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ABSTRACT

Of all the renewable energy sources, solar photovoltaic (PV) power is considered to be a popular
source owing to several advantages such as its free availability, absence of rotating parts,
integration to building such as roof tops and less maintenance cost. The nonlinear current—
voltage (I-V) characteristics and power generated from a PV array primarily depends on solar
insolation/irradiation and panel temperature. The power output depends on the accuracy with
which the nonlinear power—voltage (P-V) characteristics curve is traced by the maximum
power point tracking (MPPT) controller. A DC-DC converter is commonly used in PV systems
as an interface between the PV panel and the load, allowing the follow-up of the maximum
power point (MPP). The objective of an efficient MPPT controller is to meet the following
characteristics such as accuracy, robustness and faster tracking speed under partial shading
conditions (PSCs) and climatic variations. To realize these objectives, numerous traditional
techniques to artificial intelligence and bio-inspired techniques/algorithms have been
recommended. Each technique has its own advantage and disadvantage. In view of that, in this
thesis, a bio-inspired roach infestation optimization (R1O) algorithm is proposed to extract the
maximum power from the PV system (PVS). In addition, the mathematical formulations and

operation of the boost converter is investigated.

To validate the effectiveness of the proposed RIO MPPT algorithm, MATLAB/Simulink
simulations are carried out under varying environmental conditions, for example step changes
in solar irradiance, and partial shading of the PV array. The obtained results are examined and
compared with the particle swam optimization (PSO). The results demonstrated that the RIO

MPPT performs remarkably in tracking with high accuracy as PSO based MPPT.
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1 Introduction

Providing an affordable and reliable electricity supply has become an important requirement
for modern society. According to International Energy Agency (IEA) of Organization for
Economic Cooperation and Development, global electricity consumption is projected to be
nearly double between 2015 and 2040, growing at an annual rate of 2.4%. This will rise by 60%
between 2015 and 2040, accounting for 55% of the world's energy demand growth [1].
Consequently, in the World scenario, the projected electricity generation by different sources
to increase rapidly as shown in Figure 1.1 [1]. The projected total global electricity generation
rises by more than 58% between 2015 and 2040.

Net electricity, thousand TWh
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Figure 1-1:Projected global electricity generation by region in World scenario [1]

The use of non-renewable energy sources such as oil, coal, and natural gas for the production
of electricity produces harmful emissions that affect the environment and cause global
warming. The urgent necessity to protect this planet has called for cleaner sources of energy,
of which solar power plays a significant role. Solar is a pollution-free source of energy, and it
is abundantly available. This energy is harnessed through a photovoltaic cell with other

technologies to provide heat, light, electricity for domestic use and industrial applications.

The global growth of solar PV capacity has been increasing consistently since 2000. Between
2000 and 2019, numbers grew by 632.4 gigawatts. In 2019, solar PV capacity reached 633.7
gigawatts globally, with 116.9 gigawatts installed that year [2]. Figure 1.2 shows the actual

cumulative capacity in gigawatts by select countries as of 2019.
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Figure 1-2: Global cumulative solar PV capacity by select country 2019 [2]

In Norway, 98 per cent of electricity production comes from renewable sources putting the
country in an unparalleled position in Europe and the global perspective. Production of
electricity in the country is mainly dependent on hydropower, but thermal and wind energies
also contribute to Norwegian electricity production [3]. Figure 1.3 shows the energy
consumption by source in Norway from 1965 to 20109.
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Figure 1-3: Energy consumption by source, Norway [4]

At the beginning of 2021, the total capacity of solar power installed in Norway was 160 MW,
Statistics showed that about 90% of the installed capacity, corresponding to around 7000

photovoltaic systems, was linked to the power grid. Statistics also show that though 85% of the
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photovoltaic systems are plants of less than 15 kW, these account for only a third of the
production capacity.

In 2020, approximately 40 MW of solar power was installed in Norway, corresponding to 350
solar panels installed each day in 2020. This increased the power capacity by 40% during the
year. It became higher in 2019 when the capacity increase was estimated at 50 MW [5]. The

figure below displays the bar chart of solar power installed in Norway from 2004 to 2020.
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Figure 1-4: Development in installed capacity for solar power in Norway [5]
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Figure 1-5: Photovoltaic solar cell construction [6]

Photovoltaics (PVs) is converting light (from the sun) into electricity by the use of
semiconducting materials that exhibit the photovoltaic effect. A PV system employs solar
modules, which comprise several solar cells, generating electrical energy or power [7].
Figure 1.5 shows the PV solar cell construction. Despite the recent technological enhancement
in PV utilization characteristics, such as reducing cost and improving efficiency, the low energy

conversion efficiency of PV systems remains a significant drawback to the utilization of PV
power.
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One other major issue with PV power generation is the reliance on environmental factors, such
as solar irradiance and ambient temperature. Since the cost involved in PV power generation is
high and to make to most profit on investment, it is very important to extract most of the
available solar energy through the panels. Therefore, the control unit of the PV system must be
compelled through a better MPPT technique to extract the maximum power from the installed
PV arrays by providing a suitable duty ratio to control the DC-DC converter embedded in the
system. Taking into account all affecting factors of the PV, boosting the MPPT efficacy is a

low-cost method of improving the performance of the PV system [8].

1.1 Basic components and configuration of PV

A cell in the PV panel is a semi-conductive material that converts the light from the sun into
electricity. A PV module is several PV cells linked in series. Connection of modules in series
or parallel forms an array. A string is a series-connected set of solar cells or modules. Figure

1.6 shows the PV cell, module, string and array.

Solar cell to solar farm

Many cells make a Many modules make

B

S in series on a string

Many arrays make a

module an array solar farm

Cell

Module

Modules in parallel on a string
String

Figure 1-6: Cell, module, panel, and array

The output voltage of a typical PV cell is around 0.6V at 25°C (normally around 0.58V)
irrespective of how big they are [9]. The panels are connected in series and or parallel to gain
the voltage and or current required. Series and parallel configurations are the basic
configurations used; therefore, other configurations are derived [10]. Other topologies of PV

configuration are the series-parallel (SP), total-cross-tied (TCT), bridge-linked (BL), etc.

Series—parallel (SP): in this configuration, all the solar modules are initially connected in
series, then these series connections are then combined in parallel. The shading effect on one

of the modules of the SP string causes losses that affect all the modules in that string. One
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advantage is, when the shading effect occurs, only one string of the SP array is affected, while

in series, the entire array is affected [11].

Total-Cross-Tied (TCT): this is derived from SP configuration by connecting crossties across
each module's row. The voltage across each row is the same, and the sum of current across each

column is the same in this configuration [11].

The Bridge Linked (BL): Aims to reduce the number of connections between adjacent strings
of modules by about half compared to the topology (TCT), which significantly reduced the
amount and wiring length of the PV array [11]. Figure 1.7 shows the solar configurations

explained above.

Figure 1-7: (a). Series-parallel (SP), (b). Total-cross-tied (TCT), (c). Bridge—linked [12]

1.2 PV Modelling and Characteristic

To establish the behaviour of a solar cell electronically, an equivalent model is made based on
basic electrical components whose behaviour is well known. It is modelled by a current source
in parallel with a diode, a shunt resistance and a series resistance component [13]. The

equivalent model of a solar cell is shown in Figure 1.8.

= ‘V\/WW—)—SQ
c + lon J'Id TR
N
\ f) DI! RSh va
O

Figure 1-8: Equivalent model of a solar cell
In Figure 1.8, Rs and Rsn are the intrinsic series and shunt resistor of the PV cell (Q),

respectively. lsn is the current through Rsh. Di is the intrinsic Diode. lq is diode current (A), Ish is
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shunt current (A), Iphis the light-generated current in the cell (A). Vpv and Iy are the PV output

voltage and current, respectively. G is the solar irradiation.

1.2.1 Characteristic equation

From Figure 1.8, the current generated by the solar cell is equivalent to that produced by the
current source minus that which flows through the diode and the shunt resistor. This established

by equation (1.1) by Kirchhoff's current law [14].
Ly =1 =1 — 1y (1.2)
The current through these elements can be given by the voltages across them:
V, =V, +R,, (1.2)

Where, Vq is the voltage across the diode (V).

The PV cell is quantified by current-voltage characteristic operation as follows [14]:

q(va-HpvRs) V +1 R
pv  pv s
| =nty-n 1 fep ——— |1 || PV (L3)

pp AKTnS

3
. T Vel 11 ~ G
W|th | 0 = Irsl:ﬁ} exp(ﬁlf—?n , Iph = Isc +[K(T0 —Tr)]m

where, nsand np are the number of cells connected in series and parallel, g is the electron charge
(C), K is Boltzmann’s constant (J/K), A is the p-n junction’s idealistic factor, T is the cell’s
absolute temperature (°K), Tr is the cell reference temperature (°K), Ipnis the cell’s photocurrent
(it depends on the solar irradiance and temperature), Irs is the cell’s reverse saturation current,
Isc is the short-circuit current of the PV cell, Vo is the open-circuit voltage of the PV cell and

G is the solar irradiance.

1.3 Effect of Variation of Temperature and Irradiation

The P-V and I-V curves of a solar cell heavily depend on the solar irradiation level and
temperature. Solar irradiation and temperature as a result of environmental conditions keep on
changing throughout the day. Control mechanisms are put in place to track the changes to alter
the working of the solar cell to meet the required output. The open-circuit voltage increases

Page 6 of 55


http://en.wikipedia.org/wiki/Volt

with an increase in solar irradiation. This is because, when more sunlight incidents on the solar
cell, the electrons gain higher excitation energy, thereby increasing the electron mobility, and
thus, more power is generated. Figure 1.9 shows the effect of the variation of solar irradiation
on the PV cell. It is shown that as the irradiation increases, the power and current of the solar
PV increases as the solar irradiation increases.

For a specific temperature (To)

va5
S 5 | Vou Vo Vo <V Gs
j pvafF
& Po <Pov2 <Ppiz <Ppus _ Vv : PV voltage
> P \ i
LMY G <G <G<G <G ok Y MUM POWET | - PV current
§ Pow Ppy : PV power
= G : Solar irradiation
o Pu
To: Temperature
val vaz va3 va4 Vp\f:’: vae va7 va8 va9
PV voltageV,, (V)
(a)
lows —
lpvi <lpz <lpva <lpus Maximum power
louF— G4 i 4
< put po"it, max Pprcax . Power at MPP
\; val <va2 ~----va8 <va9 _.”' I pv
= s G3 4 | ™ : Current at MPP
. p pv
g
t Ipv2 - -
>
(@]
5
F ]
™ Gy <G, <G; <G,

val va2 va3 va4 va5 va6 va7 va8 va9
PV voltage V,, (V)

(b)
Figure 1-9: (a). P-V curve, and (b). I-V curve with respect to variations of solar irradiation

On the contrary, an increase in temperature negatively affects the power generation capability
of the solar cell. A temperature rise corresponds to a reduction in the open-circuit voltage. This
causes an increase in the bandgap of the material, and thus more energy is needed to cross this
barrier causing the efficiency of the solar cell to reduce [15]. Figure 1.10 shows that as the
temperature increases, the solar power of the PV decreases and vice versa.
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For a specific irradiation (G)

PV power:P,, (W)

Maximum power p max
point(MPP) . PV
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Top—>
1

L L L L L L
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PV voltage V,, (V)

va8

Figure 1-10: P-V curve with respect to the variations of temperature

1.3.1 Partial Shading Condition

The performance or the output of a photovoltaic (PV) array is highly affected by temperature,

solar insolation, shading, and array configuration. Usually, the PV arrays get shadowed entirely

or fractionally by the passing clouds, neighbouring buildings, trees, etc. In this situation, the

current (power) generated by other cells cannot pass through the shaded cells and is given out

in heat. Figure 1.11(a) shows that the shaded cells are forced to operate with a reverse bias

voltage to provide the same current as that of the unshaded cells. The current flowing through

the entire module in a series configuration is constant. However, the resulting reverse power

polarity absorbs power and reduces the power output of the shaded PV system. Continuously

operating the shaded cells in reverse bias voltage may cause hot spots and an open-circuit in

the entire PV array [16].
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Figure 1-11: (a). P-V curve of a PV array under PSCs, (b). |-V graph of PV cells in a reverse bias region [16]
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Figure 1.11(a) shows how the solar cell works under both shaded and unshaded conditions and
Figure 1.11(b) represents the PV graph of the PV cell with and without bypass diodes. It shows
how MPP differs in the shaded PV array with and without bypass diodes. This results in power
loss dramatically and can cause other serious problems such as hotspots which may melt the
solar cells and eventually destroy the solar array [17]. To prevent this from happening, bypass
diodes are used parallel with solar cells to limit the problems caused by partial shading. While
the solar cell works, the diode works in reverse biased mode and has no role in system
performance. When the paralleled cell with the diode gets shaded, the diode provides a current
path for other cells and prevents the hotspots from happening. However, adding bypass diodes
increases the complexity of the circuitry of the solar cell and creates multiple peaks in its
current-voltage curve. This causes the PV system to exhibit extra difficulties when tracking the
MPP because their P-V characteristics become complex and have multiple local maxima.
Figure 1.12(a) shows the configuration of the PV array under PSC, Figure 1.12(b) the P-V
curve for each sting under uniform and PSCs and Figure 1.12(c) is the resultant P-V plot under
PSCs.

o
Blocking

’ r Under uniform h
P diode w cF[Iﬁ\;\;gI + P . irradiation = . P, Global peak (Gp)
i i Srting-3 V4 V4 -
Srting-1  Srting-2 9 direction P Ps3 . P P, :
& 4 A = ——Srting-1 < h
PsC = Srting-2 - p ,
N S + P v3 F V3
l ‘l o P ——Srting-3 o P : :
A | 5 2 ] ]
] N AT = I Local peak
[ LY A A <3 vaz [ Under PSCs 2 va2 r II :
| > v >
> 4 4 1 o P //' J‘ N o : :
A Py Av pvif / } Pput | !
x x— i | Bypass | | |
diode } ! !
i A k- > >
a - - Vpl V2 Vps Vpu VpZ Vps
- PV voltage: V,, (V) PV voltage: Vy, (V)
0
C
(@) (b) (c)

Figure 1-12: (a). Configuration of the PV array system, (b). P-V curve for each string under PSC, (c). Resultant
P-V curve under PSC

1.4 Problem Statement

Photovoltaic (PV) technology has leading topic recently due to its harmless effect on the planet.
Irradiation and temperature are the main factors that affect the performance of the PV system.
However, when partial shading from surroundings occurs, irradiation reduces, affecting the
generated power output. Since traditional MPPT techniques fail to track the maximum global
power of the power-voltage (P-V) characteristic that arises due to this condition, a new tracking

method needs to be developed to locate the global MPP of the system. This project aims at
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proposing an MPPT algorithm to harness the optimum power from the solar panels under fast

irradiation changing and PSCs.

1.5 Objectives

e Literature Review of PV based MPPT algorithms

e Literature Review of conventional DC-DC converter topologies

e Proposing an intelligent (soft computing) based MMPT algorithm for PV system

e Developing the simulation in MATLAB/Simulink platform

e Deployment of the Arduino or FPGA board (i.e., Hardware implementation) to validate
the MPPT algorithm/control

e Based onthis, a high gain transformerless converter topology could be further developed

1.6 Project Structure

This project is presented as follows. In the first Chapter, an introduction or an overview is made
to the research topic. The second Chapter introduces the literature review on some PV-based
MPPT algorithms and DC-DC converter topologies. Chapter-three is the modelling of the DC-
DC boost converter used. In Chapter-four, RIO MPPT algorithm is proposed. Chapter-five
discusses the simulation results obtained from the simulation. Chapter-six presents the
conclusions. In this chapter, a conclusion is given on the work done, and possibilities for future

work is proposed.
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2 Literature review of MPPT algorithms and
Conventional DC-DC Converters for PV Applications

2.1 Literature Review of PV based MPPT algorithms

In the past decades, solar energy has been one of the preferred conventional energy sources due
to its low operation cost, nearly maintenance-free, and eco-friendly because it is one of the
cleanest energy sources [18, 19]. The reliance on climatic changes and the high installation cost
are the significant challenges of the PV system. Since PV cells are based on semiconductor
materials, they show nonlinear power-voltage characteristics, which require a maximum power
point tracking technology to increase power extraction under all conditions. The MPP is a
distinctive point on the (I-V) or (P-V) plot at a given solar irradiance and temperature at which
the PV system operates with optimal efficiency and produces its full output power. Since these
climatic conditions vary continuously throughout the day, tracking the maximum power point
from the PV is very challenging. To solve these issues, several MPPT techniques have been
reported to improve the overall performance of the PV system [20-27]. Based on their search
performance, application and mathematical formulation of the MPPT techniques are classified
in three-methods as shown in Figure 2.1[28]

i. Traditional MPPT methods: The most commonly used traditional MPPT methods can
be categorized into two types: the control methods based on parameter selection and the direct
MPPT control technique based on sampled data. The most common traditional MPPT
techniques are the Incremental conductance (IC) method [29, 30], perturb and observe (P&O)
[31], and hill-climbing (HC) method [32]. These traditional methods are simple, easy
implementation, and can track the MPP efficiently under normal conditions. However, they
have a disadvantage as continuous oscillations occur around the MPP, causing significant
power loss during a steady state. In addition, these methods are inefficient in managing the

problem of PSCs due to the presence of multiple peaks in the P-V characteristics.

ii. Intelligent control based MPPT: These MPPT controls were invented to counteract

the shortcomings of the traditional MPPT methods.

iii. MPPT methods used for partial shading: Various artificial intelligent MPPT techniques
have been implemented to handle the shortcomings of the traditional MPPT methods in
especially highly intermittent condition [33, 34]. These include fuzzy logic control (FLC),
artificial neural network (ANN), firefly algorithm (FA), particle swarm optimization (PSO), ant
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colony optimization (ACO), flower pollination algorithm (FPA), bat algorithm, grey wolf
optimization (GWO) [35, 36] and many more. In [37] presented a technique called flower
pollination algorithm (FPA) to mitigate PSC in building integrated PV power system (BIPVPS).
The results demonstrated that proposed trackers had high accuracy and stability in tracking the
global MPP in all the tested scenarios. Flower pollination activities can take place at all scales,
both local and global. The switching probability or proximity probability can be effectively
used to switch between the local and global.

Constant voltage tracking (CVT)
Parameter selection control Open-circuit voltage tracking (OVT)
Short-circuit current tracking (SCT)
Current scanning method (CS)
Perturb and observe (P&O)
Incremental conductance (IC)
Parasitic capacitance (PC)
Ripple correlation control (RCC)
Photovoltaic array combination (PAC)
Power feedback (PF)
Actual measurement (AM)
Al Fuzzy-logic (FL)

X Artificial neural network (ANN)
Intelligent

Nonlinear

Direct control

MPPT Techniques

Simple series (SS)
Array reconfiguration Series parallel (SP)
Bridge link (BL)
Total cross tied (TCT)
Particle swarm optimization-P&O (PSO-P&O )
Fuzzy-logic-P&0O (FL-P&O)
Artificial neural network-Incremental conductance (ANN-IC)
Particle swarm optimization (PSO)
MPPT under PCSs Genetic algorithm (GA)
Al Differential-evolution (DE)
Grey-wolf optimization (GWO)
Artificial bee colony algorithm (ABC)
Salp-swarm algorithm (SSA)
Ant colony optimization (ACO)
Bat algorithm (BA)

« Etc.

.

Modified direct control

ecee

Segmentation search method (SSM)
Fibonacci-linear search algorithm (FSA)
Other methods 0.8 Voc method
Random search method (RSM)

Figure 2-1: Classification of some common MPPT control methods [28]

Each algorithm can only be used at its best performance in an appropriate scenario and are
generally not fitting for a wide range of applications. Hence, researchers suggest hybrid
optimization techniques by combining two or more algorithms to improve the MPP tracking
with less computational time. The simulated annealing with PSO (SA-PSOGWO-FL [38], PSO-
P&O [39] and Jaya algorithm with differential evolution (Jaya-DE) [40] are such few examples.
From this point of view, applying or designing a new MPPT algorithm in PV system for
improving the search performance in real-time control problems is always welcome. By Seeing

efficacy of the soft-computing based intelligent optimization algorithms, in this thesis, a bio-
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inspired Roach Infestation Optimization (RIO) algorithm for tracking the maximum power

from the PV is projected.

2.2 Literature Review of Conventional DC-DC Converter
Topologies

Recently, the addition of electrical power to the grid through Renewable Energy Sources (RES)
is on the rise. The distributed generation (DG) systems powered by sources like PV systems
have also been adopted to meet the ever-increasing demand [41]. Power electronics is the use
of solid-state electronics to control and conversion of electric power. Obtaining the maximum
power from a panel is done with a DC-DC converter's aid [42]. These converters connect the
RES to the grid. Power semiconductor switches like MOSFET or IGBT used in these converters
operate when the appropriate pulse of suitable duty cycle is provided at the gate terminal to
switch according to the desired output voltage. The DC-DC converters step down or step up the
voltage from the generated voltage to the load [43]. Power electronics converters can be
categorized into four groups based on their input and output. AC-DC (rectifier), DC-AC
(inverter), DC-DC (DC-DC converter), and AC-AC (AC-AC converter)). These are further

grouped into two: isolated and non-isolated converters, as shown in Figure 2.2.

Conventional ‘
DC-DC Converter

L

Non-isolated Isolated
converter converter

y
Buck Boost Buck-boost SEPIC A
converter converter converter l l l l l
Flyback Forward Push-pull Full-bridge Half-bridge
converter converter converter converter converter

Figure 2-2: Classification of DC-DC converter topologies

Isolated converters separate the low voltage DC side from the high voltage side to prevent shock
hazard, achieve high voltage conversion for voltage matching, and avoid large current or
voltage rating semiconductor devices. High-frequency transformers are employed for such
purposes. Its disadvantage is the use transformer core which makes it bulky and makes it more
expensive. The non-isolated converters are simple in structure and are used primarily where
galvanic insulation between source and load is not needed. The advantages of this group are
low cost due to the use of fewer components and can gain high power density [44].
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The following section presents an overview of the commonly used conventional buck, boost
and buck boost converter topologies in solar PV. In this study, boost converter topology is used

in the PV system.

2.2.1 Buck Converter

The DC-DC buck converter reduces the output voltage level when compared with the input
voltage. The schematics of the buck converter is given in Figure 2.3. These are simple and
efficient converters. They provide continuous output current and require a large capacitor to
smoothen the discontinuous input current. They also need a higher gate side driver than the
boost converter [45]. In Figure 2.3, Vin is the input voltage of the converter. Vo are the output
voltage. Swis the switch (MOSFET), D; is the diode, C is the capacitor, R is the load resistance
and L is the inductor. The same symbols are used throughout the thesis to represent the

variables/parameters.

L
. ;
Vo Dk CT REV
: 3

Figure 2-3: DC-DC buck converter

2.2.2 Boost Converter

It is a DC-to-DC converter that increases the input voltage to its output. The schematic of this
converter is given in Figure 2.4. It has a continuous input current and a discontinuous output
current. This converter provides a better dynamic response but a higher value of inductance
than a buck converter is required. It needs a higher input side current, which may not always be
available due to the shading of PV panels. The protection against the reverse current is provided
naturally in these converters by the freewheeling diodes, but in a buck converter additional
circuitry is required. The cost involved is cheaper than a buck converter due to a lower value
input capacitor, lower current switch rating, and low side MOSFET driver requirement.
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L D,
+ +
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Vi £ L v
S, C R § i0
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Figure 2-4: Circuit diagram of a boost converter

2.2.3 Buck-Boost Converter

The output voltage of this converter can be more or less than the input voltage. The schematics
of the buck-boost converter is given in Figure 2.5. The magnitude of the output voltage depends
on the duty cycle. They are also known as the step-up and step-down transformers and these

names come from the traditional step up and step-down transformer.

Sw D;
i « 3
Vin L C=+— R § Vo
; ;

Figure 2.5: Buck boost converter

2.2.4 SEPIC Converter

Much attention has been given to the SEPIC topology recently because the output voltage
maybe either higher or lower than the input voltage. It is a boost converter followed by an
inverted buck-boost converter, making it similar to a traditional buck-boost converter. The
schematics of the SEPIC converter is given in Figure 2.6. The output is also not inverted as is
the case in a fly back or Cuk topology [46].

Di
— 1YY I '

\;/in Su— |—2§ C. = R§ VO

;

Figure 2-5: SEPIC converter
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3 Boost Converter Design and Operation

Conventional energy sources such as photovoltaic (PV) require power electronic conditioning.
The internal resistance of a solar PV panel alters with atmospheric conditions, but its load
resistance remains unchanged. The MPPT algorithm integrated into a converter helps to achieve
load matching and extracting maximum power from the PV panel. However, to ensure that the
PV system is operating close to MPP, the DC-DC converter and the MPPT controller are placed
between the load and PV modules [47].

The output of the PV cells is an unregulated low-level DC voltage that needs to be stepped up
to a regulated higher level. For many applications, the DC-DC boost converter is proposed.
This converter type has the advantages of being simple in structure, higher output voltage, and
efficiency [48]. The converter's duty cycle is regulated at the appropriate output voltage of the
system using the MPPT technique. The converter consists of a capacitor, an inductor a switch
(MOSFET), and a diode. The switch is mainly controlled by the variable duty cycle from the
MPPT algorithm at the operating frequency. There are two working modes of the boost

converter based on the condition of the switch (ON or OFF).

3.1 Switching mode operations and State-space modeling of
the Boost Converter

From Figure 3.1, when the converter's switch (Sw) is turned ON, Di becomes reverse biased
and doesn't conduct anymore whiles the inductor stores energy coming from the source. The
inductor current (1.) increases from the minimum value (I min) to the maximum value (I max)

during this period. During this time, the load current is made continuous by the capacitor.

+iin:iL L Di JO +
A - ?
‘ +

\{in S C =V, R§ Vo
: ]

—— Current flow direction, Switch (Sy) is ON

Figure 3-1: Working mode when switch is ON

From Figure 3.2, when the Sy is turned OFF, the I drops from the maximum value to the

minimum value building up a negative voltage across the inductor (inductor polarity changes).
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This negative voltage across the inductor puts the D in a forward-biased mode making it
conduct. The energy stored in the inductor is then transferred to the load and capacitor through
the diode. The main waveforms of the boost converter for ON/OFF operation mode are shown

in Figure 3.3.
=i L D
+ 'in L | |0 +
:_m N = ,
+
Viin Sw C ::_Vc R§ VO
E 4

—— Current flow direction, Switch (S,) is OFF

Figure 3-2: Working mode when switch is OFF

The space-state model is based on the circuit shown in Figures 3.1 and 3.2. It is assumed that

all components are ideal.

To apply averaging method for modelling, closed and open modes of operations are modelled

as follows:

X, = AX+B,x (when Sy is ON) (3.1)

X, = A)x+B,x (when S, is OFF) (3.2)
Where A1 and A; are the state matrix, B1 and B are the input matrix, x is called the state vector.

x,and x, are the states.

The state equations when Sy is ON:

Lﬂ=v_ and C%=_\ﬁ (3.3)
dt " dt R

Where, i is the current of the inductor, which equals to iin; V¢ is the voltage across the capacitor
which equals to output voltage (Vo).

Let, xi= i (iin) and x2= v¢ (Vo) are the state-variables.

The state-space equations when switch is ON is being derived as follows:

, 1 1
x| |0 0 X | | L 0 0 L
= + V.,  where, A= and B, = (3.4)
x| o Z=L| Lel|0 -t 0
L RC L RC .
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Figure 3-3: Switching Waveforms of the boost converter in continuous mode.

The state equations when Sy is OFF are given as follows:

LIy v, and ¢ Peg Vo
da " dt R

The state-space equations when switch is OFF are obtained as follows:

-1 1 -1 1

o |0 T C T L
= + Vi, Where, A, = and B, =

ol |1 L] De) o 1o 0

L.C RC_ L LC RC L
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Now, averaging the state-space matrix using (3.1) and (3.2), for switching-ON and OFF

working modes. The modified state-space average model is obtained as (3.7) [49].

1 1o ~-(1-D) 1 0 -(1-D) 1]
X L X B L -
= V;, where, A= and B= (3.7)
ol [eeD e o @D -1 0
? C RC . C RC L]

Where, A and B are the combination of the A; and A2and B; and B, respectively.

3.2 Selection of the components
3.2.1 Switching Frequency(fs)

Selecting the proper switching frequency was the first step in the design process. A much higher
switching frequency reduces acoustic noise and the size of the inductor and the capacitor.
However, this increases the switching losses, thereby decreasing the total efficiency of the

regulator. The switching frequency (fs) selected for this purpose is 50kHz.

3.2.2 Inductor Selection(L)

The inductor acts as the magnetic field storage element. Selection of the inductor value is done
so that it allows the maximum ripple current at minimum value of D. The ripple current in the

inductor is assumed to be 5%. The designed inductor value is calculated as follows [50]:

2
Lo {D(lD)R} (38)
2f,
L =L, +5%L,, (3.9)

where, Lmin is the minimum inductance value and L is the inductor, D is the duty cycle, R is the
load resistance, fsis the switching frequency. D is 0.5 and R is 53 Q, for selecting the value of
L and C.

3.2.3 Capacitor Selection

The capacitor is required to smoothen the load voltage ripple and serves as an energy source
during load transients [50]. The designed capacitor value is evaluated as (3.10). Where, r is the
ripple factor. In this study, the value of r is 5%.

D

=— 3.10
rRf, (3.10)
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4 Proposed Roach Infestation Optimization (RIO)

Based MPPT Algorithm

4.1 An overview of Particle swarm opti

Particle swarm optimization (PSO) is a stochastic opti

mization (PSO)

mization method developed by Dr.

Eberhart and Dr. Kennedy in 1995, which is motivated by the social behaviour of bird flocking

or fish schooling or swarming theories [51]. Each individ
a particle, flies in the problem space, and searches for the

Initialize PSO parameters
randomly

v

Evauate objective function for
initial population

v

ual in this algorithm, is initialized as
optimal position.

PPest: |ocal best

g™ : Global best

Update velocity and swarm position (move
particles with the new PSO velocity) using
(4.1) and (4.2)

v

Evaluate objective function
for each particle

I

Compute P**!, g

v

best

Calculate new
searching direction

Iteration=iteration+1

Objective functionN_ No

is satisfied

Get global
solution

Figure 4-1: Flowchart of PSO algorithm

Page 20 of 55



The position of each particle is considered a solution to the problem. To find the best position
at each time, the particles move around changing their velocity and position in the search space.
They change their position based on their neighboring particle's experience at the past moment
of the flight with time. Based on this phenomenon, a mathematical equation for updating the
position and velocity of the particles is shown as follows [51]:

Vil+1 _ WViI + C1 rl *< Pibest _ Xil )+ Cz r2 >x<(gbest _ Xil ) (41)

Xil+l — XiI +Vil+l (42)

where, * is an operator which is element-by-element vector multiplication. v'i represents the
velocity of it particle for the 1" iteration. X' represents the position of i particle for the I™
iteration. P! represents the best position of it" particle. g is the best particle position among
the entire particle in the population or swarm. ry and r2 are the random numbers with values
lies between [0, 1]. wis weight parameter. c1 and c; are the acceleration constants which are
known as the cognitive parameter and social parameter, respectively which values lies between
[0, 1]. Figure 3.1 shows the PSO algorithm’s flowchart.

4.2 Proposed Roach Infestation Optimization Algorithm

R10 was originally introduced by Haven et al., as a cockroach inspired algorithm [52]. RIO

was adapted from the traditional PSO algorithm, and therefore it has some parameters similar
to PSO. A hungry version of PSO and RIO were also described. It is assumed that cockroaches
begin as individuals and are governed by only the find dark behavior [52]. Whenever a
cockroach encounters another neighboring cockroach, it stops and socializes. During this
period, information about the darkest known location is shared. When a cockroach is hungry it
leaves friends and comfortable shelter and searches for food. A hunger counter is defined for
each cockroach agent, and once it is reached, the cockroach is transported to a food location
within the search region. The find food behaviour causes population diversity; this prevents

local convergence. RIO is described with three behaviours:

1. Find the darkest location: Cockroaches search for the darkest location in the search
space, and the fitness value is directly proportional to the level of darkness. The equation
that models to find the Darkness behaviour is as follows [52]:

Vi|+1 = CoViI +Cmax Rl*(pibest - Xil) (4-4)
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where V' represents the velocity of i" particle for the 1™ iteration, x'i is the current

best
i

location for the 1" iteration, p is the best location found by the i" agent, Co and Crax

are constants and Ry is a vector of uniform random numbers. *is an operator which is

element-by-element vector multiplication. This equation emulates Find darkness

best

because (p;” —x;)is a velocity change in the direction of the darkest known location

for that agent.

Find friend: If a cockroach comes within a detection radius of another cockroach, it

stops, socialize and share information of the darkest known location by setting local

best

location g,

g, =arg min{Function(p,)}.k ={i, j} (4.5)
Where (i, j) are the indices of the two socializing cockroaches and p, is the darkest

known location for the individual cockroach agent (personal best). Now equation (4.4)

can be extended as:

ViH—l = COViI +Cmaxri *(PibeSt _Xil)-’_Cmaxrz*(gibeSt - Xil) (46)

Find food: When a cockroach experiences hunger, it leaves the comfort of friends to
search for food and is taken to a food source b that is positioned randomly in the search

region.

=
I
o

(4.7)
b is the random food location.

Table 4-1: Parameters for PSO and RIO algorithms

Optimization algorithm parameter value

PSO

Cognitive parameter C1 1.2
Social parameter Co 1.6
Weight parameter W 0.4
RIO

Cockroach parameter Co 0.4
Cockroach parameter Crnax 1.4
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To attain the results, the parameters of the PSO and RIO optimization algorithms are stated in
Table 4.1. Furthermore, the boost DC-DC converter receives the PV voltage (V) and current
(Ipv) from the PV system and subsequently regulates it by adjusting the duty cycle (D) to achieve
the maximum power point (MPP tracker) as shown in Figure 5.1 which is given in the next
Section. The global peak power (Gp) of the PV system is obtained using the optimization
algorithm to update D in the search process during uniform irradiation/temperature and PSCs.
The flowchart of the proposed RIO algorithm for MPPT is presented in Figure 4.2.

Initialize RIO parameters

e
+‘
Agent or particle (i)=1

A

y

Send the PMW signal to S,, (i.e., D)

v

Sense ipy, Vpy and calculate PV power (P,)

Next particle :
i=i+1 No
A

Next iteration :
I=1+1

A

Ppy(i) >Pp.(i-1)

Update Update
Ppmvax = va(i -1 PpTaX =P, (i)

All agents (i.e.,
particles) evaluated

Yes f

Update cockroach location (i.e., D)
using (4.6)

Objective function is
satisfied

Sw: Switching MOSFET
Gp: Global peak PV power

- P : Local PV power at MPP
Get global solution: . )
Get Gyand its D : PWM duty ratio
corresponding D P+ PV power
i i : Agent (i.e., Cockroach)
| : Iteration

Figure 4-2: Flowchart of proposed RIO algorithm for MPPT
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5 Results and Discussions

A MATLAB/Simulink (R2020b) software is used for modeling and to validate the performance
of the proposed MPPT technique of the PV system. The PV system (PVS) consists of four-
series (4S) connected PV modules, a resistive load, and a non-isolated DC-DC boost converter
with the MPPT technique. The MATLAB/Simulink model of the studied PVS is shown in
Figure 5.1. The simulation modelling parameters used for the PVVS and DC-DC converter are

given in Table-5.1.

W pa L P el
- (D0
-
Sdal s

Figure 5-1: Simulink diagram of PV system
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Figure 5-2: 4S structure of PV system (a). Pattern-1, (b). Pattern-2, (c). Pattern-3, (d). Pattern-4

Page 24 of 55



Table 5-1: PV system and DC-DC converter Parameters

System parameters/data Symbol Value
For one PV module
Maximum power for1000W/m? and 25°C Piax 59.85W
Voltage at MPP for 1000W/m? and 25°C Ve 17.1V
Current at MPP for1000W/m? and 25°C ex 3.5A
Open-circuit voltage Voc 21.1V
Short-circuit current Isc 3.8A
Series resistance Rs 0.10363 Q
Shunt resistance Rsh 283.3724 Q
Ideality factor Ao 1.5406
Temperature co-efficient of Isc 0.00247 %/°C
Temperature co-efficient of Voc -0.8 %/°C
Boost converter parameters (Figure-5.1)

Capacitor C 464F
Input filter capacitor Ci 10uF
Inductor L 1.14mH
Switching frequency fs 50kHz
Load resistance R 53Q

Table 5-2: Various shading Pattern of PVS for different solar irradiation (G)

Shading Module-1: Module-2: Module-3: Module-4:
pattern G in (W/m?) G in (W/m?) G in (W/m?) G in (W/m?)
Pattern-1 10000 1000 1000 1000
Pattern-2 1000 800 600 400
Pattern-3 800 600 400 200
Pattern-4 600 500 350 200
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To validate the effectiveness of the proposed RIO algorithm based MPPT the time-domain
simulations have been carried out for both uniform irradiation and PCS operating conditions
such as (i). uniform irradiance (Pattern-1) and (ii). PSCs (Pattern-2 to Pattern-4) as shown in
Figure 5.2. For the case of uniform irradiance, the values of irradiance and temperature are kept
constant, whereas, in the case of PSCs, the irradiance values of the PV modules are considered.
Table 5.2 shows the combination on various patterns selected for the PVS to plot the graphs.

The PVS is simulated under the various scenarios which are discussed below:

Case 1: P-V and I-V characteristics curves of the PV system at 25°C

The performance of a solar panel affects under both uniform irradiation/temperature and PSCs.
The PV system, whether a module, string or array exhibits a P-V curve exhibiting multiple
peaks, a Global Maximum Power Point (GMPP) which is the highest peak and Local Maximum
Power Points (LMPPs) are the other multiple peaks. The P-V and I-V graphs under each pattern
is given below from figure 5.3 to figure 5.6. it is seen that, when under uniform conditions (i.e.,
pattern-1), the P-V and I-V graphs produce only one maximum point. However, when partial
shading (i.e., pattern-2 to pattern-4) occurs in the PVS, the P-V and I-V graphs starts producing
multiple maximum points due to the working of the bypass Diodes in the system. The

corresponding results for the peak power is shown in Table 5.3.
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Figure 5-3: Graph for pattern-1 at 25°C (a). P-V curve and (b). I-V curve
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Figure 5-4: Graph for pattern-2 at 25°C (a). P-V curve and (b). I-V curve
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Figure 5-6: Graph for pattern-4 at 25°C (a). P-V curve and (b). I-V curve
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Case 2: P-V and I-V characteristics curves of the PV system at 20°C

To show the effect of temperature on the P-V and I-V characteristics plots, the same PSCs are
considered which is presented in Case-1 at 20°C. The P-V and I-V characteristics plots at 20°C
are shown in Figures 5.7 to 5.10 for each PSC pattern, respectively. From the graphs (Figures
5.3 to 5.10), it is seen that in Case-2 the power of the PVS increases as compared to Case-1.
This validates the fact that the decrease in temperature on a PV cell increases the performance
(i.e., high power or/and efficiency) of the PV cell and vice versa. The exact value of the global

peak power (Gp) of the PVS under the selected test patterns for both temperatures are given in
Table-5.3.
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Figure 5-10: Graph for pattern-4 at 20°C (a). P-V curve and (b). I-V curve

Table 5-3: Comparative global peak power (Gp) of the PVS under the selected test Patterns

Pattern PV maximum power (Pmax) @ 25°C | PV maximum power (Pmax) @ 20°C
Pattern-1 237.941W 250.247TW
Pattern-2 115.855W 121.534W
Pattern-3 76.575W 80.420W
Pattern-4 63.668W 68.912W

The global peak power (Gp) of the PVS for is given in the Table 5.3.
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Case 3: Comparison between PSO and proposed RIO algorithm

To ensure satisfactory performance under partial shading, the proposed MPPT identifies the
GMPP. For GMPP tracking, the Vpy and the Ipy are significant for identifying the MPP. The
actual PV power (Pyw), PV voltage (Vpv), PV current (lpy), and output voltage of the boost
converter(Vo) are presented based on the results obtained from both PSO and proposed RIO
algorithms. This simulation results are carried out under the same patterns and temperature of
25°C as taken in Case-1.

As shown in Figures 5.11 and 5.12 the RIO MPPT technique tracked the MPP of the system
better than the PSO. This performance of the RIO technique was confirmed by comparing the
results with that of the PSO.

h\
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Figure 5-11: Performance graphs of PV system under Pattern-1 for PSO algorithm
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Under pattern-2, the R1O was able to track a higher MPP than the PSO. The Ppv tracked by
the R1O was 113.886W as compared to 113.60 W by the PSO. The corresponding results are
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Figure 5-12: Performance graphs of PV system under Pattern-1 for RIO algorithm

shown in the figure 5.13 and 5.14..
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Figure 5-13: Performance graphs of PV system under Pattern-2 for RIO algorithm
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Figure 5-14: Performance graphs of PV system under Pattern-2 for PSO algorithm

Under Pattern-3, the RIO outperformed the PSO again by tacking 75.1625W as compared to
74.978W of the MPP. The corresponding results are shown in the figure below.
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Figure 5.15: Performance graphs of PV system under Pattern-3 for RIO algorithm
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In pattern-4, the RIO was able to track a higher MPP than the PSO. The Ppv tracked by the
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Figure 5-15: Performance graphs of PV system under Pattern-3 for PSO algorithm

RIO was 64.267W as compared to 64.1382W by the PSO. The corresponding results are

shown in the figure below.
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Figure 5.17: Performance graphs of PV system under Pattern-4 for RIO algorithm
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Figure 5.18: Performance graphs of PV system under Pattern-4 for PSO algorithm

To achieve the actual performance attained by both algorithms, the effectiveness of the MPPT-

algorithms is benchmarked using the MPPT efficiency (nMPPT) equation as follows:

% Nyppr = i x100 (5.1)
PMPPT

where, Puept is the maximum achievable power or true MPP of the PV system (maximum
power points is shown in Figures 5.3 to 5.10). Py, is the actual power extracted from the PV
array which depends upon the ability of the MPPT to be as close as possible to true MPP system
(Figures 5.11 to 5.18). The higher the MPPT algorithm's accuracy, the higher the #mpet. The
tracking efficiency of the MPPT algorithms for the PV system is shown in Table 5.4. From the
above results, it can be concluded that the proposed RIO technique has a good tracking
competency as compared to the PSO-based MPPT technique. Moreover, it can be observed that
nmppt Varies with change in PCS pattern as the search behaviour of the optimization algorithms
are random in nature to track the optimal point. The results showed the robustness of the RIO
algorithm.
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Table 5-4: Comparative actual power (Ppv) extracted by RIO and PSO

Patterns RIO PSO

Pattern 1 234.81W 233.692 W
Pattern 2 113.886W 113.60 W
Pattern 3 75.1625 W 74978 W
Pattern 4 64.267 W 64.1382 W

Table 5-5: Efficiency of RIO and PSO under the various test conditions (nMPPT)

Patterns RIO PSO

Pattern 1 98.689% 98.214%
Pattern 2 98.3% 98.054%
Pattern 3 98.155% 97.915%
Pattern 4 98.103% 97.68%
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6 Conclusions

In this thesis, an MPPT technique based on a bio-inspired Roach infestation algorithm is
proposed to extract the maximum power from a solar PV under partial shading condition using
step change in irradiation and variation in temperature. The obtained results were examined and
compared with the PSO algorithm. The obtained results demonstrate that the RIO MPPT
performs remarkably in tracking with high accuracy as PSO based MPPT.

6.1 Scope for Future Work

1. Deployment of the Arduino or FPGA board (i.e., Hardware implementation) to validate
the MPPT algorithm in the future.

2. In future, a real PV system can be considered to validate the detailed dynamic
performances of the system.

3. Based on this, different converter and inverter topologies could be further developed.
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