area will be

possible.

(iv) Propose, design and implement MPPT based on Kalman Filter through “Software In the Loop”
test. The expected outcome of this proposal is an efficient MPPT method which presents a very

high level of robustness, reliability and accuracy.
2.2. Importance of Research

Due to the non-linear characteristics I-V of the PV panel, the tracking of the maximum power
point (MPP) at various environmental conditions can sometimes be a challenging task. The issue
becomes more complicated when the irradiance is suddenly increased. The drawback of the
conventional MPPT is that for the majority of the cases, the algorithm is likely to make an inaccurate
response. Consequently, this slows the tracking speed and leads to high oscillation level. This
problem can be overcome by employing the proposed INC algorithm. Also, some modifications are
involved in the INC algorithm structure seeking to avoid the mathematical division calculations,
allowing the algorithm to be easily implemented by a low-cost embedded system and as a result,

reduce the system cost.

On the other side, if it is required to guarantee a very high level of robustness, reliability and

efficiency of our PV system, the proposed Kalman filter based MPPT algorithm is a suitable choice.

12
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3. Organization of Thesis
This thesis is organized into six chapters. Their contents are outlined as follows:

(1) Chapter 2 provides an extensive review of the most used MPPT algorithms. They are categorized
into various groups, namely direct, indirect and soft computing methods. The merits and

drawbacks of each method are highlighted.

(i1) Chapter 3 introduces the modeling strategy for PV panel in considerable detail. The modeling
approach is very simple, fast and accurate. The model is done in Matlab and PSIM. Furthermore,

a PV panel model is proposed in Proteus.

(ii1) Chapter 4 describes the proposed INC algorithm for tracking the MPP of PV system. System
simulation, hardware implementation and performance evaluation under fast change of
irradiance are elaborated. This is performed in comparison to conventional INC algorithm.
Comparison between our proposal and some experimental works published recently is also

presented.

(iv) Chapter 5 describes the design and implementation of Kalman filter based MPPT algorithm.
System simulation and performance evaluation under fast change of irradiance and temperature

are elaborated. This is performed in comparison to conventional INC algorithm.

(v) Chapter 6 concludes the works undertaken and highlights the contributions of this research.

Several suggestions are given for possible directions for future works.

13
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Chapter 2

MPPT Review

e Introduction

e Description of MPPT Based PV System for DC-DC Application
e Overview of the Various MPPT Techniques

e Recapitulation

e Summary
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1. Introduction

Maximum power point tracking (MPPT) is a power conversion system with an appropriate
control algorithm to extract the maximum power from the PV source irrespective of the changes in
the operating conditions. The maximization of the delivered power can be achieved by regulating the
voltage or current of PV panel to ensure the converter operates at (or near) the maximum power point

(MPP) on the P-V curve [31].

Over the years, numerous MPPT algorithms have been proposed to track the maximum power
of PV system. Even if these algorithms are designed for the same aim, they differ markedly in terms
of efficiency, tracking speed, steady-state oscillations, complexity, cost and range of effectiveness.
Moreover, each method may work best in certain conditions while not in others. For instance, some
MPPT methods yield better performance under stable irradiance but under fast change of irradiance,

the results are found to be unsatisfactory [12].

This chapter presents a strategic review of MPPT techniques that have been prominently used
in PV systems. The objective of the review is to provide an overview of various MPPT methods:
describing their principles of operations and highlighting their advantages and limitations. This
would be useful for the reader who requires a comprehensive background of MPPT methods, as well
as keeping abreast with the latest development in this area. From here, the ultimate goal of this
literature review is to search for the gap in the existing methods. This gap shall be the basis for the

research that shall be carried out in this thesis.

2. Description of MPPT Based PV System for DC-DC Application

2.1. Current or Voltage Based MPPT controller

Figure 2.1 presents the MPPT controller in conjunction with the DC/DC converter. It can be
seen that only DC system is presented here. However, it can be extended to a grid-connected PV
system with the addition of more power electronic devices such as inverter and grid components

[32].

Typically, voltage or current based MPPT method operates by measuring the voltage and
current information of PV panel, as shown in Figure 2.1. Using this information, the duty cycle is
computed through the PI or hysteresis controller and consequently DC/DC converter is forced to

extract the MPP from the PV panel.
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Figure 2.1. Current or voltage based MPPT controller.

2.2. Duty Cycle Control Based MPPT System

In contrast to Figure 2.1, another popular category of MPPT method is based on duty cycle
control of DC/DC converter. This type is defined as the direct MPPT control system; the controller
is shown in Figure 2.2. The PI block (Figure 2.1) is not used and duty cycle is computed directly by
the controller. The advantages of this solution are: (1) the MPPT design becomes simple, (2) the
computation time is decreased and (3) no tuning effort is necessary for the PI gains. Hence, it offers
MPPT system with a simplified control while maintaining the optimal results [32]. Therefore, this

method is used in our research.

AJl b

\Vipanel DC/DC Converter

v

v nu

Direct Duty Cycle h,
MPPT

/MA

Figure 2.2. A typical direct duty cycle based MPPT system.
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3. Overview of the Various MPPT Techniques

For a better understanding of the various approaches used for MPPT, the various techniques
are categorized into three groups. The first group, which comprises the most popular methods; they
are based on specific observations by applying a control signal to the power converter. This is also
known as the conventional MPPTs and direct control techniques, which include the Perturb and
Observe (P&0), the Hill Climbing (HC), and Incremental Conductance (INC) methods. The second
group is categorized by MPPT that exploits the characteristics of PV panel, this is also known as the
indirect control techniques. The last group involves more recent techniques, which are based on soft
computing approaches. This includes the Fuzzy Logic Controller (FLC), Artificial Neural Network
(ANN) and Particle Swarm Optimization (PSO) which is one of the Evolutionary Algorithms (EA)
[12].

3.1. Group 1: Conventional/Popular Techniques (direct)
3.1.1. Perturb and observe (P&O)

Due to the simplicity of the algorithm, Perturb & Observe (P&O) is the most widely used
MPPT method. The working principle of P&O is presented by the flowchart in Figure 2.3. As the
name suggests, it works by introducing a perturbation (offset) in the operating voltage or current of

PV panel and accordingly the change in operating power is observed using the samples of voltage

(V(k)) and current (I(k)).

Measure V, |

A 4

)

Calculate Power

Yes

Offset=-Offset

L

Vref(k)= Vref (k-1)+0ffset
Or
Iref(k)= Iref (k-1)+0ffset

Figure 2.3. Flowchart of conventional Perturb and Observe (P&O) method.

The increment in operating power means that the system is getting closer to the MPP.

Therefore, in the next sampling cycle, the direction (slope) of perturbation is maintained and the
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reference voltage/current is further increased by an amount of ‘offset’. Conversely, when the power

decreases, the reference value is reduced by changing the sign of the slope.

The amount of perturbation value ‘offset’ depends upon the nature of algorithm: it can be
constant or varying. About this fact, two further groups of P&O method are reported in the literature,
namely fixed-step P&O and adaptive step P&O methods. These are discussed in the following

sections.
A. Fixed step P&O

In this method, fixed step size is employed to generate a reference signal for the PI control
loop, as shown in Figure 2.1. The perturb signal is either the reference PV voltage or current. Figure
2.4 (a) shows the movement of operating power in the MPPT process. Starting from the point A, the
operating power is gradually increasing with a fixed value of ‘offset’. Once the operating point
reaches point D, the P&O observes the decrease in panel power. Consequently, the slope of the
‘offset’ is changed and reference voltage is made to increase from point D to C to cater for the loss
in panel power. However, due to the same direction of ‘offset’, the reference voltage is further
increased until a decrease in power is detected at point B. Once again, the reference value will be
altered based on ‘offset’. Hence, due to the nature of P&O as described in preceding lines, the
operating power will continuously oscillate between D to B. The perturbation step ‘offset’ is selected
according to the system designer usually by hit and trial approach. Therefore, the solution provided
by this method is system dependent, hence not generic. It can also be observed in Figure 2.4 (a), the
oscillation at the MPP region as shown by dotted circle is totally dependent on the value of step size.
In the case of large perturbation step (Figure 2.4 (a)), faster tracking results in significant oscillations
at the steady-state (from point D to B). On the other hand, a smaller value of ‘offset’, the steady-state
oscillations are reduced as shown by dotted circle in Figure 2.4 (b) but tracking is significantly slower
compared to Figure 2.4 (a). Therefore, P&O method with fixed perturbation suffers an inherent

tracking -oscillations trade-off problem.
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Figure 2.4. The movement of operating point in MPP tracking operation. (a) For large perturbation. (b) For
small perturbation.

B. Adaptive P&O

In the fixed step P&O algorithm, the amount of perturbation size is designed according to the
accuracy at steady-state and the response time of the MPPT. Thus, the trade-off between the response
time and steady-state accuracy has to be addressed by the corresponding design. To solve this

dilemma, a variable P&O method is usually employed [33].

In this method, the perturbation step is adjusted usually by using the derivative of power to
voltage (dP/dV) or current (dP/dI) of a PV panel. This approach is fully adaptive as it works based
on the P-V or P-I characteristics, which always results in dP/dV or dP/dI factor near to zero at MPP.
Therefore, step size can be made relatively small as dP/dV approaches to zero and the panel operates
in the vicinity of MPP. Thus, the adaptive P&O has an excellent tracking speed as well as accuracy

at steady state [33].
3.1.2. Hill Climbing (HC)

The HC method is presented in Figure 2.5. Its working principle is like P&O, but the operating
point of the PV panel is updated by perturbing the duty cycle, instead of perturbing the voltage or

current [33].

The HC method periodically updates the duty cycle a(k) by a fixed perturbation (offset) with
the direction of increasing power. The perturbation direction is reversed when the change of power

is negative; that means that the tracking is not moving towards the MPP [33].

Since it works based on the perturbation mechanism; this method can be based on a fixed or

adaptive step.
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Figure 2.5. Basic Flowchart of Hill Climbing (HC) method.

3.1.3. Incremental Conductance (INC)

The P&O method has two major shortcomings [34]. (1) Due to a fixed amount of perturbation
at the steady-state, a small power variation around the MPP is always there which contributes to
some power losses. (2) Under rapid fluctuations of environment, the operating point is most likely
to diverge from the true MPP. The Incremental Conductance (INC) method was proposed in [34] to

circumvent the above drawbacks.

The INC is based on the fact that at MPP, the derivative of (dP/dV) is zero. Mathematically,

it can be written as:

d_P:_d(]V):VﬂJr[:o (2.1)
dvdV dv

Equation (2.1) can be written in the following form:

I dl _ Al

_L_d AL (2.2)
Vodav AV

where AV and Al are the increments of PV voltage and current, respectively. The working principle

of INC can thus be derived from the P-V curve, as shown in Figure 2.6 and can be written as:

dl 1

M __ L atMPP (2.3)
vy
Ar 1 et to MPP (2.4)
vy
dl T ohtto MPP 2.5)
vy
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Figure 2.6. P-V characteristics for the basis of INC method.

Hence, the basic idea of INC method is incrementally comparing the ratio of derivative of

conductance with the instantaneous conductance [34]. Using the rules as stated in equations (2.3)-

(2.5), the basic flow chart of INC method is depicted in Figure 2.7.

Start

Sense V(k) and I(k)

|

AV = V(K)-V(k-1)
Al = I(K)-1(k-1)

|

Yes No Yes

Yes
Al/AV=-1(Kk)/V(K) AV=0 Al=0
No
No Yes
A4 A A 4
| Veedl)= Vi (k-1p#Offset | | V(k)= Vios(k-1)-Offset | | Vi (k)= V,os(k-1)-Offset | | V,k)= Vo (k-1)+Offset |

Figure 2.7. The basic flow chart of the voltage based INC method.
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It can be noticed in Figure 2.7 that the reference signal is based on voltage. Since the rules in equations
(2.3)-(2.5) are derived using P-V curve, the current cannot be used as a final output of the INC

method. To use INC method with respect to current P-I characteristics curve can be used, as shown

in Figure 2.8.

} Ppy (W)

AV< |4
Al I

A 4

Ipy (4)

Figure 2.8. The P-I characteristic for the current based INC method.

To design INC as a current based MPPT, the equation (2.1) can be rewritten as:

dP_d(VI):IdV+V:0 (2.6)

drdl o d
Accordingly, the rules in equations. (2.3)-(2.5) will be transformed by

av 4

AV __V st MpP @.7)
a1

WV lefi to MPP 2.8)
a1

WV light to MPP 2.9)
a1

Using rules defined in equations (2.7)-(2.9), the flowchart in Figure 2.7 can be modified to
current based INC method by interchanging V with I, AV with Al and V(k) with I(k). Therefore, the
algorithm will be defined by incremental resistance (ICR) not INC.

Similar to P&O method, INC also depends on the perturbation value ‘offset’. The large value
of ‘offset” will result in fast-tracking but the system may possibly oscillate at MPP; the incremental
conductance (AI/AV) is not exactly equal to instantaneous conductance (I/V). However, a smaller
value of ‘offset’ can overcome this problem but tracking will get slower; so, the trade-off is still

there, similar to the P&O method. In the same way, two subgroups of INC method can be
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characterized based on fixed and adaptive value of ‘offset’. These are not discussed separately

because of the same objective as that of P&O algorithm.
3.1.4. INC Direct Duty Cycle

Similar to HC, another method of direct duty cycle control is based on INC algorithm. In this
method, the duty cycle is updated according to the flowchart scheme depicted in Figure 2.9, this
algorithm can use fixed or variable perturbation. The latter scheme can be included to achieve a better

tracking speed and reduced steady-state oscillations.

Sense V(k) and I(k)

l

AV = V(k)-V(k-1)

Al = I(k)-I(k-1)
Yes No Yes Yes
A/AV=-1(Q/V (K] AV=0 Al=0
No
No Yes
| alk)=a(k-1)-0ffset | | alk)= a(k-1)+Offset | | a(k)= a(k-1)+Offset | | all)= a (k-1)-Offset |

Figure 2.9. Basic flowchart of INC based direct duty cycle approach.

3.2. Group 2: MPPT Based on PV Panel and Power Converter Characteristics

The methods that fall under this category exploit the inherent behavior of different panel
parameters with respect to temperature and insolation variations. Among these, one method is
characterized by its current characteristics and commonly known as Fractional Short-Circuit Current
(FSCC) method. The other takes advantage of its voltage characteristics and recognized as Fractional
Open- Circuit Voltage (FOCV). There is another method which is based on the FOCV or FSCC

algorithm called pilot cell. These are discussed in the following subsections [12].

23



Contribution to the optimization of energy withdrawn from a PV panel using an Embedded System

3.2.1. Fractional Short-Circuit Current (FSCC)

The Basic idea for the FSCC method is derived from the relationship between the values of a
short circuit (Is¢) and maximum power current (/,,;,) of PV panel, as shown in Figure 2.10. It shows
the 3D plot of Is¢ and I, for MSX-60 PV panel for the operating points of insolation level (100-
1000 W/m?) and temperature (10-75 °C) [32].
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Figure 2.10. The 3-D plot of Ig¢ and Iy, for insolation and temperature variations.

It can be clearly seen that there exists a linear relationship between the I and I,,,;, which can

be written as:
Imp :KI.XISC (2.10)

where K; is a proportionality constant. Since K; is characterized by the characteristics of the PV panel
under consideration, it needs to be determined in advance by empirically determining I, and I at
different insolation and temperature levels. Thereafter, the ratio of I, and Is¢ such as in Figure 2.10
gives the value of K;. It can be noted that K; can be computed experimentally or using simulation
studies. However, the former is preferable as it will result in more realistic value. Nevertheless, due
to the availability of PV simulators, now it is possible to obtain accurate value of K; using simulation

tools. Generally, for most of the PV panels, the factor K; has been found to be between 0.78-0.92.

Several authors [35]-[38] utilized equation (2.10) to track the MPP of PV panel. However,
the main problem lies in the measurement of /5. during the MPP operation. To measurelg., an extra
switch is introduced to the power converter which periodically shorts the PV panel terminal so that
5 can be measured. However, this additional circuitry increases the components and hence the cost.
Furthermore, the available power might be significantly reduced due to the rough estimation of Ki

in equation (2.10), which does not ensure the perfect matching of true MPP. To avoid extra circuitry,
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authors in [36] used a boost converter, in which the switch of the converter itself was used to short
the PV panel. Despite these efforts, the extracted power is reduced while finding the value of I as
well as due to the approximate value of K;. To overcome this issue, authors in [38] proposed a

compensation method for K; such that the MPP is better tracked under environmental variations.

3.2.2. Fractional Open-Circuit Voltage (FOCV)

The variations of Vi and V;,,, voltages are depicted in Figure 2.11 for the insolation level

(100-1000 W/m?) and temperature (10-75 °C). Each PV panel shows different characteristics with
changing irradiation conditions especially around the MPP points. For the insolation levels between

100 and 1000 W/m?* at a constant cell temperature of 50 °C, the V,,,, of MSX-60 increases almost

proportionally with irradiance levels [32].
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Figure 2.11. 3D plot of V¢ and V), for insolation and temperature variations.

Similar to the FOC method, a linear relationship between the Vi and V,, can be

approximated using equation (2.11):
Vmp =K xV, (2.11)

where K,, is a proportionality constant. Like K;, the constant K,, also needs to be determined using

the relationship between V,,,, and V¢ at different insolation and temperature levels. Most of the

occasion, K,, has reported being between 0.71-0.84.

Various works [39]-[42] have attempted to exploit equation (2.11) for MPP tracking.
Unfortunately, Similar to FSCC to achieve this, V. need to be measured periodically. This, in turn
deteriorates the MPPT dynamic efficiency. To avoid the temporary loss due to the measurement, the
pilot cells were proposed in [35] to obtain the value of V.. However, the specification of each PV

cell is not generic; therefore, these cells must be carefully selected to closely represent the
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characteristics of the PV panel. Interestingly, in [39], it was stated that the voltage resulted by cell
diodes is approximately 75% of the V,. and hence measuring the open-circuit voltage is not
necessary. By approximating of V;,,, as a reference value from equation (2.11), a closed-loop control

then was employed to follow the reference value V,,,,.

Similar to FSCC, equation (2.11) is the only estimation and technically the PV panel never
operates at the MPP. Another point worth noting is that the increasing insolation does not always
cause an increase in the MPP voltage for other PV technologies [43], for example, US-21 and FS-50
PV panel. Therefore, the relation in equation (2.11) does not hold for such type of PV panels.
Therefore, if FOCV scheme is employed in these mentioned panels, the MPPT accuracy will be

severely compromised.

3.2.3. Pilot cell

The pilot cell method is based on the FOCV or FSCC algorithm, but the measurements of the
Voc or Isc is done by using a small PV cell, called a pilot cell, the latter must have the same
characteristics as the cells in the big PV panel. Then the MPPT uses the measurement to extract MPP
from the main PV panel. As a result, the loss of energy during the V,. or I measurement is
eliminated. However, the lack of a constant K value is still present. Also, the characteristics of the

pilot cell must be according to those of the main PV panel [44].

3.3. Group 3: Soft Computing Approach

3.3.1. Fuzzy Logic Control (FLC)

The powerful computing capability of existing microprocessors allowed fuzzy logic control
(FLC) to be employed in MPPT controller. Using FLC, the system model is not mandatory. This in
itself is an essential advantage because the changes in operating point, non-linearities and the
uncertainties such as unmodeled physical quantities can be excellently dealt with it. Nevertheless,

the designer must have some prior knowledge of how the output responds qualitatively to the inputs.

The process of a FLC controller is presented in Figure 2.12. It is composed of three functional
blocks namely fuzzification, rules inferences and defuzzification. Moreover, there is a database in
which the designed rules are stored. This is referred to as the rule table. The process in which FLC

performs the calculation based on the rule table to generate the output is called fuzzy inference [33].
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Rule table
Crisp input Crisp output
= Y —
Fuzzification p———p Rules — Defuzzification
Inferences

Figure 2.12. Block diagram of Fuzzy logic control (FLC)

A. Fuzzification

The fuzzification process is used to transform numerical input variables (crisp input) into
linguistic variables based on a membership function as shown in Figure 2.13. Five membership are
shown: NL (negative large), NS (negative small), Z (zero), PS (positive small), and PL (positive
large).

Membership degree, u

NS PS PL

-1 1
~—— Universe of Discourse (UoD) ——P

Figure 2.13. Fuzzy membership functions used in the fuzzification process.

B. Rules Inferences and Rule Table

The rules inferences process is the workhorse in the FLC structure. This is the block where
the control decisions are carried out. It is analogous to control gains or control laws in a conventional
controller. In FLC, the equivalent term is known as the rule and it's linguistic. A typical rule structure

can be written as follows:
Rk: If x is Ai and dx is Bi Then Output is Ci (2.12)

In equation (2.12), Rk is the kth rule while x and dx are the input variables for FLC. Variables
Ai, Bi and Ci are the linguistic labels for the inputs and the output, respectively. To evaluate the rule,

the fuzzy set theory is used. One of the main challenges of FLC is to write rules that can relate the
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input variables to the output. These rules are written with the syntax of the equation (2.12). These
rules are grouped to form a fuzzy rule table. Unfortunately, there is no accurate method to design the
control rules. It mainly relies on the intuitive knowledge gained from the practical experience. As
expected, this approach produces results that are rather subjective. Table 2.1 shows a typical rule
table for the case of five linguistics variables. In general, more rules yield accurate results at the

expense of computation time.

Table 2.1. Fuzzy rule table.

E PL PS Z NS NL
AE
NL Z NS NL NL NL
NS PS Z NS NL NL
Z PL PS Z NS NL
PS PL PL PS Z NS
PL PL PL PL PS Z

C. Defuzzification

At this stage, the linguistic-based data is converted back to crisp data. Numerous methods of
defuzzification exist, e.g. Bisector of Area (BoA), Mean of Maxima (MoM), Centre of Gravity (CoG)
and Centre of Gravity for Singleton (CoGS) [45]. The selection of defuzzification method is a
compromise between accuracy and computational intensity. The most used is the Centre of Gravity

method (CoG), which is presented by the equation:

z”:ﬂ(xi)xi
U= (2.13)
2

i=

In equation (2.13), variable n represents the number of output membership function while
n(x;) is the degree of membership function and x; is the peak location of the membership function.

The output expression can be interpreted as the weighted average of the elements.

Compared to previous MPPT techniques, the dynamic performance of FLC is very efficient
[46]. In addition, FLC offers a high degree of freedom to tune its control parameters. This allows for
easy modifications, thus making it compatible with different types of linear and non-linear controllers

[47].
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D. MPPT Implementation using FL.C

As can be seen in Table 2.1, the inputs of the FLC based MPPT controller are usually an error
E and a change in error AE. The designer has the flexibility of choosing how to calculate E and AE.

For instance, both inputs can be computed by the following equations [33]:

_ P(k)- P(k~1) v PO=PlE=D
0=y O M ey @19
AE = E(k) - E(k—1) (2.15)

Once E and AE are calculated and transformed into the linguistic variables, the output of FLC
can also be defined linguistically in terms of duty cycle, voltage or current, such as shown in Figure
2.12. Thus, the output signal is based on fuzzy rules presented in Table 2.1. The linguistic variables
for the output signal are usually assigned based on prior knowledge of the particular PV panel being
employed. For instance, if the operating point is far to the right of the MPP (Figure 2.6), that is E is
NL, and AE is Z, then the output signal of the converter should be PL to reach towards the MPP [33].

3.3.2. Artificial Neural Network (ANN) based MPPT
A. Artificial Neural Network

Artificial neural network (ANN) is an interconnection of processing units known as neurons.
Generally, ANN is not programmed to perform some specific tasks; instead, it is trained with respect
to data sets until it is able to figure out (learn) the imposed patterns used as inputs. Once trained, it
can predict or classify these input patterns, which are usually tested in the validation step. A well

trained ANN can handle a variety of inputs with excellent results [43].

Figure 2.14 shows a typical three-layer feed-forward ANN structure. It can be seen that it
consists of various neurons (represented by circles) arranged in layers with forward connections to
other neurons in the subsequent layers. Each neuron is associated with a particular weight. The first
is the input layer (h), which is then distributed to the subsequent layers. In the next layer, which is
the hidden layer (j), each neuron carries out following tasks: (1) addition of its inputs with the bias
or threshold term and (2) the results of (1) is passed through a nonlinear function to produce the final
output. This nonlinear function is called the activation function of the neuron. The output layer units
often have linear activations. The layers squeezed in between the input and output layer are called

hidden layers and accordingly, the neurons in these layers are known as hidden neurons.
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Layer h Layer j Layer &

Figure 2.14. A typical three layer feed-forward ANN structure.

In the figure, S1 represents the total number of neurons in the hidden layer, w are the adaptive
weights and biases and x and y represent the ANN input and output respectively. Let the neurons in
layers h and k use linear activation while those in layer j use sigmoid activation functions,

respectively. Thus, the output of Figure 2.14 in terms of its input can be written as:

Using equations (2.16) and (2.17), a generalized output equation can be written as:

S1
1
yzwww&@+wwyh+wm:ZMMj (2.16)
j=0
) S1
)/mﬂww@pﬁw%g+mﬂﬂm:ZM%@ 2.17)
j=0

Using equations (2.16) and (2.17), a generalized output equation can be written as:
S1
k
Y=Y W22, and Zom1 (2.18)
j=0
Where

1
1+e%

Zj :f(aj):

(2.19)
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2
B ;
;= Z Wl x (2.20)
h=1

The mapping error can be written as:

E*(w)=(y" (x,,w)-1})’ 2.21)

The goal of the ANN ‘learning’ is how to find a set of weights, w, such that the error, EX(w)
in Equation (2.21) is minimized. A relatively simple but effective method known as back-

propagation (BP) algorithm is generally employed to compute the associated weights in ANN.
B. ANN Based MPPT

As discussed earlier that ANN exhibits excellent performance for recognizing and estimating
unknown parameters. This feature has greatly inspired research community to employ it for MPPT.
The inputs of ANN-based MPPT can be PV panel characteristics like V. and I, environmental
data such as irradiation and temperature, or any combination of these. The output can be either the
duty cycle, voltage or current. The tracking performance (accuracy and speed) of the MPPT depends
on the employed method for the hidden layer and the appropriate training of ANN [33].

To achieve the MPP, the associated weights have to be carefully computed through a
comprehensive training process. Accordingly, PV panel is tested extensively for a certain period of

time. This can prolong to months or even years.

Then, the resulting patterns between the input(s) and output(s) of the ANN are stored. Once
the ANN is trained comprehensively, the ANN can estimate the MPP and give the reference value
(Vinp or Lyp) to the MPPT controller. Accordingly, any MPPT method such as FLC can be utilized

to maintain the PV panel at the reference signal given by ANN.
3.3.3. Evolutionary Algorithm (EA)

An alternative method to track the global peak (GP) by employing the evolutionary algorithm
(EA). EA methods have been widely used due to its ability to handle nonlinear functions without
requiring derivatives information. It is a stochastic optimization method that appears to be very
efficient in optimizing real-valued multi-modal objective functions [48], [49]. With these advantages,
EA is envisaged to be very effective in dealing with MPPT problem. Since the technique is based on
search optimization, it should be able to find the MPP for any P-V characteristics regardless of

environmental variations.
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Various types of EA methods are found in the literature; the most used are genetic algorithm
(GA), differential evolution (DE) and particle swarm optimization (PSO). Although each technique
(GA, DE and PSO) can be effectively employed to track the MPP, PSO appears to be the preferable
one. This is due to its simple structure, easy implementation and fast computation capability [50].
Therefore, PSO based MPPT is described in this chapter, whereas discussions on other EA MPPT

techniques can be found elsewhere [49].
A. Particle Swarm Optimization

Particle swarm optimization (PSO) is a stochastic, population-based search method, modeled
after the behavior of bird flocks [51]. A PSO algorithm maintains a swarm of individuals (called
particles), where each particle represents a candidate solution. Particles follow a simple behavior:
emulate the success of neighboring particles, and achieve their own successes. The position of a
particle is therefore influenced by the best particle in a neighborhood, as well as the best solution

found by the particle. Particle position, xi, are adjusted using:

x =l v (2.22)

1

Where the velocity component, v;, represents the step size. The velocity is calculated by:

k+1 k
v, =wy +clrl(P

i besti

—xl.k)-l- czrz(be —x.") (2.23)

1

where w is the inertia weight, ¢; and c, are the acceleration coefficients, 1y, 1, € U(0, 1), Ppegsi 1S
the personal best position of particle i, and G, 1s the neighborhood best position of particle i. The
inertia weight w plays a vital role in balancing the global search and local search. A large w facilitates
a global search while a small inertia weight improves a local search. It can be a positive constant or

a positive decreasing linear function of iteration index j.

Figure 2.15 depicts the basic flow chart of the PSO method.
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Calculate Position of
Particles
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Figure 2.15. The basic flow chart of PSO method.

4. Recapitulation

Since there are several MPPT algorithms available in the literature, it is mandatory to compare
them and then select the most suitable MPPT for a particular application. In this chapter a
comparative assessment of the most MPPT used has been done on the following criteria: category
(direct, indirect, soft computing), True MPPT (The MPPT method can operate at MPP or not),
tracking Speed, sensors used, analog or digital implementation, Steady-state oscillations level,
algorithm complexity, cost and efficiency. A comparison of MPPT methods according to these

criteria is presented in Table 2.2.
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Table 2.2. Review of the most used MPPT algorithms.

MPPT Category | qgrye MppT | SAAYSEE | b eney | TTACKING | olog/digital | IMPlementation | g o Cost
oscillations Speed Complexity
gl“rcrt;z‘t‘al Short Circuit Indirect [12] No[103] | No[i10] | Low[ll] | Fast[12] Both [12] Simple [12] I[112] | Cheap[12]
f;ﬁ;tg‘g“al open circuit Indirect [12] No [103] No [110] Low [11] | Fast[12] Both [12] Simple [12] V[112] Cheap [12]
Pilot cell Indirect [12] No [103] No [110] Low [11] Fast [12] Both [12] Simple [12] V or1[44] Cheap [12]
P&O and hill climbing . Medium . Tand V .
method Direct [12] Yes [103] Yes [111] [11] Slow [12] Both [12] Simple [12] [112] Medium [12]
Incremental conductance . Sometimes Medium .. . Tand V Expensive
method Direct [12] Yes [103] [111] Good [11] [12] Digital [12] Medium [12] [112] [113]
Soft computing Very good ITand V Very
Fuzzy logic Yes [103] No [110] Fast [12] Digital [12] Complex [12] Expensive
[12] [11] [112] [12]
Soft computin; Very good Varies Very
Neural network puting Yes [103] No [110] e Fast [12] Digital [12] Complex [12] Expensive
[12] [11] [112] [12]
Soft computing Very good ITand V Very
PSO based MPPT Yes [103] No [110] Fast [12] Digital [12] Complex [12] Expensive
[12] [11] [12] [12]
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5. Summary

In this chapter, the most MPPT algorithms used for tracking the MPP of PV panel have been
extensively reviewed. Based on the review, all methods have their own advantages and
disadvantages. Some of the methods show very effective results such as soft computing techniques
but the methodologies used were complicated. The methods which are simple in implementation
such as FOCV, FSCC and pilot cell method are less accurate. Perturb and observe method is
commonly used method because its implementation circuitry is not complicated but it shows high
level of steady-state oscillations. To overcome this problem incremental conductance method was
proposed, however, this method is more complex than P&O due to the mathematical division
calculations used in its construction and requires a controller with division capabilities resulting in
high cost of the system. In addition, INC algorithm may fail to track the new MPP in case of fast
increasing in solar irradiance. Therefore, in this thesis a modified INC is presented, the latter can
overcome the wrong response made by the conventional INC algorithm when the irradiance is
suddenly increased, also the modified INC is designed without any mathematical division

calculations to propose a low-cost PV system.
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1. Introduction

The energy generated by the PV systems depends on various parameters, either environmental
as temperature and irradiance or internal parameters of the PV panel, namely, the series and shunt
resistors [52], [53]. Thus, the load imposes its own characteristic on the output power [20]. Therefore,
in order to predict and analyze the effect of these parameters on the PV power, the model of the PV
panel should be previously studied and achieved, and this model should be in accordance with the
real compor