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Résumé

Exploiter efficacement 1’énergie photovoltaique (PV) exige d’intégrer une conception
sophistiquée dans chaque partie d’un systéme de production d’énergie PV. Cette exi-
gence est particulierement soulignée lorsque ces systémes de production sont confrontés
a des conditions de fonctionnement particuliéres. Parmi elles, les conditions d’ombrage
partiel (OP) sont les plus critiques. Les conditions OP posent des défis importants
pour différentes parties d’un systéme de production PV en déformant la courbe carac-
téristique PV convexe et en créant plusieurs points de puissance maximale (PPM). Des
problémes tels que le blocage & un PPM local (PPML), un temps de suivi prolongé et
des fluctuations de puissance élevées sont des défis courants pour l'algorithme de suivi
PPM (SPPM) dans ces conditions. Outre ces problémes, si les conditions OP ne sont
pas correctement différenciées de celles sans ombrage, le systéme de production PV ne
peut pas réagir efficacement. Par conséquent, un mécanisme de détection de OP élaboré
est essentiel pour un systéme de production PV. De plus, les conditions OP affectent
Iefficacité des convertisseurs terminaux en réduisant la valeur de la tension de fonc-
tionnement. Le fonctionnement & une valeur de tension basse diminue l'efficacité du
convertisseur et augmente la contrainte sur ses composants.

Ce projet de recherche vise a obtenir un systéme de production PV efficace en abor-
dant ces principaux problémes dans trois objectifs : 1) concevoir une technique MPPT
compléte pour suivre le PPM global du systéme avec une qualité de réponse élevée telle
qu'un temps de suivi court et de faibles fluctuations de puissance générée. 2) concevoir
un détecteur OP élaboré pour reconnaitre rapidement ’état OP avec la capacité de
fonctionner dans des conditions d’atmosphére dynamique. 3) introduire un convertis-
seur haute performance capable de fonctionner dans une large plage de tension d’entrée.
Deux solutions sont proposées pour atteindre le premier objectif. Tout d’abord, un
estimateur ponctuel initial est congu a ’aide d’un réseau neuronal artificiel (RNA) per-

mettant a ’algorithme SPPM de trouver le pic absolu avec précision. Le concept de



Xiv

cellule dominante est introduit pour réduire le nombre infini de modéles OP en limitant
la valeur de tension PPM entre deux limites. Ensuite, un ensemble de données est fourni
en utilisant ce concept avec des valeurs d’irradiation et de température pour former un
modéele RNA. Pour atteindre le deuxiéme objectif, 'origine des dysfonctionnements OP
traditionnels est étudiée et une approche de détection OP basée sur un convertisseur est
introduite pour fournir toutes les informations nécessaires sur le systéme de production
PV. Sa procédure de détection de OP rapide, précise et indépendante le rend adapté
a diverses applications telles que le fonctionnement dans une atmosphére dynamique,
les convertisseurs d’équilibrage de puissance, etc. Pour atteindre le troisiéme objectif,
un nouveau convertisseur boost est proposé qui utilise la résonance sur une large plage
de tension d’entrée. En plus de minimiser les pertes de commutation, d’autres pertes
de puissance causées par la résistance de 'inducteur et la chute de tension aux bornes
de la diode sont considérablement réduites, ce qui se traduit par une efficacité élevée.
Toutes les approches proposées ont été testées en laboratoire en concevant les convertis-
seurs électroniques de puissance requis et les résultats expérimentaux démontrent leur
efficacité dans des applications réelles.

Cette recherche peut étre considérée comme une contribution importante a la con-
ception et au développement de systémes de production PV hautement efficaces, en
particulier dans les régions froides.

Mots clés : Algorithme MPPT basé sur un réseau neuronal artificiel, Balayage de
la courbe I-V des panneaux PV, Détecteur d’ombrage partiel basé sur un convertisseur,

Optimiseur de puissance PV basé sur la résonance.



Abstract

Harnessing photovoltaic (PV) energy efficiently demands incorporating sophisticated
design into every part of a PV energy-generating system. This requirement is especially
highlighted when these generating systems face particular operating conditions. Among
them, partial shading (PS) conditions are the most critical. PS conditions cause signifi-
cant challenges for different parts of a PV generation system by deforming the convex PV
characteristic curve and creating multiple maximum power points (MPPs). Issues such
as getting stuck at a local MPP (LMPP), prolonged tracking time, and high-power fluc-
tuations are common challenges for the MPP tracking (MPPT) algorithm under these
conditions. Besides these problems, if PS conditions are not differentiated from the non-
shading ones correctly, the PV-generating system cannot react effectively. Therefore, an
elaborate PS-detecting mechanism is essential for a PV-generating system. In addition,
PS conditions affect the efficiency of the terminal converters by reducing the operating
voltage value. Operating at a low voltage value decreases the converter’s efficiency and
increases the stress on its components.

This research project aims to achieve an efficient PV generation system by addressing
these main problems through three objectives: 1) devising a comprehensive MPPT
technique to track the global MPP of the system with high response quality such as
a short tracking time and low generated power fluctuations. 2) designing an elaborate
PS detector to recognize the PS condition fast with the ability to operate in dynamic
atmosphere conditions. 3) introducing a high-performance converter with the capability
of working in a wide input voltage range. Two solutions are proposed to achieve the
first objective. First, an initial point estimator is designed using an artificial neural
network (ANN) allowing the MPPT algorithm to find the absolute peak accurately.
The dominant cell concept is introduced to reduce the infinite number of PS patterns
by limiting the MPP voltage value between two boundaries. Then, a dataset is provided

by employing this concept along with irradiation and temperature values to train an
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ANN model. To fulfill the second objective, the origin of traditional PS malfunctions
is investigated and a converter-based PS detecting approach is introduced to provide
all the necessary information about the PV generation system. Its fast, accurate, and
independent PS detecting procedure makes it suitable for various applications such as
operating in a dynamic atmosphere, power balancing converters, etc. To meet the third
objective, a new boost converter is proposed that employs the resonance over a wide
input voltage range. Besides minimizing switching losses, other power losses caused
by the resistance of the inductor and the voltage drop across the diode are reduced
significantly, resulting in high efficiency. All the proposed approaches were tested in the
lab by designing the required power electronic converters and the experimental results
demonstrate their effectiveness in real-world applications.

This research can be considered as an important contribution to the design and de-
velopment of highly efficient PV generation systems, especially in cold regions.

Keywords: Artificial neural network-based MPPT algorithm, Scanning the I-V curve
of PV panels, Converter-based partial shading detector, Resonance-based PV power

optimizer.



Chapter 1

Introduction

1.1 Overview

Using fossil fuels to generate electricity contributes significantly to global warming.
For example, 29% of emissions in the USA is because of burning coal and natural gas to
generate the required electricity [1]. On the other hand, distributed power-generating
plants using renewable energies increase the stability of the power system by avoiding
transferring energy through long transmission lines and decreasing the demand during
peak hours. One problem with renewable energy resources is their intermittent phe-
nomenon, which can be solved by employing various energy resources simultaneously. In
this regard, generating electricity using PV systems is important even in cold counties
[2]. In addition, the unique advantages of the PV generation system such as the ability
to be installed as a small-scale power generation system and fast technological advances
to increase their efficiency and reduce their cost make them one of the ideal sources of
energy. Considering these advantages, many countries have incentive policies to extend
PV-generating systems. Canada, as a world leader in employing renewable energies to
generate electricity [3|, has the strategy of accelerating the deployment of PV energy
[4]. Generating electricity employing the PV system in cold countries such as Canada is
challenging. For example, snowy weather, which can affect the PV panel performance,
should be investigated to develop a sophisticated generation system that can quickly
detect PS conditions and generate the maximum possible energy. In this context, this
thesis studies some of the problems related to cold climate conditions and contributes
by introducing novel solutions. The first study is dedicated to devising a comprehensive

MPPT algorithm for PV generation systems. To this end, two methods are proposed.



1.2. MOTIVATION OF RESEARCH 2

The first one is an initial point estimator based on an ANN model and the second one
is a novel idea to scan the I-V curve of the PV system to detect the system’s GMPP.
In both approaches, fast GMPP tracking with low-generated power fluctuations is the
main goal. The second study is dedicated to detecting the PS condition which is a global
problem of the PV system in cold regions. This mechanism is essential to avoid energy
losses caused by getting stuck in an LMPP. Also, it is necessary for maintaining and
supervising a PV system. Finally, in the third study, a new resonance-based boost power
optimizer is introduced to reduce the losses caused by the switching operation, resulting
in a highly efficient PV generation system.

This research helps to build a highly efficient PV system, especially in cold countries
where the PV systems are more liable to be in PS conditions. Especially, the proposed
solutions are designed for a wide range of applications from low-capacity rooftop PV

systems to high-capacity PV power plants.

1.2 Motivation of Research

In 2022, 4.5% of the total global electricity was generated by the PV generation
systems (in sum 1300 TWh) making PV electricity the third largest renewable energy
after hydroelectricity and wind power generation. However, its absolute growth was
the largest one this year. The growth trend in PV generation capacity exceeded the
other renewable sources and continued to grow so that it possessed a third-quarter
of the capacity additions in 2023 and it will remain until 2028 [5]. PV generation
systems have some advantages compared to wind and hydropower that make them an
interesting source of energy. They are more predictable, can be installed in low capacity
such as domestic applications, do not have moving objects, their reliability is high and
their maintenance is simple. Also, new technologies are increasing the efficiency of PV
generation [6], therefore, almost all countries are investing in this source of energy. As
shown in Fig. 1.1, Canada’s cumulative installed PV power is increasing significantly
and reached 5.8 GW in 2023 from 221 MW in 2010 [7].

New technologies are making PV generation a more efficient, affordable, and reliable
source of energy. While the efficiency of the PV panel at its early introduction was 10%,
nowadays the efficiency is up to 26% [8] and even NASA devised a new PV cell with
an efficiency as high as 40% [9]. Besides increasing its efficiency, reducing the price is

another reason to extend the PV generation. As shown in Fig. 1.2, the solar panel price
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PV power generation (GW)

Figure 1.1: Canada cumulative PV generation from 2010 to 2023 [7].

was expensive at the beginning (100 $/W in 1975) but it decreased to 4.4 $/W in 2008.
After this year, the rate of reducing the price increases significantly as it reaches around
0.26 $/W in 2022 [10].

Besides advancements in technology to increase the PV panels’ efficiency and reducing
their price, their utilization problems should be addressed to create more efficient PV
generation systems. MPPT algorithms, specialized highly efficient power optimizers,
and PV inverter features are some of the state-of-the-art research in this field. This
thesis contributes to this research area by proposing innovative solutions associated

with different problems of the existing PV generation systems.

1.3 Problem Statement

To build an efficient PV generation system, three main aspects should be taken into
account. First, an MPPT algorithm or a replacement method should be designed to
guarantee fast GMPP tracking with low power fluctuations. Second, the system should
be equipped with a sophisticated PS detection mechanism to reinitiate the MPPT algo-
rithm and avoid energy losses due to getting stuck in an LMPP. Finally, a highly efficient
converter should be designed to work in a wide input voltage range and decrease losses
such as switching and conducting ones. The following subsections discuss three problems

associated with these three parts of an efficient PV generation system.
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PV panel price ($/W)

Figure 1.2: PV panel price from 2008 to 2022 [10].

1.3.1 Problem 1: Tracking the GMPP of the PV Generation in
PS Conditions with High Response Quality

Despite the existence of various MPPT algorithms for PV generation systems, none
of them can guarantee to track the GMPP with high-quality response characteristics
such as tracking time and low fluctuations in the generated power. Therefore, there
is a lack of a comprehensive solution in this field to maintain a high-quality response
and track the GMPP, simultaneously. MPPT algorithms can be divided into traditional,
optimization-based, and hybrid methods [11]-[17]. The main traditional MPPT methods
are P&O [18]-|21], hill climbing [22]-[23], incremental conductance [24]-|25], incremental
resistance [27|, constant current [28]-[29], constant voltage [30], look-up table [31]-[32],
curve fitting [33], etc. These algorithms are based on the convex P-V characteristic
curve of a PV panel under uniform irradiation. In this condition, there is a single MPP
on the P-V characteristics curve and the rate of power to voltage is positive at the left-
hand side and negative at the right-hand side of the MPP. When PS conditions occur,
the P-V characteristic curve is not convex and it has multiple MPPs, therefore, these
algorithms get stuck in an LMPP resulting in high power losses in the generation system.
Optimization-based algorithms were introduced to solve this problem. They select some
initial duty cycles randomly, and then optimization techniques and heuristic methods
are employed to track the GMPP in PS conditions. In addition, they were devised to
improve other response qualities such as tracking time and power fluctuations in the

tracking and steady-state periods. The main MPPT algorithms in this category are
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PSO [34]-[41], GWO [42]-[46], cuckoo search [47], ant colony optimization [48], artificial
bee colony [49], firefly algorithm [50], jaya algorithm [51|, differential evolution [54]-
[57], etc. Several initial points should be chosen and they should spread all over the
entire search space to increase the probability of tracking the GMPP; therefore, the
tracking time is longer in comparison to the traditional algorithms. Hybrid MPPT
algorithms were introduced by combining traditional and optimization-based algorithms
to take advantage of both of them [58]-[61]. For example, the PSO and P&O MPPT
algorithms are combined to use the advantage of the PSO method in finding GMPP and
the fast-tracking characteristic of the P&O method [58]. While hybrid methods offer
many advantages compared to traditional and optimization-based algorithms, there is
no guarantee to find the GMPP in the PS conditions.

A comprehensive solution for the MPPT algorithm should have the ability to track
GMPP with certainty. In other words, it should be independent of the P-V curve
characteristics or the number of duty cycles. Utilizing ANN techniques and scanning
methods are two promising comprehensive solutions to track GMPP in PS conditions.
Tracking GMPP by optimization-based MPPT algorithms in PS conditions depends
on the number of initial duty cycles and their values. These quantities are chosen
randomly; therefore, tracking the GMPP cannot be ensured. If the initial duty cycles
are set close enough to GMPP or the search space is limited to an area around it,
tracking the GMPP can be guaranteed. The I-V curve and its equivalent P-V curve
change with different temperature and irradiation values. Consequently, the GMPP at
a temperature and irradiation value can be estimated by applying the effects of these
variables on the parameters of the P-V curve. In other words, the GMPP is a function of
these variables; therefore, a dataset including the temperature, irradiation, and GMPP
values can be prepared for a regression application. Then an ANN model can be trained
to estimate this function. The output of this ANN model is the estimated value of
GMPP and it can be used to limit the search space or choose the initial duty cycles
for different MPPT algorithms. In this way tracking the GMPP will be ensured. This
method was proposed in the previous research [62]-[65] but it still has some problems
that should be addressed. The PS condition was considered a uniform pattern with
different irradiation values of some PV panels within a string. This assumption and
the resulting regression model are inaccurate because PS conditions occur as different
shading values with an uneven shading pattern on the surface of a PV panel. However,

the shading patterns are infinite, therefore, a method is required to limit their number



1.3. PROBLEM STATEMENT 6

without losing the accuracy the GMPP voltage value. In addition, an approach should
be designed to quantify them and employ the equivalent value for the regression model.
Also, a measuring system such as a digital camera or irradiation sensors was used in
the previous research to measure the irradiation value on each PV panel making it too
complicated. Therefore, an approach should be designed to estimate the shading rate
on the PV panel and avoid using irradiation sensors or digital cameras. Scanning the
output characteristics of the PV panel provides all information such as open-circuit
voltage, short-circuit current, irradiation value on the PV panel, the number and values
of LMPP, and GMPP. Therefore, it can be considered as a comprehensive solution for
the MPPT algorithms of the PV systems. There are two traditional implementations
for this method. The first one is based on employing the boost power optimizer [66]-
[74]. This converter is used for implementing the MPPT algorithm and boosting the
PV voltage to the DC bus voltage. In the scanning application, the MPPT algorithm
is paused and the converter operates for swiping the I-V curve of the PV panel. The
advantage of this method is using the same converter both for the MPPT algorithm and
for the scanning method. However, there are two drawbacks in the implementation of
this method. First, the rating of the boost converter should be higher to implement the
scanning method. Therefore, it cannot be implemented in an already installed system.
Second, this method increases the temperature of the terminal capacitor caused by its
fast discharging, consequently, the scan has a detrimental effect on the system lifetime.
To alleviate this effect, there must be a long delay between two consecutive scans. Due
to this delay, this method is not fast in comparison to the other MPPT algorithms.
The second scanning method was introduced to avoid a short circuit at the terminal
capacitor [75]-[78]. In this method, a separate scan circuit is placed between the PV
panel and the terminal capacitor. In addition, an auxiliary capacitor is used for the
scanning operation; therefore, the terminal capacitor does not suffer from the short-
circuit current. This circuit has the same problem as the previous scanning method
because the auxiliary capacitor experiences a high short-circuit current and its lifetime

decreases.
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1.3.2 Problem 2: A PS Detection Method Independent of Shad-

ing Occurrence Rate and Operating Point

The second problem in building a highly efficient PV generation system is the need
for a fast and accurate PS condition detection method. The current PS-detecting meth-
ods can be categorized into two main groups. The first one is based on using digital
cameras which can be counted as direct methods [79]-[83]. Besides detecting the PS
condition, the rate of shading on the PV panels can be estimated by image processing
methods. This method has several disadvantages that make it unfavorable for PS de-
tection applications. This method increases the complexity and decreases the reliability
of the system. On the other hand, image processing methods demand complicated pro-
cessors. Regarding these issues, the second method, which implements the PS detection
indirectly by measuring some parameters of the output characteristics such as the PV
current and voltage, is more interesting and economical. This group can be divided into
two categories to explain their operation, advantages, and disadvantages. The first cat-
egory is based on measuring and calculating the difference between two samples of the
generated power values [84]-[86]. This method is mainly used in the MPPT algorithm
for reinitialization. The generated power changes suddenly for an operating voltage
when the PS condition occurs; therefore, it can be a good criterion to detect the PS
occurrence. On the other hand, the generated power is calculated almost in all MPPT
algorithms, consequently, detecting the PS condition can be implemented easily using
this approach. The main advantage of this method is its simplicity. But this method
shows malfunction for three reasons. First, if PS happens slowly, the difference between
two consecutive values is not high enough to be detected as the PS condition. Second, if
the irradiation value decreases significantly but its pattern on the PV panel is uniform,
the difference between two consecutive power values is high and the PS condition is
detected. In an MPPT application, this problem does not affect the operation of the
system, but in other applications such as power balancing, it causes a malfunction of
the system. Finally, the third problem happens when the irradiation value on the PV
panel is low and the shading pattern is even. Then the irradiation value becomes high
and the PS occurs. In this condition, the PS is not detected. The second category of
the current PS detection methods is based on measuring the anti-parallel diode voltage
[87]. The anti-parallel diode of a PV panel in an array becomes forward-biased when

the panel is in the shading condition and the current is higher than its short-circuit
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current. Consequently, a small positive voltage across the anti-parallel diode means its
parallel panel is in the PS condition. The implementation of this method is simple, but
its accuracy depends on the operational point of the system. For example, if the GMPP
is far from the open-circuit voltage of the PV panel, all diodes become reverse-biased
and the PS condition is not detected.

1.3.3 Problem 3: Boost Power Converter Losses in Wide Input
Voltage Ranges

Along with a sophisticated MPPT algorithm and a fast PS detection method, a low-
loss power optimizer converter is crucial for a highly efficient PV generation system.
This converter should operate in a wide input voltage range because when the PS con-
ditions occur, it should be able to track the GMPP in low voltage ranges. Employing
resonance to reduce converter losses is challenging in this condition and demands de-
signing specialized converters. In a photovoltaic system, the output voltage of a boost
power optimizer is in series with other power optimizers to generate the DC bus volt-
age for a solar string inverter. The inverter maintains the output voltage of the power
optimizer at a constant value; therefore, the power optimizer controls the input voltage
by adjusting the duty cycle to implement the MPPT algorithm. The valley switching
method can be employed to increase the power optimizer’s efficiency. This method uses
the resonance between the converter’s inductor and the output parasitic capacitance of
the converter’s MOSFET when the converter’s diode turns off [88]-[100]. In the current
control mode, the inductor’s current rises when the MOSFET turns on until a reference
current and it falls once the MOSFET turns off. When the current reaches the reference
maximum current, a resonance occurs between the converter’s inductor and the para-
sitic capacitance of the MOSFET and diode. The converter’s diode turns on when its
capacitance’s voltage tends to be a positive value; therefore, the inductor’s current falls
to zero, and at this moment the converter’s diode turns off. At this time, another reso-
nance occurs between the previous elements that can be used to decrease the ON-state
switching losses. It means that the next switching of the MOSFET is successfully done
at the minimum point of this oscillating voltage. If the input voltage is more than half
of the output voltage, the switching losses are not zero. This condition occurs when the
non-shading condition exists and the voltage of the GMPP is close to the output voltage

value. These losses are important from another viewpoint because the system usually
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works in non-shading conditions, therefore, the efficiency of the system decreases signif-
icantly. Regarding this fact, using resonance is not helpful to reduce the boost power
optimizer losses, consequently, a new topology should be introduced to take advantage

of the resonance and increase the converter efficiency.

1.4 Objectives of Research

In the context of the problems defined in the previous section, designing a highly
efficient PV-generating system, especially under PS conditions necessitates employing
precise attention in its critical parts. As explained before, despite devising various
MPPT algorithms for PV-generating systems, tracking the GMPP in PS conditions
is not guaranteed. This issue and the low response quality increase the power losses
in a PV generating system. In addition, a highly sophisticated MPPT algorithm is
useless without a precise and fast PS detecting mechanism. Moreover, the potential
generated power decreases during the PS condition, therefore, having a highly efficient
converter at the terminal of the PV panel is more critical to supply sufficient energy
to the load. Regarding these challenges, the goal of this thesis is to participate in the
PV-generating system improvement by addressing its main issues and designing a low-
loss PV-generating system that involves the development of new concepts, methods, and

converters. To this end, the thesis has the following objectives:

e Objective 1: Propose, develop, implement and test a comprehensive MPPT al-

gorithms in PS conditions employing an ANN model and a scanning method

e Objective 2: Propose, develop, implement and test a fast and independent oper-

ating PS detector

e Objective 3: Propose, develop, implement and test a high-efficiency boost power

converter based on the resonance in a wide input voltage range

1.5 Methodology

To fulfill the above-mentioned objectives, this study is conducted based on preparing
the required dataset in PS conditions, designing the I-V scanning, PS detector, highly
efficient resonance-based converters, and validation employing simulation and experi-

mental approaches. The proposed methodologies are described below in brief.
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1.5.1 Methodology of Objective 1

An accurate ANN model is trained and used as the initial point estimator of the
MPPT algorithms. The dominant PV cell concept is introduced to reduce the number
of PS patterns over a PV module without losing accuracy. Then, a dataset is created
by changing the shading value of the dominant cell and applying the effect of temper-
ature and irradiation values on the I-V output characteristic. The shading value of the
dominant cell is measured directly by employing the terminal boost converter; therefore,
the implementation does not require to detect the PS pattern. Finally, a test setup was
prepared and the ANN model was implemented in TMS320F28335 DSP microcontroller
to validate the proposed method.

Another comprehensive MPPT technique is proposed by introducing a new idea to
scan the I-V characteristic without applying a short circuit at the terminal capacitor.
The output capacitance of a PV panel is negligible, therefore, the terminal capacitor
behaves similarly to a voltage source if a short voltage pulse is applied between the
PV panel and the terminal capacitor. In other words, the terminal voltage is constant
while the PV voltage changes to satisfy the KVL. Based on this idea, an inductor is
placed between the PV panel and the terminal capacitor. A converter is connected to
the inductor to apply positive and negative voltage pulses. The right-hand and left-
hand sides of the operating point are scanned by these pulses. Finally, the output
[-V curve is achieved and provides all the required information about the GMPP, short-
circuit current, and open-circuit voltage. The design procedure is explained by regarding
an acceptable voltage drop at the terminal voltage in the worst operating condition.
The pulse length and the inductor value are calculated as the main parameters of the
converter. To validate the idea, a prototype circuit is designed and connected to the PV
panel in different PS conditions. Then the scanned I-V curve was acquired to show the

accurate and fast performance of the converter.

1.5.2 Methodology of Objective 2

A novel idea is proposed to detect the PS conditions fast and independent of the
operating voltage value. Also, the speed of the PS occurrence does not have any effect
on the PS detection result. A current pulse generator is placed in between the PV panel
and the terminal capacitor to apply a rising current ramp. The I-V characteristic of

the PV panel is detected and the PS condition is identified if there is any step on this
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curve. A wave-shaping converter is used to generate the current ramp by switching the
voltage drop across an inductor. The design of the PS detector converter is detailed by
calculating the current pulse length and the inductor value under the worst operating
conditions to ensure high-quality performance. In addition, the minimum switching
frequency of the wave-shaping converter is calculated based on the CRM boundary to
have low current fluctuations. Finally, a prototype circuit was prepared to evaluate the
performance of the proposed idea. Some tests were conducted by connecting the PS
converter to the PV panels in different PS conditions. The experimental results were

provided which demonstrate the high performance and accuracy of the PS detector.

1.5.3 Methodology of Objective 3

The resonance voltage equation across the MOSFET of the boost converter in the
traditional configuration is calculated to evaluate its performance in PS and non-shading
conditions. Then, a new configuration is proposed to increase the efficiency by employing
valley switching. Coupled inductors are used to minimize the resonance voltage mini-
mum value to zero. This resonance voltage is calculated to design the converter. Also,
the other main sources of losses such as the conducting losses of the MOSFET, inductor,
and diode are calculated and compared to their equivalent in the traditional converter.
Finally, a prototype converter is designed to verify the analyses. Some tests were con-
ducted in a wide input voltage range with a constant output voltage to evaluate the
performance in PS and non-shading conditions. The experimental results demonstrate

the correctness of the analyses and the high efficiency of the proposed converter.

1.6 Statement of the Originality of the Thesis

The originality and contribution in each objective of this research are discussed sep-

arately.

1.6.1 GMPP Estimator and Stability and Steady State Analyses
of MPPT Algorithms in the PS Conditions

Some research proposed GMPP estimators as a comprehensive solution to solve the
problems of the MPPT algorithm. However, they did not take into account the PS
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pattern and the shading rate on a PV panel while these parameters influence the value of
the GMPP voltage. There are two reasons behind this problem. First, there are infinite
PS patterns on a PV panel and second, a method is required to quantify the shading
pattern. In this thesis, a method is introduced to limit the number of PS patterns. By
defining the dominant PV cell and dominant PV module, the number of PS patterns
can be limited without loss of accuracy. Therefore, a dataset can be prepared for an
ANN MODEL to estimate the GMPP. In addition, a method is introduced to quantify
the shading rate on a PV panel without using digital cameras. Moreover, stability and
steady-state analyses of the PSO MPPT algorithm are performed for the first time in
the literature. Apart from calculating the range of parameters for the stable response,
it is shown that the GMPP estimator is essential in the PSO MPPT algorithm to avoid
getting stuck at an LMPP. Also, the speed of tracking increases, and the fluctuation of

power decreases significantly.

1.6.2 A novel method for scanning the output characteristics of
the PV Panel

There is an electrolytic capacitor at the terminal of PV panels and applying a short
circuit at this point causes a high amount of short-circuit current. Therefore, the prob-
ability of the terminal capacitor failure increases because of high temperature. A short
circuit is required in the previous scanning methods; consequently, they have a detri-
mental effect on the lifetime of the system. In addition, the time interval between two
consecutive scans should be high enough to avoid capacitor failure. In this thesis, a
new idea for scanning the output characteristics of the PV panels is introduced which
does not require a short circuit at the terminal capacitor; therefore, it does not have a
detrimental effect on the lifespan of the system. Also, scans can be done consecutively
without any delay between them. As a result, this scanning method can be used as a
comprehensive solution to solve the problems of the GMPP tracking algorithms. More-
over, the scan circuit operates independently and does not require any change in the
rating of the power optimizer elements such as its MOSFET and inductor. Independent
operation of the scan system makes it suitable for verifying the PV panel condition.
Consequently, it can be used for monitoring purposes if a problem occurs in the PV

generation system.
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1.6.3 Converter-Based and Fast PS Detection Converter

The current PS detection techniques have some deficiencies. To address them, the
proposed PS detector is designed to apply a short-period pulse to the PV panel. There-
fore, any difference in the shading ratio on the PV modules is revealed fast no matter if
the difference is small or large. In addition, the rate of change in the PS occurrence does
not influence the detection procedure of the proposed method. While, if the PS rate
is slow, the PS detection method based on the comparison of two power values cannot
detect the PS condition. Also, unlike the anti-parallel voltage drop measuring method,
the proposed method operates well at low current operating points and the operating

point does not affect its PS detection.

1.6.4 Introducing a New Resonance-Based Converter for PV

Generation System

The proposed converter uses a coupled inductor and its resonance with the intrinsic
capacitance of the MOSFET to implement the valley switching. This configuration
is novel and the size of the coupled inductor as the most expensive component of the
converter is the same as one of the traditional converter. Also, an extra parallel capacitor
is not required for the resonance; therefore, the final price of the proposed converter is
almost the same as the traditional one while offering greater reliability. In addition,
contrary to the other resonance converters which only try to decrease the switching

losses, other power losses are also reduced in the proposed converter.

1.7 Thesis Outline

The individual chapters of this thesis are organized as follows.

Chapter 2 is a literature review. The challenges of a PV system in PS conditions
are explained in brief followed by three sections associated with the previous research
one for each objective of this thesis. The existing MPPT algorithms and the efforts to
devise a comprehensive MPPT technique are described in this section. The current PS
detecting methods and their deficiencies are reviewed in another section to highlight the
necessity of a fast and accurate PS detector. Finally, the last section is dedicated to
using the resonance in the boost power optimizer for a wide input voltage range caused

by the operation in the PS conditions.
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Chapter 3 proposes two novel MPPT techniques as a comprehensive approach for PV
generation systems. The first approach uses an ANN model as an initial point estimator,
with the PSO optimization method applied as the MPPT algorithm. The second part
is a new method to scan the I-V curve of the PV system without any detrimental effect
on its lifetime. The implementation, design, and experimental verification are explained
for both approaches.

Chapter 4 introduces a converter-based fast PS detecting method. The idea is
described followed by its implementation and design procedure. The experimental results
for a prototype circuit are presented at the end of this chapter to verify the effectiveness
of the new approach in different PS scenarios.

Chapter 5 is dedicated to a novel boost power optimizer topology. It is designed
to harness the resonance phenomena in a wide input voltage range. The operation
states and the loss analyses are described for the traditional and proposed converters.
A comparison is performed for the main sources of losses between the two converters to
illustrate the high efficiency of the proposed converter. Finally, the experimental results
are presented for a prototype circuit in low and high input voltage values to verify the
analyses.

Chapter 6 summarizes the work presented in this thesis, highlights its contributions,

and outlines potential topics for future research.
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Chapter 2

Literature Review

2.1 Introduction

In this chapter, first, the challenges of a PV system experiencing PS conditions are
described. It is then followed by a literature review addressing the issues of traditional
MPPT algorithms, conventional PS detection methods, and common power optimizer
converters. The origin of traditional MPPT algorithms problems is clarified for their
three categories namely traditional, optimization-based, and hybrid approaches. Then,
the existing PS detectors are reviewed to provide an insight into their problems under
different PS conditions. Finally, the literature related to the possibility of employing the
resonance phenomenon to decrease power losses in wide input voltage ranges caused by

the PS condition is discussed.

2.2 Challenges of a PV System Facing PS Conditions

PS conditions refer to uneven irradiation values on the surface of a PV panel or differ-
ent irradiation values on one or several PV panels in a string. Therefore, the I-V curve
or equivalently the P-V characteristic of the PV panel, differs from that in non-shading
conditions. Multiple MPPs appear in this situation, causing energy losses in traditional
PV systems [11]-[17]. If the GMPP of the P-V characteristic has a lower voltage value in
comparison to the open-circuit voltage, the system may get stuck in an LMPP resulting
in significant energy losses. In a PV generation system, the voltage at the GMPP changes

due to atmospheric conditions such as insolation value and temperature. Therefore, the
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system should continuously track this point to harvest the maximum potential energy.
This operation is typically implemented by an MPPT algorithm to set the output volt-
age of the PV panels at the GMPP. Traditional MPPT algorithms are designed under
the assumption of a single MPP in the P-V characteristic and of the convexity of this
curve [18]-[33]. From this perspective, the PS condition is a significant challenge, leading
to several issues such as getting stuck at an LMPP, long tracking time, and fluctuations
of the output power during both tracking and steady-state periods, as reported in the
research [34]-[61].

Every sophisticated PV generation system should have a PS detection mechanism.
This mechanism is utilized within the MPPT algorithm to reinitialize and prevent getting
stuck in an LMPP. Also, in other applications such as power balancing methods which
aim at increasing the generated power, this detection is essential for their activation
[101]-[107]. The traditional PS detection methods rely on comparing two samples of
the generated power values and if their difference exceeds a predefined value, the PS
condition is detected [84]-[86]. Monitoring the voltage drop across the terminal diodes is
another method in this regard [87]. However, my thesis illustrates that all these methods
exhibit malfunctions under certain conditions.

The power optimizer converter acts as an interface between the PV panels and the
load. This converter increases the level of the PV panel voltage to the required value for
the DC bus which supplies a combination of loads such as battery chargers, DC loads,
and grid forming or grid following inverters. Another important task of this converter
is adjusting the PV panels’ voltage at the voltage value related to the GMPP. The
reference value for this converter is usually prepared by the MPPT algorithm. In PS
conditions, the voltage value of GMPP tends to be low; therefore, this converter should
have a high voltage ratio to increase this value to the DC bus voltage level [108]-[109].
Also, the generated power decreases in PS conditions; consequently, if the converter has

high power losses, the efficiency of the system decreases significantly.

2.3 Review of MPPT Algorithm Under PS Conditions

Traditional, optimization-based, and hybrid methods are three main categories of
the MPPT algorithm in the PV generation systems [11]-[17]. The majority of MPPT
algorithms are in the traditional category, all of which are based on the convex P-V

curve of a PV panel under uniform irradiation. In this situation, there is a single MPP
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and the rate of power to voltage is positive at the left-hand side and negative at the
right-hand side of the MPP. P&O MPPT algorithm is one of the traditional algorithm
that is used a lot in boost power optimizer and inverter applications [18]-[21], In this
algorithm, the output voltage and current of the PV panel are measured to calculate
the output power at a predefined interval. Subsequently, the current power value is
compared with the previous one. If the difference is zero, the MPP is attained and the
PV voltage should be kept constant. The PV voltage should be increased if the difference
between two power samples and two voltage samples has the same sign, otherwise the
output voltage should be reduced. The output voltage of the PV panel is adjusted by
controlling the duty cycle of the power optimizer. Therefore, a proportional-integral
controller or a constant step is used to control the duty cycle. This algorithm is simple
and has the ability to track the GMPP of the P-V curve when the irradiation on the
PV panel is uniform. However, if the PS occurs, it tracks the closest MPP to the initial
point; therefore, it is liable to get stuck in an LMPP. Another algorithm in this category
is the hill climbing MPPT algorithm [22]-[23] which is similar to the P&O method. The
main difference lies in the fact that the variation in the generated power affects directly
the duty cycle in the hill climbing MPPT algorithm which makes its implementation
easier compared to the P&O MPPT algorithm. However, it has the same deficiencies as
the P&O algorithm. These two MPPT algorithms utilize the slope of power value versus
voltage value to adjust the PV voltage value. However, the slope of the PV current value
versus the PV voltage value can be used directly to adjust the PV voltage. This method
provides a better dynamical response and reduces the effect of noise and fluctuations.
The incremental conductance MPPT algorithm employs this approach [24]-[25]. At the
MPP, the derivative of power versus voltage is zero, therefore, it can be shown that the
dynamical conductance at this point is equal to the rate of the PV current value to the
PV voltage value. Also, It is greater than the rate of the PV current to the PV voltage
on the left side and smaller than this rate on the right side of the MPP point. As a
result, a comparison between the instantaneous conductance value and the ratio of the
PV current to the PV voltage can be employed as a good criterion to detect the MPP.
This condition is satisfied in all MPPs no matter if they are the GMPP of the P-V curve
or not; therefore, this algorithm is liable to get stuck at an LMPP. The PV voltage value
is greater than the PV current value at the MPP; therefore, the rate of voltage to current
is greater than its inverse value. In other words, in real applications where there exist

noise and fluctuations [26], if the dynamic resistance is employed instead of the dynamic
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conductance, the MPPT algorithm can track the MPP more accurately. In this regard,
incremental resistance MPPT algorithm [27] was introduced, however, this algorithm
is based on the convexity of the P-V curve similar to the previous MPPT algorithms
and is liable to get stuck at an LMPP. Fast MPP tracking procedure can be achieved
by constant current [28]-[29], constant voltage [30], look-up table [31]-[32], and curve
fitting [33] MPPT algorithms. These methods are not accurate enough because they are
based on some assumptions that are affected by atmospheric conditions. For example,
the voltage value at the MPP value is equal to 0.8 x V,. where V. is the open-circuit
voltage value of the PV panel. This value and the coefficient changes as a function of
temperature, irradiation value, type of PV panel, etc. There are other traditional MPPT
algorithms such as beta method, current sweep approach, one cycle control, etc. and all
of them are based on the convexity of the P-V curve, as a result, they are prone to get
stuck in an LMPP in the PS conditions.

Getting stuck in an LMPP is the main problem of traditional MPPT algorithms and
optimization-based MPPT techniques were employed to solve this problem. Selecting
some initial points and evolving them using an optimation approach are the common
characteristics of all these MPPT methods. Besides tracking the GMPP of the sys-
tem, improving other response qualities such as tracking time and power fluctuations
are other objectives of these algorithms. PSO MPPT algorithm is one of the powerful
methods in this category [34]-[41]. The PSO method is a mathematical interpretation
of the collaborative behavior exhibited by creatures in nature to find food or for other
purposes. Therefore, in this method, the optimal position which is the maximum value
of a cost function is searched by the cooperation among particles in a search space. The
evolution of each particle is controlled by its own best position and the globally best
position found by the entire community of particles so far. Particles in the MPPT ap-
plication are duty cycles of a DC-DC converter, therefore, they are scalar values which
makes the implementation easier. Changes for a particle have three components. The
first component keeps the particle in the previous trajectory while the second and the
third components tend to change the particle’s position towards its best position and
the global best position found so far. A lot of duty cycles as initial particles should be
generated and spread all over the search space in this algorithm to guarantee finding the
GMPP. Otherwise, the GMPP may be missed and an LMPP is found. Another solution
to avoid getting stuck in an LMPP is decreasing the difference between the new and old

duty cycles by selecting small coefficient values to have small changes. Therefore, the
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PSO MPPT algorithm has long tracking time, consequently, the fluctuation in the gen-
erated power and the power losses are high. Also, there is no criterion to determine the
sufficient number of particles (duty cycles) to ensure the GMPP tracking. In addition,
this optimization method is based on random numbers; therefore, the generated power
fluctuations caused by duty cycle variations during the tracking phase will be significant.
GWO MPPT algorithm is another method in this category. GWO is an optimization
method inspired by the hunting behavior of grey wolves which are one of the most suc-
cessful predators in nature. In GWO MPPT algorithm, the best, second best, and third
best duty cycles are chosen as alpha, beta, and delta wolves which determine how the
duty cycles should change [42]-[46]. The other duty cycles are called omega wolves and
their values do not influence the value of other duty cycles. The distance of each duty
cycle to alpha, beta, and delta duty cycles is calculated and its average is used for its
updating. In general, this algorithm is similar to the PSO MPPT algorithm, therefore,
it suffers from the same deficiencies. Cuckoo search [47], ant colony optimization [48],
artificial bee colony [49], firefly algorithm [50], jaya optimization [51], team-game opti-
mization [52], and whale optimization [53| are some of other MPPT algorithms in this
category which are based on cooperation between the individuals. In addition, there are
other MPPT algorithms based on competitive algorithms such as genetic and differential
evolution MPPT algorithms [54]-[57].

The traditional MPPT algorithms have the problem of getting stuck at an LMPP in
the PS conditions. On the other hand, the optimization-based MPPT algorithms have
long tracking times and high power fluctuations. Therefore, hybrid MPPT algorithms
were devised to solve the previous MPPT algorithm problems by combining them [58]-
[61]. Despite better performance in comparison to traditional and optimization-based
algorithms, finding the GMPP still cannot be guaranteed. Traditional MPPT algorithms
may get stuck in an LMPP because they are designed based on the convex P-V curve in
non-shading conditions. Also, optimization-based MPPT algorithms may fail to track
the GMPP because there is no criterion to choose the number of duty cycles. Therefore,
despite the fact that combining these two groups of MPPT algorithms improves the
response qualities, it cannot solve the problem of getting stuck in an LMPP.

Tracking the GMPP of the system independent of the initial point values and the PV
output characteristics is the main feature of a comprehensive MPPT algorithm. The
ANN model and scanning of the output I-V curve are employed to fulfill this feature
in the PS conditions. The performance of the optimization-based MPPT algorithms
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depends on the value and number of initial points. Therefore, choosing them randomly
which is common cannot guarantee tracking the GMPP of the system. In other words,
limiting the search space around the GMPP and spreading the initial points in this area
ensures finding the GMPP. The irradiation, temperature, and shading value change the
I-V curve of the PV panel and its GMPP voltage value. It means that the voltage value
associated with the GMPP is a function of these atmospheric parameters. Therefore, a
regression application can be used to calculate the GMPP value by preparing a dataset.
This function is highly nonlinear and the linear regression method is not a good choice in
this application as shown in Appendix A. Therefore, an ANN model can be used to solve
this problem. The initial point can be spread around the GMPP value from the output of
this model [62]-[65]. This method is promising however it has some problems that should
be addressed to make it more effective. The PS patterns are infinite on a PV panel,
therefore, the previous research regarded the PS as some PV modules with different
uniform irradiation in a string of the PV modules. This assumption is not correct and
produces a large error, consequently, their ANN model is not accurate. Another obstacle
to having a precise model is quantifying the PS pattern. In general, a method should be
devised to limit the number of PS patterns without losing the accuracy and to quantify
them and use this value for the ANN model. Finally, if the shading rate is measured
electrically instead of using digital cameras or irradiation sensors, the resulting system
is more reliable and simple.

The I-V characteristic of the PV panel provides almost all information such as open-
circuit voltage, short-circuit current, irradiation value on the PV panel, the number and
values of LMPP, and GMPP. On the contrary to other MPPT techniques, sweeping this
curve can be used to track the GMPP directly and can be counted as a comprehensive
MPPT method. Two approaches were introduced in the literature for this technique. In
the first one, the terminal boost converter is used for scanning the [-V curve as shown in
Fig. 2.1 [66]-[74]. In this application, this converter is used both for implementing the
MPPT algorithm and the scanning the I-V curve. First, the system is working at the
operational point (OP) then the MOSFET (Q) turns on to apply a short circuit at the
terminal of the PV panel, therefore, the PV current and voltage become Ig- and zero,
respectively. The scan starts at this point by turning off the MOSFET and sampling
the PV current and voltage. The PV current decreases from short-circuit current to
zero because the output voltage (V) is greater than the PV voltage even when the PV

voltage is at its open-circuit voltage. The advantage of this method is using the same
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Figure 2.1: The boost power optimizer scanning method. (a) The boost power optimizer.
(b) The scanning trajectories for the boost converter.

converter both for the MPPT algorithm and for the scanning method. However, there
are some drawbacks in the implementation of this method. When the MOSFET applies
a short circuit at the terminal of the PV panel, the maximum current value is high in
comparison to the operating current, therefore, the MOSFET and the inductor should
have higher rating values in comparison to the usual boost power converter. Another
disadvantage of this method is increasing the temperature of the terminal capacitor
(Cry) caused by its fast discharging, consequently, the scan has a detrimental effect on
the lifetime of the system. To decrease this effect, there must be a long delay between
two consecutive scans. Regarding this delay, this method is not fast in comparison to the
other MPPT algorithms. The second scanning method is based on employing a separate
scanning circuit which is placed between the PV panel and the terminal capacitor [75]-
[78]. This circuit has its own capacitor as an auxiliary one for the scanning procedure
instead of using the terminal capacitor. In this way, the terminal capacitor does not
experience the shout circuit and its effects. However, the auxiliary capacitor should be
sufficiently large to provide enough time constant. Also, this capacitor suffers from the
same problem as the terminal capacitor of the first scanning method. Therefore, both

scanning methods cannot be reliable in practice.

2.4 Review of the PS Detection Approaches

There are two main methods for PS detection namely direct and indirect approaches.
In the first one, image processing techniques are used by analyzing the output of digital

cameras to detect the PS conditions and the depth of shading over the PV panels [79]-
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[83]. Increasing the complexity and decreasing the reliability of the system are some
disadvantages of this method compared to the second one. The second approaches
detect the PS condition by measuring the PV current and voltage, therefore, they are
considered indirect methods. They can be divided into two categories based on their PS
detection technique.

The generated power value changes suddenly when the PS occurs, therefore, the dif-
ference between two power value samples is a good criterion to detect the PS condition
[84]-[86]. Also, the PV power value is calculated almost in all MPPT algorithms, there-
fore, this method can be implemented easily in the system. Fig. 2.2-(a) illustrates the
operation of this method on the P-V output characteristic of a PV system. The solid
blue curve shows the P-V output characteristic before the PS condition and the operat-
ing power is Pop o. When PS occurs, the red dashed curve shows the new P-V output
characteristic. As seen, the difference between the new operating power value and the
old one can be a good criterion for detecting the PS condition. The main advantage
of this method is its simplicity. But this method shows malfunction for three reasons.
First, as illustrated in Fig. 2.2-(b), if PS happens slowly, the difference between two
consecutive values (difference between P; and P, and then between P, and P3) is not
high enough to be detected as the PS condition. The second reason is exhibited in Fig.
2.2-(c). Supposing the irradiation value decreases significantly but its pattern on the PV
panel is uniform, therefore, the difference between two consecutive power values is high
and the PS condition is detected. In an MPPT application, this problem does not affect
the operation of the system, but in other applications such as power balancing, it causes
a malfunction of the system. Finally, the third problem happens when the irradiation
value on the PV panel is low and the shading pattern is even. Then the irradiation
value becomes high and the PS occurs. In this condition, the PS is not detected. As
seen in Fig. 2.2-(d), the operating point is on the P-V curve of the dotted green curve
(P1) before the PS condition which is related to a low irradiation value. Then the PS
condition occurs which is shown by the red dashed curve and the generating power value
for the new operating point is P,. As seen, the difference between the power values may
be not large enough to be detected as the PS condition.

When the PS condition happens and the PV current is higher than the short-circuit
current of a PV module, its diode becomes forward-biased, therefore, measuring this
voltage can be a good criterion to detect the PS condition. This method is used in the
second category of the PS detection method [87]. Fig. 2.3-(a) shows this method for
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Figure 2.2: The PS detection by comparing two consequence power generated values.
(a) The operation. (b) Malfunction case 1. (¢) Malfunction case 2. (d) Malfunction case
3.
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Figure 2.3: The PS detection by measuring the voltage drop across the anti-parallel
diode. (a) The operation. (b) Malfunction case 1.

three PV panels. As seen, the GMPP of the P-V characteristics is in the area where
D 4 is conducting, therefore, the voltage drop across this diode is a small positive value
while Dp and D¢ are reverse-biased. The implementation of this method is simple, but
its accuracy depends on the operational point of the system. For example, as seen in
Fig. 2.3-(b), the GMPP is in the shaded area where all diodes are reverse biased and
PS is not detected.

2.5 Review of Valley Switching Based PV Power Op-
timizer

While the GMPP voltage value is around the open-circuit voltage in non-shading
conditions, it can be a very low value, depending on the shading depth in PS conditions.
Therefore, the boost power optimizer should be able to operate in a wide input voltage
range to track the GMPP [108]-[109]. Decreasing converter losses using resonance is
challenging in this condition and demands designing specialized converters. Fig. 2.4
shows a conventional boost power optimizer for a PV system. The output voltage is
in series with other power optimizers to produce the DC bus voltage for a solar string
inverter. The inverter maintains the output voltage of the power optimizer at a con-
stant value; therefore, the power optimizer controls the input voltage by adjusting the
duty cycle to implement the MPPT algorithm. The valley switching method can be

employed to increase the power optimizer’s efficiency. This method uses the resonance
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Figure 2.4: The main elements of the boost converter in the valley switching control.

between the converter’s inductor (L) and the output parasitic capacitance of the con-
verter’'s MOSFET (C,ss) when the converter’s diode turns off [88]-[100]. In the current
control mode, the inductor’s current rises when the MOSFET turns on till a reference
current and it falls once the MOSFET turns off. When the current reaches the reference
maximum current, the converter’s diode turns on and the inductor’s current falls to zero
leading to turning off the converter’s diode. At this time, a resonance occurs that can
be used to decrease the ON-state switching losses. It means that the next switching of
the MOSFET is successfully done at the minimum point of this oscillating voltage.

If the input voltage is more than half of the output voltage, the minimum resonance
voltage and the switching losses become zero. This situation occurs when the non-
shading condition exists and the voltage of GMPP is close to the output voltage value.
These losses are important from another perspective because the system usually works
in non-shading conditions, therefore, the efficiency of the system decreases significantly.
Regarding this fact, using resonance is not helpful to decrease the boost power optimizer
losses, consequently, a new topology should be introduced to take advantage of the

resonance and increase the efficiency of the converter.



Chapter 3

Comprehensive Solutions for MPPT
Algorithms

3.1 Introduction

Two methods are introduced in this chapter as promising comprehensive MPPT algo-
rithms. The first approach is based on an ANN model as the initial point estimator. The
PSO technique is used as an application for this model. The concept of a dominant cell
is explained and employed for addressing challenging problems such as quantifying PS
patterns, limiting the infinite number of patterns, and measuring the depth of shading
value electrically. It is shown that the generated model is more accurate than the pre-
vious models. The second technique is devising a novel scanning idea to avoid applying
a short circuit at the terminal capacitor. In this way, the scanning operation does not
have any detrimental effect on the lifetime of the system. Different implementations
comprising isolated and non-isolated configurations are described to put the idea into
practice. The experimental verifications were done for both methods by designing the
required converters and coding the microcontroller. The results prove the correctness of

the analyses and support the ideas.

3.2 An ANN-based Comprehensive MPPT Algorithm

In this section, the PSO method is chosen as one of the most sophisticated MPPT
algorithm [34]-[41], and the problems of PS conditions are discussed and solved using
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an ANN model. First, stability and steady-state analyses of this method are discussed
to justify using the proposed method. Then the proposed method is explained in two
subsections. The PS pattern reduction is described using the operation of PV cells
in shading conditions. finally, a dataset is prepared and an ANN model is used to
estimate the GMPP of the PV system. In this way, problems of MPPT algorithms in
PS conditions such as getting stuck at an LMPP, long tracking time, fluctuations of

power, etc. are solved.

3.2.1 Stability and Steady State Analyses of the PSO MPPT
Algorithm

Equation (3.1) shows the relationship between the i* duty cycle in iteration k +
1(d¥ + 1) and its value in iteration k (d¥) in the PSO MPPT algorithm [34]-[41].

AT =db - AP i=1,2,. N,

3.1
Adf—H = wAdf +cr (Pbestii - df) + Caro (Gbest - df) ( )

where Pyes; i, Gest, Ng and w are the best duty cycle for particle 7, the best duty cycle
among all duty cycles, the number of particles and the momentum value, respectively.
As seen, changes for particle i have three components. The first component keeps the
particle in the previous trajectory while the second and the third components tend to
change the particle’s position towards its best position and the global best position found
so far in the community. The coefficients of the second and third components are cr;
and cory, respectively. While ¢; and ¢, are constant values, r; and r5 are random values
between 0 and 1. Similar to other optimization-based algorithms, a lot of duty cycles as
particles should be generated and spread all over the search space in the PSO MPPT
algorithm to guarantee finding the GMPP. Otherwise, the GMPP may be missed and
an LMPP is found. Another solution to avoid getting stuck at an LMPP is decreasing
the difference between the new and old duty cycles by selecting small values for w, c;,
and cy. Therefore, the PSO MPPT algorithm has the main issues of long tracking time
and high fluctuations in the generated power. Also, there is no criterion to determine
the sufficient number of particles (duty cycles) to ensure the GMPP tracking. Moreover,
it is based on random numbers; therefore, the generated power fluctuations caused by

the duty cycle variations during the tracking phase can be significant.
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Figure 3.1: Poles of the system by changing ¢, ¢s, and w between 0 and 5 for different
values of r; and 7.

The relation between two consecutive iterations can be obtained using some manip-

ulations as follows.
dfﬂ =(14+w—crs —cors) df — Wdf_l + 171 Pyest i + Co2Ghest (3.2)

The Z-transform of this equation can be obtained.

1 171 Brest i + Car2Glest

Di(Z) =
(2) (Z —(14+w—c1ry — corg) +wZ71) x 1—Z-1

(3.3)

The transfer function is the first part of (3.3) which is a second-order system and (3.4)
are its poles. These poles are exhibited in Fig. 3.1 by changing c¢; , co and w between
0 and 5 for different values of r; and 5. As seen, the magnitude of the poles is greater
than 1 for a range of these parameters, therefore, the system is unstable for these values.
1

Zig = 5

(N + VN2 — 4w> N =1+w-— (171 + cara) (3.4)

To ensure that the system remains stable, the magnitude of all poles must be less than

1. The required conditions for a stable response are achieved as follows.

w<l1

(3.5)
0§01T1+CQT’2 §2—|—2w
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Figure 3.2: Poles of the system by changing c;, ¢, and w and satisfying the stability
constraints.

ry and 9 are randomly chosen between 0 and 1, and their values must be set to 1 in (3.5)

to determine the boundary condition and to guarantee the stability of the algorithm.

w<1

(3.6)
0<ci+c<242w

Fig. 3.2 shows the poles of the system when the constraints of (3.6) are satisfied for
and ry equal to 1 and changing the value of w between 0.2 and 1.0. As seen all poles stay
inside the unit circle, therefore the system is stable. Equations (3.4) and (3.6) allow us
to verify the stability of the PSO technique. For instance, Fig. 3.3 shows both poles of
the system which were calculated using (3.4) for two values of w and different values of
c1 + co. As seen, if the value of ¢; + ¢ and w are set to 3.0 and 0.3, respectively, one
pole is outside of the unit circle and the PSO becomes unstable. In this case, according
to (3.6), the required value of ¢; 4 ¢2 must be less than 2.6 to ensure the stability of the
algorithm. For this value of ¢; + ¢o, if w changes to 0.6, both poles are placed inside the
unit circle and the PSO becomes stable.

While equation (3.6) guarantees a stable response of the algorithm, it is not sufficient
to ensure that the algorithm converges to the GMPP. Hence, a steady state analysis is
necessary to ensure that the GMPP is tracked. The following final value theorem can

be used to evaluate the steady state:

) _ 171 Ppest i + cam2Glhest
di =1 1-7 ! Dz A = =
(00) P (( ) D:(2)) (c111 + co12)

(3.7)
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Figure 3.3: Poles of the system for w = 0.3 and w = 0.6.
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Figure 3.4: PSO steady-state response using two different initial conditions (Green dots:
particle number 1 and Red dots: particle number 2).

Equation (3.7) indicates that the steady state response of each particle has two compo-
nents. One of them is related to the personal best position of the particle ¢ (Pbest_i) and
the other one is associated with the global best position found (Gpes) in the system.
If these two values become equal during evolution, the particle converges toward Gpeg.
r1 and 7y are random numbers between 0 and 1, therefore, if the weight of the second
component (¢171(Prest i — df)) is higher than the third component (cors(Ghest — df)),
d¥ + 1 moves toward Piest i and vice versa. On the other hand, if (Pyey, — d¥) and
(Gpest — df) are evolving in different directions, the convergence time increases. This
phenomenon is shown in Fig. 3.4-(a), in which particle number 2 (dy) came back to-
wards its best-experienced value (dS) instead of going towards the global best position
of the system (d) at iteration 14" (d}*). In addition, if the Gpey is not the GMPP,

i.e. none of the particles experience it, they converge to an LMPP, as shown in Fig.
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3.4-(b). Traditionally two measures can be taken to address this problem. Either the
particles can be chosen from the leftmost and rightmost boundaries (duty cycles near 0
and 1) or choosing a lot of particles and spreading them all over the search space. In
both classical solutions, values of ¢; and ¢ must be chosen low enough to have a small
step in each iteration and to experience the GMPP (Gy.s) during evolution. These so-
lutions increase the tracking time and fluctuations of the generated power. Therefore, it
can be concluded that the PSO algorithm still suffers from some deficiencies when it is
employed as the MPPT algorithm such as getting stuck at an LMPP, slow convergence
time, and considerable fluctuations during finding the GMPP.

The main issues of the PSO algorithm are getting stuck in the LMPP, a high power
fluctuation during evolution, and the low speed of convergence. However, these issues
cannot be addressed, individually. In other words, improving one of these issues may
deteriorate the other issues. For example, to solve the issue of getting stuck in the
LMPP, the number of particles should be large and the coefficients should be small
to ensure that at least one particle experiences the GMPP. However, these solutions
increase the fluctuation in the generated power and decrease the speed of convergence.
On the other hand, if the coefficients are chosen as big values to increase the speed
of convergence and to decrease the fluctuation, instability issues arise. If the initial
particles are spread around the GMPP, as shown in Fig. 3.5, the problem of getting
stuck in the LMPP is solved. In addition, fluctuations in the generated power decrease,
and the speed of convergence increases. Furthermore, It can be shown that the term
related to the particle’s own best position can be omitted, therefore, its fluctuation will
be eliminated. In addition, the coefficients of the PSO MPPT algorithm can be set
to larger values because having small steps to avoid getting stuck at an LMPP is not
required. Supposing the PSO algorithm works in a convex area around the GMPP;
therefore, the formula of the traditional PSO presented in (3.1) can be changed to (3.8).

Attt =df - AP i=1,2,... N

3.8
Ad = wAdE + ¢, (Gbest - df) .

where ¢, is a constant value. In comparison to (3.1), the second component related to
the best personal experienced particle (¢171(Pyest ; — dF)) is omitted in (3.8) and the
coefficient related to the global best particle (¢,) is not adjusted randomly. In fact,
when the search space is convex around the GMPP, the (Gpess — df) term always shows
the direction towards the GMPP while the (¢171(Prest ; — df)) term may show the other
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Figure 3.5: The performance of the proposed method around the GMPP (Green dots:
particle number 1 and Red dots: particle number 2).

direction. In other words, the (171 (Prest i — d¥)) term is sometimes in the direction of
the best particle and thus increases the speed of convergence and on the other hand,
it is sometimes in the opposite direction and slows down the convergence time. Hence,
this term has been eliminated and the best duty cycle of the system has been tracked
with a constant step. Equation (3.8) can be rewritten to show the relation between two

consecutive particles for the proposed PSO algorithm.
At = (1+w—cy)df —wd™ + ¢,Ghest (3.9)

The Z-transform of this equation is shown in (3.10).

1 Cngest
Z-(1+w—cy)+wZ11-271

D;(Z) = (3.10)

For the sake of the system stability, the magnitude of poles must be lower than 1 leading

to the following criteria.

w<l1
(3.11)
0<¢, <24 2w
Equation (3.12) shows the steady state response of the system that is Gpes.
di (00) = lim ((1 = Z7") D; (Z)) = Ghest (3.12)

Z—1

As seen in (3.12), the steady-state analysis shows that all particles converge in Gpes

if there exists one MPP in the searching space. Therefore, based on this steady-state
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Figure 3.6: Partial shading effects on the I-V curve of PV panel.

analysis, the proposed MPPT algorithm can find the GMPP accurately if the convex

zone around it is properly determined.

3.2.2 PS Pattern Reduction

There are an infinite number of PS patterns for a PV panel depending on atmospheric
parameters such as temperature and solar irradiation. Each PS pattern features a unique
[-V curve and consequently a GMPP. For each PS pattern, there are upper and lower
boundaries around the MPP. Fig. 3.6 shows a group of PV cells in which three cells are
in different shading conditions, i.e. 400 %, 600 % and 800 % Also, the irradiation
for the remaining cells is 1000 % As seen, the I-V curve bends at point A because
the cell with the lowest irradiation (400 %) limits the current. Also, the diode turns
on at point B and clamps the voltage on the zero level. Therefore, the I-V curve of the
group is affected dominantly by the cell with the lower irradiation and the other cells
have a low effect on this curve. In other words, the I-V curve of the cell with the lowest
irradiation (the most shading area) can represent the equivalent I-V curve of the group.
This curve gives the U-B of the voltage at the GMPP of the group. On the other hand, if
there is more than one cell with the same lowest irradiation, the I-V curve changes. The
maximum change occurs when all cells of that group have the same irradiation equal to
the lowest one (uniform shading condition). This curve is the L-B of the I-V curve of the
group. Hence, as highlighted in Fig. 3.7, a general strategy can be used to determine
the U-B and L-B as follows: under PS conditions, we consider the I-V curve of the cell
with the lowest irradiation (red dashed circle in Fig. 3.7) as a U-B and the L-B is the

equivalent [-V curve of the group taking into account that all cells have the same lowest
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Figure 3.7: Shading patterns for the upper and lower boundaries.
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Figure 3.8: The I-V and P-V curves for the upper and lower boundaries.

irradiation level. Fig. 3.8 shows these boundaries for the ET-M53695 PV panel when

the temperature, irradiation value, and the lowest irradiation are 25 °C, 1000 Y% and

"
400 %, respectively. The curves between these boundaries are achieved by increasing
the number of cells with the lowest but the same irradiation. The voltage at the GMPP
for the L-B can be calculated analytically using a closed-form formula while this value
for the U-B can be calculated numerically. An ANN model is used to implicitly capture
the voltage for the U-B as a function of temperature, irradiation, and irradiation value

of the cell with the lowest irradiation level.
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The I-V curve of a PV cell in a shading condition can be achieved using the single-
diode model as follows [114].

q(Ve + Rslo)
Io=Kgly—1I,[e ofiT 1] -

I —nd
oo e )™
Vir

where I, I,, Rg, Rp, a, q, K;, T, K, Kq, ng and V,, are photo-generated current,

(Vo + Rslc)

Rp
(3.13)

inverse saturation current, series, and parallel resistance, diode ideality factor, electron
charge, Boltzmann constant, the temperature in Kelvin, shading depth, the fraction of
current involved in avalanche breakdown, avalanche breakdown exponent and break-
down voltage, respectively. To obtain the L-B of the GMPP as shown in Fig. 3.7, all
cells should receive equal irradiation. Thus, when all cells experience the same shading
condition, the part related to the inverse bias of (3.13) can be omitted and the voltage

of a group with N, cells versus its current can be achieved using (3.14).

q(V + Rsgl)

I'=1,—1,|e€ aNgIK,T | = V+ Rsql)

Rpe (3.14)

Rsqg = NyRs , Rpg = NyRp
The parameters of (3.14) can be calculated using the datasheet in the STC. Rg and Rp
have a low effect on the I-V curve; therefore, they can be regarded as constant values.

To apply the effect of temperature, irradiation, and shading depth (Kj,) rather than
STC, the following equation can be used [113]-[121].

I = L _ste (14 Crp (T = Tsre)) Ko

. G (3.15)
T Gere
B, 1 1
T\’ K \Tsre T
Io = Io_STC TSTC e (316)

Voe 7= Voe src (1+ Cry (T = Tsre)) (3.17)
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Voe = fve_iy (Voo_r) (3.18)

I
In ( ph_STC + 1)
Voo Tstc I, src

Voe stc T In (% N 1)

astc = a (319)

where Crr, G, Ey, Ve, fvoe ir and Cry are temperature-dependent coefficient for photo
generated current, irradiation value, material band gap (1.121 eV/), open circuit voltage
and its function related to the irradiation, and temperature-dependent coefficient of
the open circuit voltage, respectively. The open-circuit voltage (V,.) of a group can be

obtained by setting the current to zero in (3.14).

qVoe

Ve
0="Iy—1, | eI _ 1| — T (3.20)

The following equations show some assumptions that are correct for real PV panels.

I, <1

LEPS

Rp b

V—-Ry=>V (3.21)

Yo«
Re

where P is the generated power. The following result can be achieved using (3.20) and

taking into account assumptions presented in (3.21).

qVoe

I, ~ Le@NgIT _ 1 MV M=_—1 3.22
ph = 20€ € ) aN,K,T (3.22)

The P-V equation can be obtained by multiplying V' to both sides of (3.14) and applying
I=2.
P

M V+RSG_) V2 R P
P=VIL,-VI|e < V) _q| - V4 BsaP) (3.23)

Rpa
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The voltage value at the GMPP can be achieved by setting the derivative of P with

respect to V to the zero value.

( P
P M| V+Rsg—
O =1 e V)1 -

oV
(3.24)
p M(V+Rsc—) 1%
LM <V - RSGV> e VI - é—PG
Applying (3.21) to (3.24) yields:
0= Iy — LM (1+MV) (3.25)

I, can be replaced by (3.22), then (3.26) can be obtained by some manipulations.
eMVoe V) = (1 + MV) (3.26)

To solve this equation, the exponential component can be replaced by its Taylor series

around open-circuit voltage (V).
1
eMVoe™V) 1 - M (V = Vo) + §M2(V —V,.)” (3.27)

Therefore, the voltage at the GMPP can be obtained by replacing (3.27) into (3.26) and

solving it.
2
2 1 1
V =Veurpp = <\/VOC+M—\/—2M> ~ 57 (3.28)

For example, this value for the ET-M53680 PV panel (asre = 1.398 and N, = 18) is
17.69V in the STC condition that is close to the voltage value (17.64 V') available in the
datasheet. This proves the accuracy of the formula to calculate the voltage value at the
GMPP in the even irradiation. The upper boundary of the voltage at the GMPP can

be calculated when only one cell with the lowest irradiation is in the shading condition

as highlighted in Fig. 3.7. For a group with N, cells, (3.29) shows the required equation
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that must be solved for the voltage and current in each condition.

‘/series = (Ng - 1) Vnormal + ‘/shaded
‘/:eeries ) V:series > 0 (329>
0 3 ‘/series S 0

V:

where Vipagea and Vyormar are the voltage of cells in the shading (K, < 1) and non-
shading condition (K, = 1), respectively, which are calculated using (3.13). This
equation cannot be solved analytically because it is highly nonlinear. Instead, a dataset
can be prepared by solving it numerically under different irradiation, temperature, and
shading depths (K1 and Ko for this PV panel with two PV groups) of the cell as inputs
and the upper boundary of the voltage at the GMPP as an output. These boundaries
for one PV group of the ET-M53680 PV panel are shown in Fig. 3.9 by changing the
irradiation value, temperature, and shading depth. Also, these boundaries for this PV

panel are shown in Fig. 3.9-(d) which is comprised of two PV groups.

3.2.3 The ANN Method and Solving the Problems

A dataset is prepared for ET-M53695 PV panel by changing the temperature, insola-
tion value, and shading rate for its two modules and calculating the voltage at GMPP. In
fact, the voltage at GMPP is a function of four variables. It is a regression problem and
an ANN model with 4 neurons in the input layer and one neuron in the output layer was
used for this application. The ANN model is shown in Fig. 3.10. Two hidden layers with
5 neurons in each layer are used which has the best performance. Also, implementing
this ANN in the microcontroller is simple because it requires one 4 x 5 matrix between
the input and the first input layer, one 5 x 5 matrix between two hidden layers, and
one 5 X 1 vector at the output layer. The bias vectors are two 5 x 1 vectors and the
tansig transfer function was chosen. To increase the speed of calculation and optimize

the codes, a look-up table is used instead of using the math library.
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Figure 3.9: The GMPP boundaries for a PV group of the ET-M53680 PV panel for (a)
different irradiation values, (b) different temperatures, (c) different shading depths and
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Figure 3.10: The ANN for estimating GMPP.
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Figure 3.11: The proposed circuit for scanning the I-V curve.

3.3 Converter Based Scanning the Output Character-
istics of PV Panels

Fig. 3.11 shows the basic notion behind the proposed circuit to fulfill the aims of
a sophisticated scanning circuit. As seen, an inductor is placed between the PV panel
and the terminal capacitor. This inductor can be in the form of a pair of mutual and
isolated inductors or a usual one. The Scan Circuit is a power electronic converter that
applies a positive or negative voltage across the inductor Lg. The voltage value of the

PV panel, terminal capacitor, and inductor have the following relation.
Vev = Vin + Vis (3.30)

In addition, when the Scan Circuit is off, the inductor and the PV panel are in series,

therefore, their currents are equal.
Ipy =I5 (3.31)

It is well-known that the output capacitance of the PV panels is negligible [122], there-
fore, it can be ignored. It means that if a voltage is applied across the inductor Lg
in a short time, the output voltage of the PV panel changes while V;,, can be assumed
constant because C;, is a large capacitor in comparison to the output capacitance of the
PV panel. Fig. 3.12 exhibits the operation of the circuit. The scanning procedure can be
divided into two steps namely the LHS step and the RHS one. First, the Scan Circuit
is off and the current of the PV panel is equal to the current of Lg (point OP).
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Figure 3.12: The scanning trajectories for the proposed circuit.

3.3.1 LHS Step

In this step, the left-hand side of point OP on the I-V curve is scanned. The
Scan Circuit applies a positive voltage across the inductor Lg, therefore, the voltage of
the PV panel increases according to (3.30) and jumps to point A. Also, the current of
the inductor Lg increases during this time and reaches to a maximum predefined value
(Imaz) because a positive voltage is applied across it. Then, the Scan Circuit turns off,
consequently, the current of the PV panel becomes again equal to the current of the
inductor Lg (point B). The PV panel voltage value is lower than V}, at this point, as a
result, Vg becomes negative and the current of the inductor Lg starts to decrease and
tracks the [-V curve of the PV panel (7)) and reaches the point OP.

3.3.2 RHS Step

In this step, the right-hand side of point OP on the I-V curve is scanned. The
Scan Circuit applies a negative voltage across the inductor Lg and the voltage of the
PV panel jumps to a lower voltage (point C). On the other hand, because of the
negative voltage, the current of the inductor Lg decreases to a minimum predefined
current (1,,;,). At this moment, the Scan Circuit turns off, therefore, the current of
the PV panel becomes equal to the current of the inductor Lg (point D). The voltage
across the inductor Lg is positive at this point because the voltage of the PV panel is

greater than V,, consequently, the current of the inductor starts to increase and scans
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the trajectory T,,. When this current reaches to the point OP, the voltage of the PV

panel is equal to Vj,, consequently, the current of the inductor remains at the point OP.

3.3.3 The Implementation of the Proposed Idea

The Scan Circuit should have the ability to apply a positive and negative voltage to
the inductor Lg in a short period of the time. Several DC/DC switching power supply
topologies can be used as the Scan Circuit by eliminating their output capacitor and
rectifiers. There are two main categories for converters namely isolated and non-isolated
ones. The flyback converter as an isolated Scan Circuit that is the simplest and most
economical type in this category is selected in this work. Also, the full bridge non-
isolated scan circuit is described because capacitors are not used in this configuration,
resulting in an increase in its reliability. No matter which type of converter is used in
each category, the operation of the Scan Circuit is the same; therefore, the generality

of the analyses is kept.

3.3.3.1 The Implementation Using the Isolated Transformer

Fig. 3.13 shows the required converter which is comprised of two flyback converters to
generate the positive and negative voltages. RHS converter is used to apply the negative
voltage and right-hand side scanning step. On the other hand, LHS one is used to apply
the positive voltage and to scan the left-hand side of the operating point. As shown in
Fig. 3.12, the voltage of the PV panel jumps to point A when the switch ); turns on,
as a result, a current flows from Cj, towards the PV panel which decreases its voltage.
Diode Dy is used to avoid this problem. This diode sets the point A to the open-circuit
voltage of the curve. Also, when the switch (5 turns off to scan the I-V curve, the
scanning procedure begins from point D and the PV panel draws current from Cj, again
which decreases its voltage. Diode Dp can be used to avoid this problem by preparing
a path for the inductor current.

These converters can be combined and built into a converter similar to a push-pull
one as shown in Fig. 3.14. However, contrary to the push-pull converter, the secondary
winding current of this converter flows when the MOSFETs are turned off. In fact, it is
a combination of two flyback converters. Fig. 3.15 exhibits the operation of this circuit
in LHS mode. When @), turns on, the PV voltage jumps to V4 and its current becomes

zero. As long as the switch @)1 is ON, the magnetizing current (I,,) increases from Ipp
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Figure 3.14: The implementation of the proposed technique.

and reaches Ig. At this moment, ) turns off and the voltage across the magnetizing
inductance becomes negative, consequently, its current begins to decrease. The inductor
L,, and the PV panel are in series during this time, therefore, the I-V curve is scanned
in this period. Finally, the voltage of the PV panel reaches the voltage of C}, and the
current of L,, remains at Ipp. Fig. 3.16 exhibits the operation of the scanning circuit
in RHS mode. When ()5 turns on, the voltage of PV panel jumps to V. Also, I,
decreases and when it reaches Ip, the switch )5 turns off at this point. Therefore, I,
which is equal to Ipy starts to increase because the voltage of the PV panel (Vpy) is
greater than V;,,. The RHS begins at this point until the current of the PV panel reaches

to [OP.

3.3.3.2 Implementation Using an Inductor

A full bridge converter can be used to apply the positive and negative voltage across

the inductor Lg. Fig. 3.17 shows this topology. Switches (1 and Q3 act simultaneously
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Figure 3.15: The trajectory and waveforms when @), acts. (a) The trajectory. (b) The
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Figure 3.17: The implementation of the proposed technique using a non-isolated con-
verter.

to do the LHS scanning phase and switches ()2 and ()4 operate together to implement
the RHS scanning one. Fig. 3.18 shows the operation of the circuit in LHS and RHS
modes. As seen, when switches (); and ()3 turn on, the current and voltage of the PV
panel jump to point A (the open-circuit voltage point). As long as these switches are
ON, the current of inductor Lg increases and reaches to the point B. The LHS scanning
begins by turning off the aforementioned switches. In this condition, the voltage across
inductor Lg is negative and its current which is equal to the current of the PV panel
decreases. When the current of the inductor Lg becomes equal to Ipp, the voltage across
this inductor becomes zero and the current of the inductor Lg and the PV panel remains
at this point. On the other hand, when the switches ()2 and )4 turn on, the voltage
of the PV panel jumps to point C. The RHS phase starts by turning these switches off
and jumping the PV panel current to point D. The voltage across the inductor Lg is
positive at this point, therefore, the current of this inductor which is equal to that of

the PV panel increases and reaches the point OP.

3.3.4 The Effect of the Non-Ideal Inductor or Transformer

Among non-ideal elements in Fig. 3.14, the inductor or transformer has significant
effects on the operation of the circuit since they carry the current in both scanning
phases and all switching states. Therefore, the effect of non-ideality in this element is
regarded. When the transformer or inductor is non-ideal, the operation of the system
is a bit different. Here, the wire resistance effect and leakage inductance for non-ideal
transformer is explained, however, the same condition occurs for the non-ideal inductor.

Fig. 3.19-(a) exhibits the primary current and the secondary voltage of the transformer
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Figure 3.18: The waveforms for full bridge non-isolated scan converter.
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Figure 3.19: The trajectory and waveforms when 3 acts for non-ideal inductor. (a)
The trajectory. (b) The waveforms.

when 7 turns on in Fig. 3.14. As seen, the primary current (Ip) increases; therefore,
the voltage drops across the resistance of the wires and the leakage inductances go up.
Consequently, the primary voltage and the secondary voltage are not constant and start
to decrease. When (), turns off, the waveforms are almost the same as an ideal condition,
because the magnetizing current acts as a current source, and the resistances and leakage
inductances do not have significant effects on the operation of the scanning procedure.
Fig. 3.19-(b) shows the trajectory in this condition for the LHS mode. As seen, contrary
to the ideal condition, point A moves towards the operating voltage (point AN) and does
not remain at point A. The same condition occurs when switch Q2 turns on for the RHS

mode.
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3.3.5 Designing the Required Converter

During LHS phase, a positive voltage is applied to the inductor L,,, and its current
(im) can be calculated based on (3.32) in this period (Tneg)-

di,p, (
L, 2 _y
dt Voo (3.32)

I, increases and reaches Ig at the end of this period. Then Scan Circuit turns off to

scan the left-hand side of the operating point and (3.33) shows this current.

din, (1)

Ly =Vpy = Vin

di
Vo — V. (3.33)
i (1) = I+ L2V = Vin) 7 )y

(VPV - V;n)

is negative during LHS phase, therefore, 7,, decreases and finally reaches Ipp. On the
other hand, (3.34) and (3.35) show the current of the inductor L,, in the RHS mode

when the Scan Circuit turns on and turns off, respectively.

di,, (t
Lm% = —Vpe
Vo (3.34)
(2% (t) = [OP — L—mt
di,y, (t
L dt( = Vpy — V;
Y (3.35)
I (t) =Ip+ (VPVL—mt

Contrary to (3.33), (Vpy — Vi) in (3.35) is positive during RHS phase, therefore, i,
increases and at last hits Ipp again. Vj, decreases when the Scan Circuit turns on
(point A for LHS and point C' for RHS) and reaches its minimum value. Because the
generated power of the PV panel is almost zero at these points and the load power is
supplied by Cj,. As soon as the Scan Circuit turns off, Vj, recovers and at the end
of the scanning period reaches to Vpp again. Therefore, the maximum values of the
MOSFET ON-time (7., for LHS and T’p,s for LHS) are determined by the maximum
voltage drops of Vi, (AVin max). lop is supplied to the load by the PV panel before
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the scanning procedure but when it begins, both C}, and the PV panel must supply the
load. Consequently, the voltage of Vj,, decreases. Supposing C}, supplies k percent of
the load current, therefore, its voltage and maximum voltage drops can be calculated

through (3.36) and (3.37).

c dvi(t) — kDo
dt K lop (3.36)
vin(t) = Vop — o t
AVin max = Vorp = Vin_min
Vi min = Vop — kéo” ToN max (337)

Ton, ae i the maximum allowable time where the Scan Clircuit can be turned on and
can be calculated as follows.

VOP - ‘/:ini min

. (3.38)

TONi max = Cin

k is a low value because the PV panel generates power during the scanning procedure.

As explained above Ton mqz is the maximum value of T, and Tpys.

max (Tpos) < ToN  max |

To calculate the maximum value of L,,, assume T, and Tp,s are equal to Ton maq-

Tpos = TON_ max

On the other hand, when the Scan Circuit turns off, the current of the inductor L,,
must be greater than the short-circuits current in the LHS mode (Ip > Is¢) and less
than zero in the RHS mode (Ip < 0). Ig and Ip can be calculated using (3.32), (3.34)
and (3.40). Therefore, (3.41) and (3.42) show the upper limit of the inductance in LHS
and RHS phases, respectively.

Vbe
L,, < TON max 3.41
(Isc — Iop) ON_ (3:41)
1%
L < -22ToN s (3.42)
Iop 7 -
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L., and Vpe can be determined by (3.41) and (3.42) and using the boundaries of the
current and the voltage of the PV panel which are shown in (3.43).

Ipy wmin < lop < Ipv max

(3.43)
Vev min < Vor < VPy max

where Ipv min; 1PV maz> VPV min and Vpy 4, are the minimum and maximum values
of the operation currents and voltages of the PV panel, respectively. The minimum value
of L,, depends on the output capacitance of the PV panel. If it is chosen inappropriately
small, the resonance frequency related to L,, and the output capacitance of the PV panel
increases, leading to current oscillations. The minimum value of L,, is by far less than
its maximum value knowing the fact that the output capacitance of the PV panel is
negligible. Consequently, if the value of L,, is close to its maximum value, undesirable

oscillations can be avoided.

3.4 Experimental Verification

In this chapter, the experimental results are divided into two subsections. The first
part is dedicated to the proposed MPPT solution based on the ANN model and the

second subsection is allocated to the scanning converter.

3.4.1 A Comprehensive ANN-based Approach to Solve Prob-
lems of MPPT Algorithms

The experimental setup shown in Fig. 3.20 mainly consists of a boost converter as a
power optimizer, the TerraSAS PV simulator to produce the arbitrary I-V curve for the
ET-M53695 PV panel in the PS condition, a battery and a resistive load. The MPPT
algorithms are implemented in the TMS320F28335 DSP microcontroller. In addition, the
output current and voltage of the PV simulator is connected to corresponding sensors
which prepare the isolated measurements for the analog to digital peripheral of the
microcontroller. Other parameters of the setup are presented in Table 3.1.

To examine the performance of the proposed technique to estimate the voltage bound-
aries, different shading conditions were created manually on the ET-M53695 PV panel
as shown in Fig. 3.21. Fig. 3.22 shows the I-V and P-V curves for L-B and U-B bound-
aries measured by the I-V 400W Photovoltaic Panel Analyzer. The U-B boundary is
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Figure 3.20: The experimental setup for the ANN-based MPPT algorithm verification.

Table 3.1: Parameters of the system for the ANN-based MPPT algorithm verification.

Parameter Description Value
V, Output voltage o0V
fow Switching frequency 20kHz
Cin Input capacitor 220 pF
C, Output capacitor 220 uF
L Converter inductor  1mH
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Figure 3.21: The ET-M53695 PV panel in PSC connected to I-V 400W Photovoltaic
Panel Analyzer.

determined by the cell with the highest shading condition and the L-B boundary is de-
termined by the even shading condition. The photo-generated current that is almost
equal to the short circuit current can be used to calculate the depth of shading for the
cell with the highest shading condition.

When the I-V curve starts to bend, the current is around 1.4 A and the short circuit
current in STC (1000 25 and 25 °C) for this panel is 5 A. Also, Cr; for this panel
is 0.042 %/ °C and the temperature in this test was 55 °C, therefore, the depth of
shading for the dominant cell (K,) is 28 %. Crpy for this panel is —0.336 %/ °C and the
nonlinear curve of open circuit voltage versus temperature is available in the datasheet.
Thus, the calculated open-circuit voltage as per (3.17) and (3.18), is 20.23 V. The diode
ideality factor and M for this condition are 1.235 and 1.59 according to (3.19) and (3.22),
respectively. Consequently, the lower boundary of the voltage at the GMPP is 16.60 V'
based on (3.28). This value is 16.72 V' according to the measurement which shows the
accuracy of (3.28) to calculate the lower boundary of the voltage value at the GMPP.
The upper boundary of the voltage at the GMPP is achieved by the neural network
which is equal to 18.28 V' that is in good accordance with the measured value from Fig.
3.22i.e. 18.39 V.

To evaluate the capability of the proposed MPPT algorithm in finding the GMPP
in PS conditions, two I-V curves are taken into account as shown in Fig. 3.23. In the
first case (Fig. 3.23-case (a)), the P-V curve includes two peaks at (17.5 V, 57 W) and
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Figure 3.22: The I-V and P-V curves of the ET-M53695 PV panel measured by the -V
400W Photovoltaic Panel Analyzer.

(37.5 V, 37 W) where the GMPP occurs at a lower voltage. In the second case (Fig.
3.23-case (b)), the P-V curve features two peaks at (17.5 V, 57 W) and (37.5 V, 72 W)
and the GMPP occurs at a higher voltage. A series of experiments are carried out using
the traditional PSO technique to highlight its weakness to find the GMPP. Three duty
cycles are regarded (0.1, 0.5 and 0.8) as particles. Also, w, ¢; and ¢, are set to 0.3, 0.2
and 0.5, respectively.

Fig. 3.24 shows the current, voltage and generated power using the traditional PSO
method for case (a). As seen the GMPP is detected, but the tracking time is high and
it takes 1.8 sec to reach the steady state condition.

This long tracking time has detrimental impact on the generated power because it
leads to power fluctuations. By setting ¢y to 0.8, the convergence time decreases to
1 sec; however, as seen in Fig. 3.25, the LMPP is detected. Thus, in spite of using the
traditional PSO MPPT method, getting stuck in the LMPP is unavoidable. Also, to
prove the stability analysis, the random values (71 and ry) are set to 1 and the parameters
are set to 0.3, 0.2 and 2.3 for w, ¢; and ¢y, respectively. According to (3.6), the sum of
c1 and co must be less than 2.6 while it is 2.5, therefore a stable response is expected.

As seen in Fig. 3.26, though the response is stable, the convergence time is excessive.
On the other hand, when the parameters are set to 0.3, 0.2 and 2.5, the sum of ¢; and
Co 18 2.7 which is greater than 2.6 and the system becomes unstable. Fig. 3.27 shows
the instability of the current, voltage and power.

The proposed MPPT method is also implemented experimentally for both PS condi-

tions shown in Fig. 3.28 and w and ¢, are set to 0.2 and 0.7, respectively. This figure
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Figure 3.23: The P-V curve of the PV panel for experimental verification of the ANN-
based MPPT algorithm.
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Figure 3.24: Generated power, voltage and current using traditional PSO algorithm for
w, ¢1 and ¢y equal to 0.3, 0.2 and 0.5, respectively.
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Figure 3.25: Generated power, voltage and current using traditional PSO algorithm for
w, ¢1 and ¢y equal to 0.3, 0.2 and 0.8, respectively.
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Figure 3.26: Generated power, voltage and current using traditional PSO algorithm for
w, ¢1 and ¢y equal to 0.3, 0.2 and 2.5, respectively.
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Figure 3.27: Generated power, voltage and current using traditional PSO algorithm for
w, ¢; and ¢y equal to 0.3, 0.2 and 2.7, respectively.

shows the current, voltage and power for case (a) where the GMPP occurs at a lower
voltage. To highlight the capability of the proposed technique in terms of the conver-
gence time and fluctuation, Fig. 3.29 compares the generated power of the proposed
solution with that of the traditional PSO technique. As seen, the convergence time of
the proposed method is around 200 msec and decreases significantly in comparison to
the traditional PSO method which is 1.8 sec. Also, because of this short tracking time,
the fluctuations on the generated power are considerably improved and the energy losses
are decreased. In this case, the harvested energy is 91 % and 98 % at ¢t = 2 sec using the
traditional PSO and the proposed one, respectively, which represents an improvement
of 7 %.

Due to the fact that the upper and lower boundaries for the area in where the GMPP
exists are determined in the proposed PSO MPPT method at the initial step, it converges
to the GMPP fast. In addition, since the search area, limited between two boundaries,
is a convex area, therefore, the term related the best personal particle is eliminated.
Hence, the fluctuation in the generated power is considerably decreased in the proposed
technique. In fact, it is challenging to determine the values of the coefficients in the
traditional PSO technique as large changes in particles evolution may lead to a fast
convergence while it has the risk of failing to find the GMPP as seen in Fig. 3.25. This
issue has been solved in the proposed technique in a way that the coefficient ¢, in (3.8)
can be chosen a larger value in comparison to the values of ¢; and ¢, in (3.1) to decrease

the response time. However, the criterion of (3.11) for the proposed method should be
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Figure 3.28: Generated power, voltage and current using the proposed PSO algorithm
for case (a) and w and ¢, equal to 0.2 and 0.7, respectively.
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Figure 3.29: Generated power using the traditional and proposed PSO MPPT algo-
rithms.
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Figure 3.30: Generated power, voltage and current using the proposed PSO algorithm
for case (b) and w and ¢, equal to 0.2 and 0.7, respectively.

satisfied for the stability purpose leading to the GMPP tracking. In spite of this fact,
fluctuations still exist in the generated power in steady state condition even using the
proposed method because of the momentum value in (3.8). This part cannot be omitted
because if GMPP changes as a result of variations in the irradiation value, temperature,
etc., the proposed PSO is required to find the new GMPP. Fig. 3.30 shows the voltage,
current and power when the proposed MPPT tracks the GMPP for case (b); similar to
case (a), the proposed MPPT algorithm is able to find the GMPP fast, with negligible
fluctuations. In addition, contrary to the traditional PSO technique, it avoids getting
stuck in the LMPP.

3.4.2 Converter Based MPPT Method
3.4.2.1 Simulation Results

The simulation setup mainly consists of the ET-M53695 PV panel, the proposed
converter with an isolated transformer and a resistive load connected to the output.
The values for Isc, Voo and peak power of the PV panel are 5.57 A, 22.5 V and 95 W,
respectively. Also, it is comprised of two modules of PV cells with 18 cells in each
module and its maximum power point is around 0.8 X Voo = 18 V. Consequently, for
each module, this value is around 9 V. As a result, the operating voltage of the PV
panel is between 9 V and 18 V. In addition, the insolation is regarded between 20% and
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100% of nominal one, therefore, the operating current is between 1 A and 5 A.

1<Iop<5

(3.44)
9 < Vop <18

Moreover, it is supposed that 10% of voltage drop in V;, is acceptable and k in (3.38)
is regarded as 0.1 to avoid having large L,,, however, the value of k should be checked
after calculation of L,, to have the acceptable voltage drop at the terminal. Ton mae
can be calculated using (3.38) and (3.44). Cj, is regarded as 470 uF', therefore, the
minimum value of Ton mas is 761.4 usec. This time can be longer by adding an extra
capacitor in parallel with Cj, to implement the scanning circuit using a simpler and
cheaper microcontroller which has slower analog to digital peripheral. Vpe is chosen
10 V', so L,, can be calculated according to (3.41) and (3.42).

Lo, < 1.903mH (3.45)

L., < 1.523mH (3.46)

Consequently, L,, must be less than 1.523 mH in which the value of 1.0 mH was used
for the simulation. As it was mentioned, the value of k£ should be checked to ensure the
voltage drop is in the acceptable range. When the MOSFET of the scan circuit turns on,
the load is supplied only by the terminal capacitor, therefore, the equivalent resistance of
the load and the terminal capacitor (Cy,) are connected as a resistive-capacitive circuit.
The equivalent resistances of the load at 5 A and 1 A for Vpp equal to 18 V are 3.6 € and
18 €, respectively, therefore, the time constants are 1.692 msec and 7.520 msec. On the
other hand, when the MOSFET turns on, the required time to increase the current of L,
from 5 A and 1 A to a value more than the short-circuit current of the PV panel (5.5 A)
is 0.05 msec and 0.45 msec, respectively. According to the time constant of the output
stage (1.692 msec and 7.520 msec for 5 A and 1 A, respectively), the voltage drops at
t = 0.05 msec is 2.91% when Ipp is 5 A and it is 5.81% at t = 0.45 msec for Ipp equals
to 1 A, consequently, the value of k is suitable. When the voltage drop is more than
10% with a specific value of k, a parallel capacitor can be added at the terminal or the
value of L,, can be chosen as a smaller value. Since the PV panel under study has two
PV modules, therefore, the I-V curve includes two MPPs in partial shading conditions.

The voltage and current levels related to these MPPs depend on the irradiation and
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temperature. Hence, different partial shading scenarios are defined and the performance
of the proposed method is examined to scan the I-V curve. Fig. 3.31 and Fig. 3.32
show different I-V curves corresponding to two different irradiation patterns i.e., high
and low partial shading conditions as well as the simulated waveforms of the current
and voltage of the PV panel. Two cases namely case (a) where the operating point is in
a lower voltage value and case (b) where this point is set in a higher voltage value are
considered. The current and voltage waveforms for both left-hand side and right-hand
side scanning operations are shown consecutively from top to bottom that prove the
proposed scanning analyses. The same procedure was repeated in low partial shading
conditions to validate the proper operation of the scanning converter as shown in Fig.
3.32.

The capability of the proposed scanning technique was also examined when the PV
panel is in a dynamic environment. For example, when the PV panel is mounted on a
moving object, as a result, the value and direction of the irradiation change rapidly. In
this condition, a fast GMPP detection method is essential to avoid energy losses. One
of the main advantages of the proposed method is its short response time to detect the
IV curve. Therefore, it can be used to detect the GMPP and to increase the amount of
the harvested energy in this condition. To simulate this condition, the irradiation value
was changed from 200 % to 1000 % and vice versa in 1 sec as shown in Fig. 3.33-(a).
Fig. 3.33-(b) shows the response of the proposed circuit which operates every 50 msec.
In other words, the GMPP is detected every 50 msec, however, the detection period can
be decreased to provide a very fast response time. In this simulation, the period of the
GMPP detection can be decreased to a value less than 10 msec because the operation of

the scanner circuit takes around 6.5 msec with the above-mentioned parameter values.

3.4.2.2 Experimental Results

Fig. 3.34 shows the experimental setup consisting of a resistive load, the TMS320F28335
DSP microcontroller, the ET-M53695 PV panel, the scanning converter, current and
voltage sensors, power supplies and an oscilloscope. Other parameters of the setup are
presented in Table 3.2.

The nominal power of the PV panel is 100 W, therefore, FE42 ferrite core was used
to design the transformer to handle this amount of power. The maximum current of the

2

secondary winding is 5 A and the effective area of the core is 233 mm?, consequently,

the number of turns in the secondary winding is 71 turns regarding the maximum flux
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Figure 3.31: The waveforms for high partial shading ratio (from top to bottom: the I-V
curve of the PV panel, the left-hand side scanning current and voltage waveforms and
the right-hand side scanning current and voltage waveforms).

Table 3.2: Parameters of the system for the I-V scanning circuit verification.

Parameter Description Value

Ly, Magnetizing inductance 1mH

C; PV panel terminal capacitor 470 pF°
Q1.2 Mosfets IRF3205LPBF
Ds pr Diodes ST'15150

Vbe DC voltage source 10V
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Figure 3.32: The waveforms for low partial shading ratio (from top to bottom: the I-V
curve of the PV panel, the left-hand side scanning current and voltage waveforms and
the right-hand side scanning current and voltage waveforms).
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performance of the proposed method.
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Figure 3.34: The experimental setup for the -V scanning circuit verification.
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density, and the magnetizing inductance equal to 0.3 17" and 1 mH, respectively. The
number of turns in the primary windings turns is 71 supposing the primary and the
secondary voltage values are equal. In addition, the air gap was calculated as 1.4 mm.
Also, the wire gauge of the secondary winding is 23 to flow the PV nominal current which
is 5 A. The primary winding gauge can be chosen less than the secondary one because
it does not carry the nominal current of the PV panel, however, the same gauge value
was chosen for the primary windings. The shading condition was created by attaching
some pieces of rectangle-shaped paper to the PV cell. The ratio of area covered by the
papers to the total area of the PV cell determines the shading ratio.

Fig. 3.35 exhibits the experimental results of the proposed circuit for a high shading
value where the ratio of shading is 70%. Two operational points were set by adjusting
the resistive load. The RHS and LHS trajectories are distinguished by blue and red
colors. In case (a), the resistance of the load is 1.8 2 and as seen, most parts of the
curve were scanned by the RHS operation. To examine the operation of the scanning
circuit in higher voltage, the resistive load was adjusted to 25 €2 (case (b)). Unlike to the
previous case, most of the -V curve was scanned in the LHS phase. On the other hand,
the operation of the proposed method in light shading conditions (20%) was assessed
as highlighted in Fig. 3.36. Similar to the high shading condition, the I-V curve was
scanned by the RHS and LHS operations in low and high resistance levels respectively.
Also, the voltage of the capacitor at the terminal of the PV panel (V;,) is shown in Fig.
3.37. As seen, the voltage drop is around 9.5% which is acceptable.

In addition, in order to further evaluate the capability of the proposed method in the
GMPP detection, different shading ratios such as 20%, 40% and 70% were taken into
account as shown in Fig. 3.38. When the shading ratio is 70%, the GMPP occurs in a
low voltage (point A) and as soon as the shading ratio decreases, the GMPP changes
to point B and then to point C'. Therefore, the scanning circuit can be used to detect
the GMPP. In this way, it can either work as an MPPT algorithm, or it can help the
MPPT algorithm of the system by preparing the information about the GMPP to avoid
getting stuck at an LMPP.
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Figure 3.35: The experimental results of the proposed method for the I-V curve in the
high partial shading condition.



3.4. EXPERIMENTAL VERIFICATION 67

e

Voltage

Case (a) Case (b)

Figure 3.36: The experimental results of the proposed method for the I'V curve in the
low partial shading condition.
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Figure 3.38: The experimental results of the proposed method for the power versus
voltage curve when the partial shading value changes.



Chapter 4

A Fast Converter-Based PS Detector

4.1 Introduction

In this chapter, a fast converter-based PS detector is proposed. Besides fast PS
detection, it does not have any detrimental effect on the terminal capacitor. First, the
notion behind the idea is described, and then it is followed by an implementation. A
rising current pulse is required to sweep the I-V curve for the PS detector. To generate
this pulse, a wave-shaping circuit is used which operates independently from the terminal
optimizer. The main elements design of the PS detector is discussed and a prototype was
prepared based on the design criteria for the experimental verification. Finally, some
tests were conducted in different PS scenarios and their results are presented to show

the performance of the proposed method.

4.2 The Proposed Idea and Its Implementation

When the PV panels are working under uniform shading conditions, the operating
voltage is around 0.8 x V,. where V,. is the open-circuit voltage [110]-[112]. On the
other hand, the open-circuit voltage value is not affected significantly by changing the
irradiation. Consequently, the operating voltage in a normal condition is around 0.8 X
Voe stc (Voc_STc is the open-circuit voltage of the PV panels at the standard test
condition) as it is shown in Fig. 4.1 for four PV panels in series configuration by a
dashed area. However, when the system works in this area, it does not mean that

PS condition has not occurred. For example, while both points Pp and Py are in



4.2. THE PROPOSED IDEA AND ITS IMPLEMENTATION 70

IPV A The area that should be scanned

Partial shading
= = = Uniform shading

Iscy

Iscz [mmm=an :

Iscofprmemmn - mg oo
ISC 1 s s ooy, et e i i i i m o = = — — PP
f ..... E —_— _r_:':*
P S
1V curve forZPV panel 1 U ! \\
B !

0.8Voc  Vpy

Figure 4.1: The scanning area to detect the PS shading.

the dashed area, just the former is in the PS condition. Despite this fact, there is
a significant difference between the operating current and the short-circuit current in
the PS condition; therefore, one of the best ways to detect the PS condition is by
measuring the short-circuit current of the PV panels. In addition, if the short-circuit
current of each PV panel in their series combination is available, their shading rate can
be estimated because the short-circuit current is proportional to the irradiation value.
Measuring the short-circuit current is not possible easily in practice because a parallel
electrolytic capacitor is connected to the series combination of the PV panels and it can
be damaged or its lifetime decreases if it becomes short-circuit. Fig. 4.2 exhibits the
proposed method to detect the partial shading condition. As seen, a current source is
placed in series between the PV panels and the terminal capacitor; therefore, its current
is equal to the PV panel current (Ipy). To detect the PS condition, its current increases
to Inae during Tpg time. If 1,,,, is greater than the PV panel short-circuit current and
Vpy and Ipy are sampled in this period, the PV panels’ output characteristics can be
scanned. This information can be analyzed to evaluate the irradiation value of each PV
panel. In this way, the short-circuit on the terminal capacitor (Cr,) is avoided, however,
its voltage drops, because the load is supplied by the PV panels and C7p, during Tpg.
The current source generates a short-period pulse; therefore, it can be implemented
by controlling the current of a series inductor to have a suitable waveform. When the
current of the PV panel increases, its voltage decreases. This feature can be used to
shape the current of the series inductor. Fig. 4.3 shows the implementation of the

proposed method.
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wave-shaping converter.



4.2. THE PROPOSED IDEA AND ITS IMPLEMENTATION 72

Ipva

Dy OFF Dy3: OFF Dy32: OFF Dys2i1: OFF
Di,23: ON: Di,2: ON : Di: ON
€, 1

1
Isca 1
1
1

Isc3 |====--~-

[scop=-=-=-===tm===---

e I
lor

I
|
I
|
I
|
I
1
I
1
I
1
I
1
I
1

Np--+4
<|--
=

<

3

N

ot

v

<

Figure 4.4: Operation of the proposed method on the I-V curve.

As seen, an inductor is placed between the PV panels and Cr,. Also, a MOSFET
is used to operate as a wave-shaping circuit in combination with this inductor. When
the MOSFET turns on the inductor current increases because of the positive voltage of
Vpy. Also as mentioned before, the output capacitance of the PV panels is negligible in
comparison to Crp,, as a result, if Tpg be short enough, V7, is almost constant during
this period. It means that Vpy decreases because Ipy increases while Vp,. is almost
constant and greater than Vpy during Tpg. Consequently, when the MOSFET turns
off, the voltage drop across the inductor is negative and its current decreases. In general,
the volt-second balance of the inductor is satisfied in this circuit; therefore, the current
can be shaped. Fig. 4.4 and Fig. 4.5 show the operation of this method on the I-V curve
and its waveforms, respectively. As seen, contrary to the previous method, the current
is shaped by switching. Consequently, a small capacitor is required at the terminal of
the PV panel to eliminate the switching fluctuation in the current.

When the current is increasing from Ipp to I, the anti-parallel diode of the PV
panels becomes forward-biased. For example, in Fig. 4.4, between I5c4 and Isc3 the anti-
parallel diode of PV panel number 4 (D,) is reverse biased and the other ones are forward
biased. On the other hand, if PS is not occured which means all PV panels have the
same shading condition, all anti-parallel diodes become reverse-biased simultaneously.
Therefore, PS occurrence can be detected by measuring the voltage drop across the
anti-parallel diodes during Thg. To implement this method, a measuring device must be
mounted at the terminal of each PV panel which increases the complexity and the price
of the system. Another solution is measuring the voltage and current at the terminal

of the series combination of the PV panel where the PS detecting circuit is installed.
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Figure 4.5: Waveforms of the short-circuit current detection circuit.

After sampling the whole curve, PS condition can be detected. Each step on the voltage
waveform shows a PV module with different shading conditions and if there is not any

step on this waveform, it means the irradiation on the PV modules is uniform.

4.3 PS Detection Circuit Design

Two main parameters of the PS detection circuit are the maximum length of the
current pulse (Tpg) and the inductor (Lg). The load is supplied by both the PV panel
and the terminal capacitor (C7r,) during the PS detection procedure; therefore, the
terminal voltage (V) decreases. Tpg is determined to limit this voltage drop to an
acceptable range. As mentioned before, the operating voltage in non-shading conditions
is around 0.8 x Vp¢ and it does not change significantly. But the operating current can
be regarded between two maximum and minimum values depending on the irradiation

values.
[OP_ min < IOP < IOP_ max (41)
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As seen in Fig. 4.6, when the current increases from zero to a maximum short-circuit
current ([ S'C_maa:)7 the required time to achieve the output characteristics of the PV panel
changes depending on the irradiation value and the PS condition. When the irradiation
is uniform and has the maximum value, the required time is 77 and it happens at the
rightmost of the current waveform. On the other hand, this value is 75 for the minimum
uniform irradiation and occurs at the leftmost part of the current waveform. This time
is the maximum value (Tpg) when the PS condition occurs and there is at least one
PV panel with the maximum irradiation value and one PV panel with the minimum
irradiation value. Also, the difference between the load power and the generated power
by the PV panels during the PS condition is maximum for the maximum irradiation
value, however, the PS detection time (7}) is less than Tpg. Therefore, it is not the worst
condition in view of the voltage drop of the terminal capacitor during the PS detection.
For this purpose, it can be supposed that the load is maximum and PS detection time
for the maximum uniform irradiation condition is Tpg as seen in Fig. 4.7. In practice,
it does not happen but this assumption guarantees the minimum voltage drop for Vrp,.
Also, to simplify the calculation, it can be supposed that the PV panel voltage drops
linearly from Vpp to zero. Again, this voltage is less than the PV panel voltage as seen
in Fig. 4.7, consequently, the calculated Tpg guarantees the voltage drop of Vi,.

Equations (4.2) and (4.3) show the function of PV panel voltage and current during
PS detection, respectively. The difference between the generated power and energy by
the PV panel and the consumed ones by the maximum load (PL_max) during Tpp are

shown in (4.4) and (4.5), respectively.

ISC’_ max ~ IOP_maw

ipv (t) - IOP_max + TDE t (42)
Vi
Vo (£) = Vop — %t (4.3)
DE

PL_max = VOPIOP_max
Vi I max ~ I, max
Ppy = (VOP - ﬁt) (IOP mag + = or 75)
TDE N TDE
Paiss = P — Ppy =

ISC max IOP mazx VOP
2I max [ max = = t t
<( or- so_mx) + ( Tpe Tpe

(4.4)

TpE 2 1
Eaipr = /0 Pyippdt = (g-[OPmacc ~ 5 SCmaX) TpeVop (4.5)
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Figure 4.6: Operation of the system for different conditions.
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The difference between the generated energy results in a voltage drop at the terminal
voltage (Vr,) and it is supplied by the terminal capacitor (Cr,). Supposing, 10% in
voltage drop is acceptable, as a result, the supplied energy by Cr, during Tpg is shown
in (4.6).

Euifr = %CTTVJ%T - %CTT(O.QVTT)Q =0.1Cr, V7, (4.6)

V. is equal to Vpp, therefore, the maximum value of Thg can be calculated by (4.5)
and (4.6).

0.1V,
Top = 5 T Crr (4.7)
§ OP_max — 6 SC_max

Iop maz is around Isc mqq, therefore, Tpp can be calculated by (4.8).

0.2V,
Tpp = [—OPCT,, (4.8)
OP max
The PS detecting circuit should work in CCM to shape the current and decrease the
switching ripples as much as possible. Fig. 4.8 shows the inductor current for CCM,
CRM, and DCM. The average of the inductor current is equal to the PV panel current

(Ipy) and its ripple is shown in (4.9).

Vpv

Al =
2L.S'fsw

(4.9)

where D and f, are the duty cycle and the switching frequency, respectively. CRM
occurs when Ipy is equal to A, therefore, the minimum value of Lg to have CCM can
be calculated by (4.2) and (4.9) which is shown in (4.10).

Vpyv

L¢>——1D 4.10
5= 2IPstw ( )

The maximum value of D is 1, therefore, the value of Lg should be calculated by (4.11)
to guarantee the CCM operation.

Vev

Lg> ——m— 4.11
o= 2[PV7 minfsw ( )
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Figure 4.8: Inductor current for different operation modes.

To decrease the switching ripples in Ipy, a larger value of Lg should be chosen however
a small values capacitor in parallel to the PV panel can be used to decrease these ripples

in Ipv.

4.4 Experimental Verification

Fig. 4.9 shows a setup for the proposed PS detection method which mainly consists
of current and voltage sensors, two ET-M53695 PV panels, resistive load and the PS
detection circuit. Each PV panel has two PV modules; therefore, four modules are in
series and connected to the PS detection circuit.

Fig. 4.10 exhibits a control system for the PS detection circuit based on UC3843
power supply controller which is a current mode controller. The current ramp reference
voltage is generated by charging a 22 uF' capacitor at pin 1 of this IC using an internal
1 mA current source. The current ramp is triggered using a timer every 7 seconds and
ended by comparing the PV panel voltage with zero using a comparator (LM339). It
takes around 20 msec from zero to 5 A for this capacitor and this time can be changed
by choosing a different capacitor value. A 0.2 2 resistor is used in series with the
MOSFET, and its voltage is used at pin 3 after a low pass filter to eliminate the high
transient spikes caused by switching. This voltage is compared with a 1 V' internal

voltage, therefore, this value is adjusted for 5 A. Also, the value of this resistor can be
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Figure 4.9: A setup for the proposed partial detection method.
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Figure 4.10: A controller for the proposed partial detection circuit.

adjusted based on the PV panel’s maximum short-circuit current. The nominal current
for these panels is around 5 A and it is almost proportional to the irradiation level,
therefore, for irradiation between 200 % and 1000 %, the operation current is between
1 A and 5 A. In addition, the operating voltage is considered as 0.8 X Voo and Ve is
regarded as the nominal open-circuit voltage which is equal to 45 V' (22.5 V for each
PV panel). Cr, is 1000 uF', therefore, Tpg is 1.8 msec according to (4.8). As it was
explained, this value is based on the assumption that the PV current changes during
Tpg for the maximum load (Fig. 4.6), while as it is shown in Fig. 4.7, this value for
the maximum load changes during a small duration (77). Therefore, in this design, Tpg
is regarded as 30 msec. The second important parameter to design the PS detection
method is the minimum value of Lg to work in CCM based on (4.11) which is equal to
450 uH for fg, equal to 50 kH z. This value is chosen as 1 mH to decrease the switching
ripples.
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Figure 4.12: Detected current and power versus voltage of the PV panels in the first
scenario.

Three scenarios are taken into account to investigate the performance of the proposed
PS detection method. In the first one, three PV modules are in the low-rate PS condition.
The aim of this scenario is to evaluate the operation of the proposed method to detect
the PS condition at a low-rate PS condition and at a lower voltage. Fig. 4.11 shows the
voltage and current waveforms for this condition. As seen, there is one step that shows
one PV module has a different shading rate. Fig. 4.12 shows the PV current and power
versus the PV voltage, respectively. As seen, the PS condition can be recognized easily
from these figures.

In the second scenario, the performance of the proposed method is investigated by

applying a high shading rate on some PV cells of one PV module to mimic the PS
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Figure 4.13: Current and voltage of the PV panels with one module in the second
scenario.

condition on this PV panel. This scenario aims to evaluate the PS detection accuracy
in higher voltages. Fig. 4.13 exhibits the voltage and current waveforms for this case.
To show the occurrence of the PS condition better, Fig. 4.14 shows the PV current and
the PV power versus the PV voltage for this case. From these two scenarios, it was
proved that the PS can be detected easily no matter whether its rate is low or high or
if it happens in low or high voltages.

For the third scenario, all four modules are in the PS condition with different rates.
Fig. 4.15 exhibits the voltage and current waveforms for this case. Also, Fig. 4.16 shows
the PV current and the PV power versus the PV voltage. As seen, there are three steps
that indicate all three modules are in the PS condition. As it was explained, the design
of the PS detection circuit was based on 10% voltage drop in the terminal capacitor.
The voltage waveforms of the terminal voltage are shown in Fig. 4.17, Fig. 4.18 and
Fig. 4.19 for the aforementioned scenarios. As seen, the terminal voltage drop is in the

acceptable range.
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Figure 4.14: Detected current and power versus voltage of the PV panels in the second
scenario.
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Figure 4.15: Current and voltage of the PV panels with one module in the third scenario.
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Figure 4.16: Detected current and power versus voltage of the PV panels in the third
scenario.
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Figure 4.17: Terminal voltage in the first scenario.
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Figure 4.19: Terminal voltage in the third scenario.




Chapter 5

The Valley Switching Based Boost
Power Optimizer for Wide Input
Voltage Ranges

5.1 Introduction

In this chapter, the loss analyses of the conventional boost power optimizer are pre-
sented. Then, the effects of employing the resonance and valley switching control are
studied to investigate their effectiveness in PS conditions. The main sources of losses
such as the switching and conduction losses of the MOSFET, the cupper loss of the
inductor and the conducting loss of the diode are regarded. It is shown that if the boost
power optimizer is designed to use the valley switching control in the PS conditions, the
resonance does not have a significant effect in decreasing the losses in the non-shading
conditions. To solve this problem, a new boost power optimizer is introduced to employ
the valley switching control in wide input voltage ranges. Also, it is shown that all
losses are lower than their equivalent value in the proposed converter leading to higher
efficiency. Finally, a prototype converter is designed and tested in different input volt-
age values to verify the effectiveness of the new converter. The experimental results

supported the analyses and show the efficiency of the new converter is as high as 98%.
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5.2 Losses Analyses of the Traditional Boost Power
Optimizer Under Valley Switching Control

Two resonances occur in traditional boost power optimizers (Fig. 2.4). The first
one happens when the inductor current reaches the reference maximum current and the
MOSFET turns off. The second one is when the diode current becomes zero and it turns
off. They are shown in (5.1) and (5.2), respectively. These equations are achieved by
supposing constant input and output voltages, and zero resistance of elements such as

the converter inductor and equivalent series resistance of the capacitors.

v (t) = Vi — Vi cos(wet) + Imax\/fsin(wct)

1 (5.1)
; we =
L (Coss + CD)
v (t) = Vi + (V, — Vi) cos(wet) (5.2)
VMmin = 2‘/; - ‘/o (53)

where V;,,, V,, vy, L, Cp, and C,4 are the input, the output and the MOSFET voltages,
the converter inductor, the diode, and the MOSFET output capacitances, respectively.
Also, Vismin is the minimum point of the MOSFET output voltage oscillations, and as
seen in (5.3), it tends to be negative when the output voltage value (V) is greater than
2V;,,. In this condition, the body diode (Dj;) of the MOSFET turns on and clamps the
voltage to zero. Fig. 5.1 shows the MOSFET output voltage and the converter inductor
current in the current control and the valley switching mode. Supposing working in
critical conduction mode and little resonance time (7.), the average input current (Igaye),
the diode current (Ipaye), RMS current of converter inductor (I,.,s) and the MOSFET

are:

Irnax
Ipave = (1 - D) (54)

[max
Isave = 5 (5.5)

]max
- (5.6)

/D
IMrms - ]max g (57)
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Figure 5.1: Inductance current and the MOSFET output voltage for the conventional
boost power optimizer.

where I,,,,, and D are the maximum reference current, and converter duty cycle, re-
spectively. Power losses of the converter inductor (Prcoy), diode (Ppeon), conducting
losses of the MOSFET (Pgocon) and its ON/OFF state switching losses (Psywconon and

Pswconoss) can be calculated using these values.

]2

PLC’on = RS rréax (58)
Vi Imax

PDCon = F2 (1 - D) (59)

]2
PCoCon = Ron Héax (510)
PSwConOff = fsTernax‘/otOFF (511>
PSwConOn = fSTwCoss(‘/o -2V )2 (512)
fow = M (513)

LIazVo
where Vi, R,, and torp are the diode forward voltage, inductor winding resistance, and
turn-off time of the MOSFET, respectively. Equation (5.12) indicates that if the input
voltage is more than half of the output voltage, the switching losses are not zero. This

condition occurs when the non-shading condition exists and the voltage of GMPP is
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Figure 5.2: Proposed boost power optimizer.

close to the output voltage value. These losses are important from another viewpoint
because the system usually works in non-shading conditions, therefore, the efficiency of
the system decreases significantly. Regarding this fact, using resonance is not helpful
to decrease the boost power optimizer losses, consequently, a new topology should be

introduced to take advantage of the resonance and increase the converter efficiency.

5.3 Proposed Converter

As shown in Fig. 5.2, a converter is proposed in this research aiming at reducing
the switching and conduction losses of the MOSFET, the ohmic losses of the inductor,
the diode and input bridge losses due to forward voltage drop. The inductor winding is
divided into two windings (N = N; + N,) that are wound on the same core to produce
coupled inductors. Therefore, the size and the cost of the proposed converter remain
unchanged in comparison to the conventional converter. The first winding (V;) is placed
in the conventional inductor location and the other one (N3) is added to the MOSFET
branch. Also, an auxiliary capacitor (Cgy,,) and an additional diode (Ds) are used to
clamp the second inductor voltage such that only the first winding (N;) conducts the
falling magnetizing current when the MOSFET turns off. The three main operation
states of the proposed converter are explained as follows:

State 1) MOSFET ON: This case is illustrated in Fig. 5.3. The diode output capacitance
is not considered because it has a much lower value in comparison to the MOSFET
output capacitance and it does not affect the operation of the converter predominantly.

Supposing constant input voltage, the magnetizing current (i,,) and the primary current
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Figure 5.3: Proposed converter when the MOSFET turns on.

of the coupled inductance (i,) can be written as:

Ny

1

(1) = ———2 V.t 14

Z()1%M+MV (5.14)

’@—1 o $t (5.15)
ZP - Lm Nl + N2 m .

State 2) MOSFET OFF: When the MOSFET current, which is the same as the primary
current, reaches the maximum reference current (I,,q.), it turns off and a resonance
occurs between the diodes and the MOSFET output capacitance and inductors. Both
diodes (D; and Dj) conduct when their capacitance voltage becomes positive. The
diode D, turns off when the secondary leakage energy discharges to the capacitor Cy,,
and the magnetizing current flows to the output capacitance (C,) through the primary
diode (Dy). The reason is that when the converter starts working, the capacitor Cy,, is
charged through inductance L, and its voltage goes up till its equivalent series resistance
energy dissipation becomes equal to the secondary leakage inductance energy in steady
state condition. At this moment, the magnetizing energy discharges through the primary
winding and diode D; to the output capacitor. Consequently, the magnetizing current
falls to zero. The equivalent circuit in this state is shown in Fig. 5.4. In this state, the
magnetizing current (4,,) and the primary current of the coupled inductance (i,) can be
written as:
Ny 1

(1) = Iyax — —— (V, = V; 1
() = b = 57 7 (Vo = Vi)t (5.16)

N. N\ 1
Zp(t) = ﬁj[max - (Fj) L_ (‘/0 - V;n)t (517)
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Figure 5.4: Proposed converter when the MOSFET turns off.
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Figure 5.5: Proposed converter when the current reaches zero.

State 3) Zero primary winding current: When the primary winding current reaches
zero, another resonance occurs between the MOSFET output capacitance and inductors.
Fig. 5.5 exhibits the equivalent circuit in this state. The initial and oscillating voltage

equations of the MOSFET capacitance are:

Ni + N.

ont(0) = Vi — 222 (1, 2 1)) (5.18)
Ny
Ni + N.
op(t) = Vin + b (Vo — Vip) cos(wnt)
Ni + N, (5.19)
’ v N2V LmCoss

N.
Virmin = 2Viy, — Vo, — <F2) (Vo = Vin) (5.20)

1

Comparing the value of Vs, obtained in the conventional converter in (5.3) with the

one driven in the proposed converter in (5.20) highlights that a considerable reduction
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Figure 5.6: Winding radio as a function of voltage ratio.

in the minimum output voltage across the MOSFET achieved in the proposed converter.
As a result, the ON state switching losses of the proposed converter decrease. However,
the optimal condition is when the MOSFET minimum voltage becomes zero. To this
end, the primary and secondary winding turn ratios can be adjusted to decrease the

MOSFET minimum voltage to zero as shown in (5.21).

V,
9__°
Ny %
=z in 21
Vin

Fig. 5.6 shows the winding turn ratio as a function of the output to the input voltage
ratio. As seen, having zero minimum output voltage requires a high winding ratio for
a low voltage ratio. On the other hand, a higher winding ratio causes a higher peak
primary winding current as shown in (5.17), which increases the converter diode current
rating and requires larger input and output capacitors. Consequently, having a winding
turn ratio around 4 or 2.33 which is achieved for 1.2 and 1.3 voltage ratio, respectively
is sufficient. This voltage ratio is sufficient for boosting the PV panel voltage in the
normal condition that the voltage at GMPP is around 0.8 x Vpe.

Fig. 5.7 shows the theoretical MOSFET output voltage and the primary winding
theoretical current waveform. The input average current (Isapep,), the average current
of the diode Dy (Ipjavepr), the primary and secondary winding RMS current ({p,mspr
and Ig,mspr), and the MOSFET RMS current (Ipsmspr) can be calculated based on this

waveform and supposing negligible resonant time.
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Figure 5.7: Proposed converter primary winding current and the MOSFET output volt-
age.

N. [max T
IDlAvePr - f 5 P (]_ — Dp,«) (522)
1
-[max T N.
IsAverr = 9 r (DPr + FQ (1 - DPT)) (523>
1
-[maXPr N2 2
Irmsr:— Dr - 1_Dr 5.24
PrmsP /3 pr+ <N1) ( Pr) ( )
Dy,
IS’I‘mSPT = ImaxPr 3P (525>
D,
IMrmsPr - [maxPr 3P (526)

where . pr, and Dp, are the reference maximum current and the duty cycle of the
proposed converter, respectively. The steady-state output voltage can be achieved using
the volt-second balance of the converter inductor for both conventional and proposed
converters. This value is shown in (5.27) for the proposed converter, and in (5.28) for

the conventional converter.

_ N1+(N2 (1_DPT>) 1

V,
N1+N2 (1—Dpr)

Vin (5.27)
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1

)

Vin (5.28)

Equations (5.27) and (5.28) can be used to calculate the relation between the duty cycle
of the conventional and the proposed converter to have equal output voltage. Equation

(5.29) shows this relation.
NIDPT

D =
N1+ Ny (1 — Dp,)

(5.29)

The secondary winding leakage inductance changes the current shape when the input
voltage is low. However it does not have any effect on the voltage drop across the
MOSFET; therefore, the minimum resonant voltage does not change. Fig. 5.8 and Fig.
5.9 illustrate the effect of the secondary leakage inductance when the MOSFET turns
off. Both diodes D; and Ds turn on at this moment. While D; carries the primary
current (ip) to discharge the stored energy in the magnetizing inductance, the diode Do
provides a path to discharge the stored energy in the secondary leakage inductance to

the capacitor Cy,. The voltage drop across the primary windings is V;,, — V,,, therefore,

the voltage across the secondary windings is Fj(‘/;n —V,). When the input voltage is a
low value, the secondary voltage is a high value because the output voltage is constant.
Therefore, the voltage drop across the secondary leakage inductance is low and the
required time to decrease the leakage inductance current to zero is long which changes

the shape of the primary current as seen in Fig. 5.9.
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Figure 5.9: The leakage inductance effect on the primary current and the MOSFET
output voltage waveforms (red: leakage inductance current, green: magnetizing current).

5.4 Loss analysis of the proposed and conventional

converters

Although the main objective of the proposed converter topology is decreasing the
switching losses, the other power losses such as the inductor, diode, and MOSFET
conduction losses decrease effectively resulting in a highly efficient power optimizer con-
verter. In order to compare the performance of the proposed converter with the conven-
tional one, the average input current, which is the same as the photovoltaic cell output
current, should be kept equal. The equalization of (5.5) and (5.23) yields the follow-
ing relationship between the maximum current reference of proposed and conventional

converters.

1

[maxPr - N. [max
(DPT + FZ (1 - DPT‘))
1

(5.30)

5.4.1 The MOSFET switching losses

The switching losses of the proposed converter (Ps,p,) are divided into two parts
including ON-state switching ( Psy,pron) and OFF-state switching (Psy,proff). The OFF-

state switching loss is related to a time interval when the MOSFET current reaches the



5.4. LOSS ANALYSIS OF THE PROPOSED AND CONVENTIONAL CONVERTERS 96

reference maximum current and the ON-state switching happens when the MOSFET

turns on in the minimum point of the resonant voltage in the valley switching mode as

follows. s
Pswprofs = %PrlmaxPr (Vin = (1 4+n)(Vin = Vo)) torr (5.31)
swr'r N 2
PSwPrOn - f F Ooss 2‘/;71 - VZ) - 2 (V:) - ‘/m) (532)
2 Ny

It can be seen that the switching losses are decreased in the proposed converter. It is
worth mentioning that the switching frequency of the proposed converter in (5.33) is

different from the switching frequency of the conventional one which is shown in (5.13).

(n+1) Vin (Vo — Vi)

swPr — 5.33
Jewrr = o (1) (Vo = Vi) + Vi) (5.33)
5.4.2 The MOSFET Conduction Loss
The conduction loss of the MOSFET can be calculated as follows:
Irnaxp?“2
PCOPT‘ - Ron DP’!’ (534)

3

Equation (5.30) should be satisfied to compare the conduction loss of the MOSFET for
the conventional and the proposed converters, which are shown in (5.10), and (5.34),
respectively. Equation (5.35) shows the relation between the MOSFET conduction loss

in the proposed and conventional converter.

PC'oPr - CO@ffM X PCoCon

Dp, 1
Coef fur = - F 55 (5.35)
(-DPT + _2 (1 - DPT‘))
Ny

where the duty cycle of the conventional converter (D) can be replaced by (5.29).
N1+ Ny (1= Dp,)

N, 2
Ni| Dp, + — (1 — Dp,
1<P+N1( P))

Coef fyr = (5.36)
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Figure 5.10: Coefficient Coef fy, as a function of duty cycle.

Fig. 5.10 shows Coef fi; as a function of the duty cycle for different winding turn ratios.

As can be seen, this coefficient is less than one for all duty cycle ranges which indicates
a lower MOSFET conduction loss rather than the conventional converter.

5.4.3 The Inductor conduction Losses
The primary and secondary resistances (R,,; and Ry..) depend on the winding turn
ratio and total winding resistance.

Ny
R,i=——R 5.37
P N1+ N 5 ( )
Ny
Ryee = —R 5.38
Ni+ N, (5.38)
Their conduction losses can be calculated using the RMS value of the primary and the

secondary winding currents, which are shown in (5.24) and (5.25), respectively.

2
P

N 2
max pr 2
pri — Rpri 3 P <DP7‘ + (ﬁl) (1 - DPT))

2
max pr
Rsec D pr

(5.39)
Psec =

I? N2
Prp. = Rs m;)xm <DP7~ + :

N (N, + V) (1— DPr))

(5.40)
The inductor power loss of the proposed converter is the sum of these two winding losses
as follows:

(5.41)
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The proposed converter inductor power loss can be calculated as a function of the con-
ventional converter power loss using (5.12), (5.30), and (5.41).

PLP’/‘ = CoeffLPLCon

N2Dp, + N2(1 — Dp, N{NyDp,
CoeffL:( 1 P+ 2( P)+ 14V2 P)

(N2Dp, + N3 (1 — Dp,) + N1 N3)

(5.42)
Fig. 5.11 shows the coefficient Coef f; as a function of the duty cycle for different

winding’s turn ratio that is less than one for all duty cycle range, indicating the inductor
power loss is always lower in the proposed topology.
1
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Figure 5.11: Coefficient Coef f1, as a function of duty cycle.
5.4.4 The diode conduction power loss

Diode conduction power loss can be calculated using the average current of diode D,

supposing negligible secondary winding leakage current. Its average current is shown in
(5.22) and the diode conduction power loss is shown in (5.43).

P NQ ]maXP’r‘
DPr —

N 2 Vi (1 = Dpy)

(5.43)
This loss can be written as a function of the conventional converter diode conduction
loss using (5.9), (5.29), (5.30), and (5.43).

PDP?" - CoeffDPDC’On

Coef fp = 21~ Drr)

NiDp, + Ny (1 — Dp,)

Ny + Ny (1— Dp,) (5.44)
Nl (]- - DPT') + N2 (]- - DPT‘)
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Figure 5.12: Coefficient Coef fp as a function of duty cycle.

Fig. 5.12 shows coefficient Coef fp as a function of the duty cycle for different winding
turn ratios. As seen in this figure, Coef fp is less than one which means the diode

conduction loss is a lower value in the proposed converter.

5.5 Experimental Verification

Fig. 5.13 and Fig. 5.14 show a prototype and its control circuit for the proposed
boost power optimizer, respectively. I RF640 MOSFET and APT100520BG diodes are
used in this prototype and the other elements are shown in Table 5.1. The current
controller and the zero voltage switching circuits are designed to implement the valley
switching operation. In addition, working in the DCM is possible. This operation is
useful to compare the output voltage oscillations of the MOSFET in the conventional
and proposed converters. To do this, the jumper J3 is disconnected to disable the
valley switching controller then the MOSFET gate pulse is applied by a pulse generator
implemented by a 555 timer IC shown in Fig. 5.13. Also, jumpers J1 and J2 are
employed to change the configuration as the conventional or proposed converter (J1 is
open and J2 is closed for the conventional converter configuration and J1 is closed and
J2 is open for the proposed converter configuration). To highlight the effectiveness of
the proposed topology in reducing the losses, the output voltage is set to 48V and two
scenarios were considered during the tests as follows:

Scenario 1) Low output to input voltage ratio: Fig. 5.15 and Fig. 5.16 show the input
current of the primary winding and the output voltage of the MOSFET in the DCM

mode for the proposed and conventional boost power optimizer when the input voltage
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Figure 5.13: Prototype of the proposed boost power optimizer.
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Figure 5.14: Control circuit of the proposed boost power optimizer.
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Table 5.1: System specifications for resonance boost power optimizer verification

Parameter Description Value/Part number
C, Output capacitor 470uF, 100V
Cin Input capacitor 470uF, 100V
Ceam Auxiliary capacitor 3ukF, 350V

R, The MOSFET gate resistor 33Q,0.25W
R, Current feedback resistor 0.2Q2, 10W

L Inductance 266uH

Ny Primary winding turns )

No Secondary winding turns 20

.
g Grcrvtei P,UISQ s, BT

Vi

/

10.0ps 12.5MS/s cH2]

=" .800.000ns 2000 points 12

Figure 5.15: The primary winding’ current and the MOSFET output voltage for the
proposed boost power optimizer in DCM mode and V;,, = 40V.

is 40V. In this condition, the voltage ratio is 1.2, therefore, the required winding turn
ratio to have zero minimum voltage in the proposed boost power optimizer is around 4
according to (5.21). As seen, the minimum point of the MOSFET output voltage is zero
for the proposed boost power optimizer. Consequently, if the valley switching mode is
activated for the proposed boost power optimizer, the ON-state switching loss will be
zero. On the contrary, the minimum point of the MOSFET output voltage is 32V for
the conventional converter; therefore, if the ON switching of the MOSFET occurs at
this point, the ON-state switching loss of the conventional converter is high compared
to the proposed converter.

Scenario 2) High output to input voltage ratio: Fig. 5.17 and Fig. 5.18 show the input
current of the primary winding and the output voltage of the MOSFET in the DCM
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Figure 5.16: The primary winding’ current and the MOSFET output voltage for the
conventional boost power optimizer in DCM mode and V;,, = 40V.

mode for the proposed and conventional boost power optimizers when the input voltage
is 20V. According to (5.3), when the output voltage to the input voltage ratio increases
in the conventional boost power optimizer, the minimum value of the MOSFET output
voltage decreases. In this case, the minimum point is —8V, therefore, the body diode
clamps it to zero. The minimum resonant voltage across the MOSFET in the proposed
converter is also zero; therefore, when the voltage ratio is high, the valley switching has
a significant effect in decreasing the switching losses in both converters.

In PS conditions, the GMPP voltage occurs in lower ranges, therefore, these conditions
are in scenario 2. As explained above, both the conventional and proposal converters
have zero resonant voltage across the MOSFET and the valley switching decreases their
switching losses significantly. On the other hand, the PV voltage is close to the output
voltage in non-shading conditions, consequently, they are in scenario 1, and applying the
valley switching does not have a considerable effect in decreasing the switching losses
of the conventional converter. While the minimum resonant voltage of the proposed
converter becomes zero in these conditions and the valley switching can improve its
efficiency considerably.

Fig. 5.19 shows the MOSFET output voltage, the primary winding and the input
current for the proposed boost power optimizer when the valley switching mode is acti-
vated and the input voltage is 40V. As seen, the ON-state switching of the MOSFET
occurs at the minimum point of its voltage; therefore, the MOSFET output voltage

does not oscillate. Also, the input current is smooth and does not have any significant
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Figure 5.17: The primary winding’ current and the MOSFET output voltage for the
proposed boost power optimizer in DCM mode and V;,, = 20V
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Figure 5.18: The primary winding’ current and the MOSFET output voltage for the
conventional boost power optimizer in DCM mode and V;, = 20V.
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Figure 5.19: The MOSFET output voltage, the primary winding, input and output
current for the proposed boost power optimizer in the valley switching mode, V;,, = 40V,
and V, = 48V.

Table 5.2: The maximum reference current and the duty cycle of the proposed and
conventional boost power optimizer to have equal input current (V, = 48V, I;,, = 2.5A,
N; =5, and Ny = 20)

Parameter V,, =40V V,, =20V

Dp, 0.50 0.88
D 0.17 0.58
Lnazpr 2.0A 3.68A

y fp. 5A 5A
Jow 5.0kHz 8.78kHz
Jswpr 37.59kHz  17.88kHz

ripples. The oscillations on the MOSFET voltage are because of the secondary leakage
inductance effect as illustrated in Fig. 5.9 and Fig. 5.15 and do not have any impact on
the operation of the valley switching mode.

Table 5.2 shows the duty cycle and the maximum reference current of the conventional
and proposed boost power optimizers to have equal input current and output voltage.
Two cases are considered for the input voltages. The valley switching mode is considered
in the calculation of values for both converters. The maximum reference current and
the duty cycle of the conventional and proposed converters are calculated using the
input current and the input and output voltages (equations (5.5), and (5.28) for the

conventional converter and (5.29) and (5.30) for proposed converter).
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Figure 5.20: Losses of converter elements for V;, = 40V (Pp: converter diodes losses,
Pp: inductance losses, Poo,: MOSFET conduction losses.)
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Figure 5.21: Losses of converter elements for V;, = 20V (Pp: converter diodes losses,
Py inductance losses, Poo,: MOSFET conduction losses.)

Fig. 5.20 and Fig. 5.21 show power losses for both the proposed and conventional
converters for the input voltage equal to 40V and 20V, respectively according to Table
5.2 and the equations presented in the previous sections. As can be seen, losses of all
elements have been decreased using the proposed converter. Consequently, the proposed
topology has a higher efficiency than the conventional converter as shown in Fig. 5.22.
In order to further highlight the performance of the proposed topology, a comparison
was also made with some converters in the literature in terms of the number of diodes,
MOSFETs, passive elements, and efficiency at V;,, = 28V as shown in Table 5.3. Not only
the proposed power optimizer proposes a higher efficiency and reliability in comparison
with other available converters, but also it presents a cost-effective device since less

components are used in its topology.
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Figure 5.22: The proposed and conventional converter efficiency.

Table 5.3: Comparison between the proposed power optimizer and some similar refer-
ences in view of circuit components and efficiency.

[9] [13]  [16]  Proposed Conv.

Diode 3 2 2 2
MOSFET 2 2 1 1
Resonance Capacitor 1 1 3 0
Magnetic Core 2 1 3 1

Efficiency <92% 96% < 94% 98%




Chapter 6

Conclusions and Future Work

6.1 Concluding Remarks

Achieving highly efficient energy generation in a PV system under PS conditions is
a well-known challenge. This is because the PV inverters in the market are not opti-
mally designed to address an uneven solar irradiation on a PV panel surface, leading
to a low or zero energy generation. To cope with this issue, this thesis aims to provide
a PV generation system with sophisticated parts including an advanced MPPT algo-
rithm, a novel PS detection mechanism, and an enhanced DC-DC power optimizer that
can improve the efficiency of PV systems significantly. A sophisticated MPPT algo-
rithm tracks the GMPP with minimum power fluctuations during tracking and steady
state periods resulting in a significant decrease in energy losses. Every MPPT algorithm
should be accompanied by a PS detection mechanism for its reinitialization otherwise
the operating point gets stuck in an LMPP and energy losses increase. This detector is
used in other applications such as power balancing converters as a trigger system or for
PV cleaning scheduling, as a result, it should be independent of the MPPT algorithm.
Apart from the PS mechanism, implementing the MPPT algorithm is important for an
efficient PV generation system. The MPPT algorithm can be implemented directly by
the inverter. The PV voltage provides the DC bus of the inverter using capacitors to
reduce the voltage fluctuations. However, the voltage tracking range of an inverter is
restricted due to its minimum DC bus value. A DC-DC boost converter can track the
GMPP in low voltage values providing the ability to work in deep PS conditions. Some
requirements should be addressed to employ these converters in PS conditions such as

high voltage gain ratio and managing the converter losses. Utilizing the resonance is an
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effective approach to increase the efficiency of the converter. However, its implemen-
tation requires adding more electrical components to the converter resulting in higher
cost and complexity. The valley switching technique solves this problem by employing
the resonance between the converter inductor and the intrinsic capacitance of the MOS-
FET. Operating in a wide input voltage range due to the operation in PS conditions is
an obstacle to implementing this method. Consequently, a new topology should be used
to employ this method effectively. These issues were addressed in this thesis and the

following conclusions were drawn:

1. A possible comprehensive solution for solving the problems of the MPPT algo-
rithms is an ANN model to estimate their initial duty cycles, leading to a reduction
in the tracking time and power fluctuations. Additionally, this method effectively
resolves the issue of getting stuck in an LMPP. In the proposed method, PS con-
ditions are regarded as different shading patterns on the PV cells of a PV panel to
calculate the GMPP voltage value accurately. Defining a dominant cell decreases
the number of patterns; therefore, a precise dataset can be prepared. Moreover,
measuring the shading rate on the PV modules electrically results in avoiding uti-
lizing digital cameras or irradiation sensors. The PSO MPPT algorithm was chosen
as the application for the proposed solution to prove its effectiveness in solving the
problems of the MPPT techniques. Stability and steady-state analyses illustrate
the necessity of such a solution. Also, the stability criteria reveal the origin of
different issues in the operation of this MPPT algorithm. Finally, the combination
of the proposed ANN model with the PSO algorithm improves the performance of
the system as the experimental results prove the correctness of the analyses and
validate the efficiency of the proposed MPPT algorithm. The experimental results

indicate a 7% improvement in harvested energy employing this technique.

2. The analyses of the traditional scanning methods reveal their deficiencies in the
MPPT application and a lack of a sophisticated scanning method. A novel con-
verter was introduced in this thesis which does not require applying a short cir-
cuit at the terminal of the PV panel where an electrolytic capacitor is connected,
thereby avoiding any detrimental effect on the lifetime of the system. The idea
and the explanation of its performance highlight the flexibility of its implemen-
tations. Both the push-pull converter employing an isolated transformer and the

full bridge converter accompanied by an inductor can be used to implement the
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idea. The scanning method is performed in two phases. In the first phase, the
RHS of the I-V or P-V curve is scanned then the LHS is scanned immediately.
Each scan is done fast, therefore, it can be used as a replacement for the MPPT
algorithm in a dynamic environment where the PV panel is installed on a moving
object and the GMPP value changes fast in comparison to the usual condition.
The experimental results show the voltage drop at the terminal is 9.5% and the

scan is done in 6.5 ms.

As part of this thesis, different PS detection methods were investigated. It was
demonstrated that the traditional methods are ineffective under certain conditions.
The PS detection method based on a comparison of two generated power samples
fails to detect the PS condition occurrence when it happens slowly. Also, the
method based on measuring the voltage drop on the anti-parallel diode of the
PV panel is influenced by the operating voltage of the system. In this thesis,
the output characteristics of the PV panel are detected using a current pulse.
The number of steps on the I-V curve reveals the number of PV modules with
different shading values. Therefore, there is no PS condition in the system if there
is not any step in its associated curves. Fast PS detection is another advantage
of the proposed idea; consequently, it is ideal for different applications such as
power-balancing converters. Also, the required circuit implementation is based on
the wave-shaping converter resulting in a simple configuration. The experimental
results in low, high, and a combination of PS conditions on the PV panels prove
the effectiveness of the circuit, with the terminal voltage drop being less than 10%

for the worst case.

Finally, the proposed boost power optimizer takes advantage of self-resonance
caused by the converter inductor and the intrinsic capacitance of the MOSFET.
The analyses illustrate that if the traditional converter is solely designed to exploit
the resonance in the low voltage value caused by the PS conditions, the reduction
in losses is not significant in the non-shading condition because in this situation the
minimum resonance voltage of the MOSFET is not low enough. Coupled inductors
are employed in the proposed converter to address this issue which decreases the
minimum value of the MOSFET voltage to zero, leading to minimum switching
losses. In addition, the other losses such as the conducting losses of the MOS-

FET, inductor, and diode are reduced effectively, resulting in an increase in the
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efficiency of the converter in a wide input voltage range. The experimental results
demonstrate that the converter achieves an efficiency of 98% while it tracks the

GMPP successfully in low voltage ranges.

6.2 Research Perspectives

Based on the research work in this thesis, several recommendations for future studies

are presented here:

e The proposed ANN-based MPPT technique is designed for DC/DC power op-
timizer. Additional research could be performed on the grid-connected or grid-

forming inverter controller which is a promising research subject.

e The effect of the grid-connected inverter features such as low voltage ride through,
supporting the weak grid, and power sharing in the parallel configuration on the

MPPT procedure, especially in PS conditions should be investigated.

e Implementing the fast I-V scanning method directly by the inverter is essential to
decrease the final price of the system and extend tracking the GMPP in the PS

conditions.

e An artificial intelligence model could be employed to categorize the deficiencies of

the PV system by analyzing the acquired I-V curve of the PV panel.

e A new topology could be used to implement the proposed PS-detecting idea as a

PS detector and an MPPT converter simultaneously.

e Implementing the PS detector directly by the inverter is promising for PV panel

maintenance scheduling which is an interesting research subject.

e Adding the high voltage ratio to the proposed boost power optimizer is recom-

mended to employ the resonance in these types of power optimizers.

e The effect of using the resonance-based power optimizer on the size of filters espe-

cially the EMI filter can be promising.



Appendix A

Initial Point Estimator Using Linear
Regression

The relation between the temperature, irradiation, depth of shading, and the GMPP
voltage values is highly nonlinear; therefore, an ANN model is a better choice compared
to other regression methods. To prove this fact, a comparison is made between an ANN
and a linear regression model. The number of data is 1050, of which 20% data is chosen
randomly for testing and 80% data is chosen for training the model. Fig. A.1 and Fig.
A.2 show the result for both test and training data. As seen the ANN model estimates
the function better than the linear model. The RMS error of the ANN model is 0.77
while this value is 3.3 for the linear regression.

Output of the ANN (Training Data)

T
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*  Real Value 1

Output of the Linear Regression (Training Data)
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Voltage at MPPs(V)

0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
Number of data Number of data

Figure A.1: The output of the ANN and linear regression models for training data.
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Figure A.2: The output of the ANN and linear regression models for test data.



Appendix B

The Codes for TMS320F 335 to
Implement the ANN Model

The ANN model was trained in MATLAB software and then the matrices and vectors
associated with coefficients and bias values for the hidden layers and output layer were
extracted. These values were used in the DSP codes as follows:

float32 input_coeff[5][5] = {{0.0755, —1.3923, —2.6250, 15.1610, 0},
{1.3729, 0.4663, —14.9845,9.3237, 0},
{0.0219, —0.5447, 1.0075, —19.1421, 0},
{—0.1840, —1.8049, —0.1603, 1.7587, 0},
{0.1093, —0.0634, —0.0090, 0.0802, 0} };
float32 hidden one_coeff[5][5] = {{—5.0344, —16.0908, 14.5571, —4.0667, 3.1155},
{—0.6996, —0.0229, —0.0566, —0.1650, 2.0875},
{0.9656, 0.0400, 0.0748, 2.3395, —0.2967},
{—9.0358,0.9300, 0.1793,3.1794, 1.9665},
{—2.3297,5.3535, —3.3218, —5.1711,1.6562} };
float32 hidden two_coeff[5] = {—0.5937, —1.8299, —1.3294, —0.3614, 1.1058};
float32 bias_one[5][1] = {{11.1579},
{2.0173},
{—14.4245},
{—1.8145},
{0.4257}};
float32 bias_two[5][1] = {{—4.4176},
{~0.4566},
{2.0179},
{—6.5822},
{2.6920}};
float32 bias_three = —1.2982;

To increase the calculation speed in DSP and avoid the delay, a lookup table is used
for tansig transfer function instead of using the math library. To this end, the output
of this function is calculated in MATLAB software for the input values between -5 and
5. To have an acceptable accuracy this range was divided into 200 units.
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float32 tansig[201] = {—1,—0.9999, —0.9999, —0.9999, —0.9999, —0.9999, —0.9999, —0.9999, —0.9998, —0.9998,

—0.9998, —0.9998, —0.9997, —0.9997, —0.9997, —0.9996, —0.9996, —0.9996, —0.9995, —0.9994,
—0.9994, —0.9993, —0.9992, —0.9991, —0.9990, —0.9989, —0.9988, —0.9987, —0.9986, —0.9984,
—0.9982, —0.9980, —0.9978, —0.9976, —0.9973, —0.9970, —0.9967, —0.9964, —0.9960, —0.9956,
—0.9951, —0.9946, —0.9940, —0.9934, —0.9927, —0.9919, —0.9911, —0.9901, —0.9891, —0.9879,
—0.9867, —0.9853, —0.9837, —0.9820, —0.9801, —0.9781, —0.9758, —0.9733, —0.9705, —0.9674,
—0.9641, —0.9604, —0.9563, —0.9518, —0.9469, —0.9414, —0.9355, —0.9289, —0.9217, —0.9138,
—0.9052, —0.8957, —0.8854, —0.8741, —0.8618, —0.8483, —0.8337, —0.8178, —0.8005, —0.7819,
—0.7616, —0.7398, —0.7163, —0.6911, —0.6641, —0.6352, —0.6044, —0.5717, —0.5371, —0.5006,
—0.4622, —0.4219, —0.3800, —0.3364, —0.2914, —0.2450, —0.1974, —0.1489, —0.09970, —0.05000,
0,0.04990, 0.09960, 0.1488, 0.1973, 0.2449, 0.2913, 0.3363, 0.3799, 0.4218, 0.4621, 0.5005,
0.5370, 0.5716,0.6043, 0.6351, 0.6640, 0.6910, 0.7162, 0.7397, 0.7615, 0.7818, 0.8004, 0.8177,
0.8336,0.8482, 0.8617, 0.8740, 0.8853, 0.8956, 0.9051, 0.9137, 0.9216, 0.9288, 0.9354, 0.9413,
0.9468, 0.9517, 0.9562, 0.9603, 0.9640, 0.9673, 0.9704, 0.9732, 0.9757, 0.9780, 0.9800, 0.9819,
0.9836, 0.9852, 0.9866, 0.9878, 0.9890, 0.9900, 0.9910, 0.9918, 0.9926, 0.9933, 0.9939, 0.9945,
0.9950, 0.9955, 0.9959, 0.9963, 0.9966, 0.9969, 0.9972, 0.9975, 0.9977, 0.9979, 0.9981, 0.9983,
0.9985, 0.9986, 0.9987, 0.9988, 0.9989, 0.9990, 0.9991, 0.9992, 0.9993, 0.9993, 0.9994, 0.9995,
0.9995, 0.9995, 0.9996, 0.9996, 0.9996, 0.9997, 0.9997, 0.9997, 0.9997, 0.9998, 0.9998, 0.9998,
0.9998, 0.9998, 0.9998, 0.9998, 0.9999};

The ANN model is used when the MPPT algorithm is initialized to estimate the
initial points. Some subroutines are written for matrices and vector multiplication and
the lookup table is used for the tansig transfer function.

if(go_ initial == 1)

Matrix_Multiply(input _coeff, input vector,res _mul vec);
Sum_Vec(res_mul vec,bias_one,res_sum_ vec);
tsig fun(res _sum _vec,res_tsig vec);

Matrix _Multiply(hidden one coeff,res tsig vec,res _mul vec);
Sum_Vec(res mul vec,bias two,res sum_vec);
tsig fun(res _sum_vec,res tsig vec);

Vec Multiply(hidden two_coeff,res tsig vec);
output_real = output_scale + bias_three;
output_voltage = (output_real + 1.0)/out data gain + out data_offset;

check one = input_ vector[2][0];
check two = input_ vector[3][0];
check three =d_one;

check four =d_two;

check five = output_voltage;

Cur_sf2 = ((output _voltage * 2.0) — 8.0)/50.0;

PSO_One = Cur_sf2;

PSO_ Two = Cur_sf2+0.1;
PSO_Three = Cur_sf2 — 0.1;
Pow One = 0;

Pow Two = 0;

Pow Three = 0;

go_on = 1;
PSO_Initial = 1;
PSO_ Counter = 0;

}
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void Matrix Multiply(float32Mat[5][5], float32vec[5][1], float32out vec mul[5][1])

{
for(ic = 0;ic < 5;ic + +)
{
out_vec_mulfic][0] = 0;
}
for(ic = 0;ic < 5;ic + +)
{
for(jc = 0;jc < 5;jc + +)
out_vec mulfic][0] = out vec_mul[ic][0] + Mat[ic][jc] * vec[jc][0];
}
}
}
void Sum_ Vec(float32vec one[5][1], float32vec two[5][1], float32out vec sum[5][1])
{
for(ic = 0;ic < 5;ic + +)
{
out_vec_sumlic][0] = 0;
}
for(ic = 0;ic < 5;ic + +)
{
out_vec_sumlic][0] = vec_onelic][0] 4+ vec_ twolic][0];
}
}

void tsig fun(float32vec in fun[5][1], float32vec out fun[5][1])

float32index fun f;
Uint16index fun i;
for(ic = 0;ic < 5;ic + +)
{
if(vec_in_funlic][0] < —5)
{
vec_out_funfic][0] = —1;

if(vec_in_ funlic][0] > 5)

vec_out_funfic][0] = 1;

—

if((vec_in_fun[ic][0] >= —5)&(vec_in_funl[ic][0] <= 5))

~~

index fun f=vec in fun[ic][0] * 20.0 4 100.0;
index fun i=index fun f;
vec_out_funlic][0] = tansiglindex fun_iJ;

}
}
}
void Vec_Multiply(float32Vec inn_one[5], float32vec _inn_two[5][1])
{
output_scale = 0.0;
for(ic = 0;ic < 5;ic+ +)
{
output_scale = output_scale + Vec_inn_onelic] * vec_inn_ twol[ic][0];
}
}

The following codes were used for the PSO MPPT algorithm. The initial particles
for the traditional PSO method are chosen randomly while these values are calculated
from the ANN model as its codes are shown above.
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if(PSO _Initial == 0)
if(PSO_ Counter == 1)

Pow_Three = Cur_ Pow;
if(Pow_Three > PSO_ Three_ Power)

PSO_ Three Power = Pow Three;
PSO_Three_Ind = PSO_ Three;
}

if(Pow_Three > PSO_ Best_ Power)

PSO_ Best Power = Pow_Three;
PSO_Best_Ind = PSO_ Three;

}

PSO_One_Next = PSO_One + Omega * (PSO_One — PSO_ One_ Previous)+
PSO_Coeff Onex Rand Num_One* (PSO_Best Ind — PSO_One)+
PSO_Coeff Two*Rand Num_ Two % (PSO_One Ind — PSO_ One);

New sf2 =PSO_One Next;

PSO_One_Previous = PSO_ One;

PSO_One = PSO_One_ Next;

)
if(PSO_ Counter == 2)
{
Pow_ One = Cur_ Pow;
if(Pow _One > PSO_One_Power)

PSO_One_ Power = Pow_ One;
PSO One Ind = PSO_One;
}

if(Pow_ One > PSO_ Best_ Power)

PSO_Best Power = Pow_One;
PSO_ Best Ind = PSO_One;

PSO_Two_ Next = PSO_Two + Omega * (PSO_Two — PSO_Two_ Previous)+
PSO_Coeff One * Rand Num_One * (PSO_Best Ind — PSO_Two)+
PSO_Coeff Two* Rand Num Two* (PSO_ Two Ind —PSO_ Two);

New _sf2 = PSO_ Two_ Next;

PSO_Two_Previous = PSO_Two;

PSO_Two = PSO_Two_ Next;

}
if(PSO_ Counter == 3)
{
Pow Two = Cur_ Pow;
if(Pow_Two > PSO_Two_ Power)

PSO_Two_ Power = Pow_ T'wo;
PSO_Two_Ind = PSO_ Two;

}
if(Pow_Two > PSO_ Best_ Power)

PSO_Best_Power = Pow_ Two;
PSO_ Best Ind = PSO_Two;

¥
PSO_Three Next = PSO_Three + Omega x (PSO_Three — PSO_Three Previous)+
PSO_Coeff One * Rand Num_One % (PSO_Best Ind — PSO_Three)+
PSO_Coeff Two* Rand Num Two * (PSO_Two_ Ind — PSO_Three);
New sf2 =PSO_Three Next;
PSO_Three_ Previous = PSO_ Three;
PSO_ Three = PSO_Three Next;

}
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if(New_sf2 > 0.9)

New _sf2 = 0.9;
}
if(New sf2 < 0.1)
New_sf2 = 0.1;
}

go_initial = 0;
counter = 0;

}



Appendix C

The Signal Conditioning and
Optocoupler Circuit

The TMS320F28335 DSP operates with 3.3 V' signal level while the boost power opti-
mizer works with the logic signal at 5 V' level. Also, buffering the output PWM signals of
the microcontroller is essential to avoid overloading the device. Other requirements such
as protecting the PWM signals from overlapping are required. Therefore, an interface
circuit was designed which is shown in Fig. C.1 and Fig. C.2. The high-speed 6N137
optocoupler is used at the output stage while the buffer IC (74HC245), logic gate NOT
(74L.S04), and logic gate AND (74LS08) are utilized at the input stage. This board can
handle 8 PWM signals with a maximum frequency of 10M H z, therefore, it has enough
bandwidth for power electronic applications.

5V 5V
6N137 T
74HC245 741508 4700“ 3
PWM_A : '
3 66— Out_A
SﬂO.IUF
5V
6N137 TV
4700 8
74HC245 . 2 7 [f4700
PWM_A ) 300 _>0 1 (FjuuT
B Sﬂ du

741508

Figure C.1: The signal conditioning and optocoupler circuit for phase A and its com-
plementary.
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Figure C.2: The signal conditioning and optocoupler PCB.
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