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Abstract

Solar photovoltaic (PV) systems are distributed energy sources that are an environmentally friendly
and renewable source of energy. However, solar PV power fluctuates due to variations in radiation
and temperature levels. Furthermore, when the solar panel is directly connected to the load, the power
that is delivered is not optimal. A maximum peak power point tracker is therefore necessary for
maximum efficiency.

A complete PV system equipped maximum power point tracking (MPPT) system includes a solar
panel, MPPT algorithm, and a DC-DC converter topology. Each subsystem is modeled and simulated
in a Matlab/Simulink environment; then the whole PV system is combined with the battery load to
assess the overall performance when subjected to varying weather conditions.

A PV panel model of moderate complexity based on the Shockley diode equation is used to predict
the electrical characteristics of the cell with regard to changes in the atmospheric parameter of
irradiance and temperature.

In this dissertation, five MPPT algorithms are written in Matlab m-files and investigated via
simulations. The standard Perturb and Observe (PO) algorithm along with its two improved versions
and the conventional Incremental Conductance (IC) algorithm, also with its two-stage improved
version, are assessed under different atmospheric operating conditions. An efficient two-mode MPPT
algorithm combining the incremental conductance and the modified constant voltage methods is
selected from the five ones as the best model, because it provides the highest tracking efficiencies in
both sunny and cloudy weather conditions when compared to other MPPT algorithms.

A DC-DC converter topology and interface study between the panel and the battery load is performed.
This includes the steady state and dynamic analysis of buck and boost converters and allows the
researcher to choose the appropriate chopper for the current PV system. Frequency responses using
the state space averaged model are obtained for both converters. They are displayed with the help of
Bode and root locus methods based on their respective transfer functions. Following the simulated
results displayed in Matlab environment for both choppers, an appropriate converter is selected and
implemented in the present PV system. The chosen chopper is then modeled using the Simulink
Power Systems toolbox and validates the design specifications.

The simulated results of the complete PV system show that the performances of the PV panel using
the improved two-stage MPPT algorithm provides better steady state and fast transient characteristics
when compared with the conventional incremental conductance method. It yields not only a reduction
in convergence time to track the maximum power point MPP, but also a significant reduction in

power fluctuations around the MPP when subjected to slow and rapid solar irradiance changes.
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Chapter 1: INTRODUCTION

1.1 Photovoltaic systems

Global energy demands are increasing at a rapid rate. This has led to high consumption of fossil
fuels, with negative environmental consequences, including global warming, acid rain and the
depletion of the ozone layer. The diversification of energy resources is crucial in order to overcome
the negative impacts of fossil fuel energy technologies that threaten the ecological stability of the
earth. Furthermore, rising fuel prices and the growing scarcity of fossil fuel may have negative
economic and political effects on many countries in the near future. The improvement of energy

efficiency and the effective use of renewable energy sources [1] are key to sustainable development.

A possible solution to this crisis lies in renewable energy systems. Various renewable energy
technologies have been developed, which are reliable, and cost competitive compared with
conventional power generation. The cost of renewable energy is currently falling, and further
decreases are expected with the increase in demand and production.

Many countries have adopted new energy policies to encourage investment in alternative energy
sources such as biomass, solar, wind, and mini-hydro power. Solar energy is one of the most
significant sources of renewable energy and promises to grow its share in the near future. An
international energy agency study, which examined world energy consumption, estimates that about

30 to 60 Terawatt of solar energy per year will be needed by 2050.

One of the means of harvesting solar energy is photovoltaic cells. The problem with solar energy is
that it is not available all the time and that the times when it is most available rarely coincide with the
demand for energy. Moreover, photovoltaic plants sometimes experience cloud problems, which
negatively affect the efficiency of the photovoltaic (PV) system by lowering its output power. It
therefore seems appropriate to store the PV energy accumulated during high insolation times not only
to maintain power supply during low-irradiation times or cloudy periods, but also to provide a
continuous electrical output. A battery is the common type of solar energy storage device used for this
purpose.

Photovoltaic energy sources can be used as stand-alone systems and grid-connected systems (see
Figure 1-1) and their applications include water pumping, battery charging, home power supplies,
street lighting, refrigeration, swimming-pool heating systems, hybrid vehicles, telecommunications,

military space and satellite power systems, and hydrogen production.



Figure 1-1: Applications of PV Systems [2]

In the current study, the PV system is used as stand-alone system for home power supply applications;

which can be useful in remote or rural areas.

1.2 Background and Motivation

An important advantage offered by distributed energy resources such as PV systems is their potential
to provide sustainable electrical energy in areas where the conventional power grid is absent. They
can be located near loads, providing benefits that bulk power generation cannot. Consumers living in
remote areas or townships far from the power grid can run their appliances using PV energy. In
addition, PV energy does not pollute, requires a little maintenance, and produces no noise. It can be
designed and installed in a short lead-time. It is highly mobile and portable because of its light weight.
It also presents a high power capability per unit of weight. The PV power output matches very well

with peak load demands.



The drawbacks of PV energy are as follows:

e A high initial cost and low power conversion efficiency up to about 17% [2].
e The non-linear current-voltage (I-V) characteristic exhibited by a PV cell due variations in
cell temperature and solar irradiation.
e In a direct-coupled PV-load system, the power transferred from the PV generator source to
the load is rarely optimal and this has a negative effect on system efficiency.
Maximum power point trackers are used to extract the correct amount of current to run the system at
maximum power point (MPP). A complete solar panel equipped with an MPPT system includes a
solar panel, an MPPT algorithm, and a DC-DC converter topology. Several MPPT algorithms have
been proposed in the literature to track the maximum power of a PV system. These include the
Perturb and Observe (PO) method, the Incremental Conductance (IC) method, the Constant Voltage
(CV) method, and the fuzzy logic (FL) technique. These MPPT algorithms can be loaded onto either
in a personal computer or a microcontroller to perform maximum power tracking functions. However,
they differ in terms of speed, range of effectiveness, cost, the number of sensors required, complexity
and popularity [3]. The literature notes that existing classical algorithms used in the MPPT techniques
can be:
e Fast to respond due to transient changes; or

e Accurately to track, but not simultaneously.

Achieving both characteristics, rapid response and accurate tracking, features at the same time is the
ideal, because they can contribute greatly to reducing power losses caused by the dynamic tracking
errors that occur when environmental conditions change rapidly and increase overall efficiency.
The research questions of this dissertation are as follows:
e Can an existing conventional MPPT algorithm be optimized in a residential PV system
application?
e In what ways are the issues like the speed of response during the transient tracking operation

and power fluctuations at steady-state addressed under variable operating conditions?

1.3 Stand-alone Photovoltaic Simulation System Used

A general configuration of the current PV system comprises (Figure 1-2):
e A stand-alone PV panel
e An MPPT composed of a DC-DC converter topology along with its MPPT algorithm. An
inverter can be used when AC load is needed.

e A battery bank as a storage device with its associated charger controllers.
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Figure 1-2: Schematic diagram of PV simulation system used

As noted earlier, there is need to implement an MPPT technique to track changes and extract the
maximum power from the solar panel because the power supplied by the panel is significantly
influenced by variations in irradiation, temperature and panel voltage, exhibiting a non-linear
characteristic. An MPPT system is an electronic device that operates the PV panel in such way that it
produces all the power it is capable of. The difference between this system and a mechanical tracking
system that physically orients the panel straight at the sun is that an electronic control system changes
the electrical operating point of the panel in accordance with changes in irradiation or temperature so
that the solar panel is able to yield the maximum available power [4]. The MPPT plays the role of
impedance adapter, i.e. it forces the impedance at the terminals of the PV panel to the value that
produces maximum power out of the panel. The energy from the PV panel is usually stored in a lead-

acid battery for later use during low irradiation periods.

1.4 Objectives, Methodology and Scope of the Study

Two paths are possible in the study of PV solar energy: experimental and numerical simulation.
Simulations are numerical experiments that may provide some kind of thermal performance
information, as can experimental simulation, and these will be the focus of this research study. The
steps used in this research are modelling, programming, simulation and the evaluation of the MPPT
techniques.
The objectives of this dissertation are as follows:

e To determine an efficient MPPT algorithm suitable in PV residential applications in order to

extract the maximum possible energy from the panel.
e To provide an optimized MPPT algorithm with fast tracking and low power fluctuation

characteristics under changing environmental operating conditions.



The methodology adopted is as follows:
¢ To investigate and understand the strengths and weaknesses of some classical MPPT algorithms
under variable operating conditions through a literature review.
e To develop a PV model and MPPT model using Matlab and Simulink to assess the
performances of the existing MPPT algorithms and address their drawbacks by the use of

some optimization solutions suitable in PV residential applications.

A commercially available PV panel is modelled. Five MPPT algorithms are used in this dissertation
for the purposes of comparison. They are firstly written in Matlab m-files and investigated via
simulations. The standard Perturb and Observe (PO) algorithm, along with its two improved versions
and the conventional Incremental Conductance (IC) algorithm, also with its improved two-stage
version are assessed under sunny and cloudy weather operating conditions. Arising from this
comparison, the most efficient MPPT algorithm among the five is selected and implemented in the
whole PV system.

Finally, the performances of the most efficient algorithm when implemented in the complete PV
system and combined with the battery load is assessed and compared with its standard existing
version algorithm in a Matlab/Simulink environment to demonstrate its effectiveness under varying
weather conditions. The steady state and dynamic tracking performances of both implemented

algorithms are analyzed with regard to slow and rapid irradiance changes.

A complete PV system with an MPPT system including a solar panel, an MPPT algorithm, and a DC-
DC converter topology is mathematically modeled and simulated in a Matlab/Simulink environment
separately. After all subsystems have been verified one by one to ensure good functionality and
efficiency, they are connected together and combined with the battery load to assess the overall

performance of this residential PV application.

The aim of this project is not to design a controller loop for the PV voltage regulation or to perform a
cost analysis study of the MPPT techniques; rather it focuses on modelling, programming, simulation,
and evaluation of MPPT technique performances for a stand-alone PV system. There was no need to

build a prototype and assess it experimentally.



1.5 Outline of the thesis

The dissertation’s seven chapters are organized as follows:

Chapter one outlines the background and the motivation for the study and provides a schematic
diagram of the MPPT system used. The objectives, methodology and scope of the study are
highlighted.

Chapter two analyzes classical MPPT techniques (CV, PO, and IC methods) in the current literature
and addresses the issues of power fluctuations around MPP and lateness in tracking MPP by
investigating possible improvements under different weather conditions. Following the literature
review, an efficient MPPT algorithm is selected for further investigation in a Matlab programming
environment.

Chapter three deals with modelling and simulation of the PV panel via Matlab m-files and Simulink
blocks. Simple, two-diode, and one-diode PV cell models are explained. A one-diode Matlab and
Simulink model based on PV characteristic equations and manufacturer data is investigated. Finally,
the chapter presents a discussion on the simulated results.

In chapter four, five MPPT algorithms are written in Matlab m-files and investigated via simulations.
The Perturb and Observe (PO) algorithm along with its two improved versions and the conventional
Incremental Conductance (IC) algorithm, also with its two-stage improved version are assessed under
different environmental change conditions (sunny and cloudy weather). A discussion and comparison
of the simulated MPPT results follows.

A DC-DC converter topology and interface study based on the state space averaged model is
performed in chapter five to understand the steady state and dynamic behaviour of the buck and boost
converters. This helps to select the appropriate converter for the current PV system. The chosen
chopper is then modelled using a Simulink Power Systems toolbox.

Chapter six combine all the subsystems of PV system studied previously and analyzes the overall
performances of the PV system using the improved two-stage MPPT algorithm versus the classical
version under fast and slow irradiation changes.

Finally, in chapter seven, conclusions are presented concerning the simulated results of the study to
demonstrate the reasons for the choice of the MPPT algorithm used in the complete PV system. This

chapter also puts forward suggestions for future research on MPPT techniques in PV systems.



Chapter 2: LITERATURE SURVEY

2.1 Introduction

The impedance of the load influences the operation of the PV panel. As the load varies, the operating
point also moves on the current-voltage (I-V) curve. Using a resistive load, a slope 1/R,o,4 of a straight
line is displayed in Figure 2-1. The intersection of the load line and the current-voltage curve will
ideally provide the location of the operating point of the PV module. In the real PV direct couple
method, the operating point rarely coincides with the maximum power point (MPP). Mismatch
happens in the PV-load configuration, requiring the PV module to be over-sized to meet demand

during low-irradiation periods. This has important cost implications.

Figure 2-1: Intersection of I-V curve and load resistance variations [5].

(Under standard conditions 1Kw/m?, 25°C)

From Figure 2-1, it can be seen that by decreasing the load resistance, the MPP moves towards the left
and vice versa. According to the mechanism of load matching, the maximum power occurs when the
load resistance Rj.q is equal to the optimum resistance R,,, which in turn is equal to the ratio of
voltage and current at MPP (R,,; = Vipp/Iupp). In order to track the MPP of the panel as closely as
possible, it is crucial to carefully select the solar panel parameters on the /-7 characteristics of the
load [6].

Moreover, the output power of a solar PV panel changes in accordance with changes in solar radiation

and temperature levels. This makes it impossible to use the direct coupled method to automatically



track the MPP. These changes in weather conditions are shown by the I-V and the P-V curves

displayed in Figures 2-2 and 2-3.
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An MPPT system needs to be implemented in order to deliver maximum power during the operation
of solar panel and to be able to track the changes in power due to changes in atmospheric conditions.
An MPPT system is basically a designed, electronic device that consists of two essential components,
as seen in Figure 2-4: a DC-DC power conditioner topology along with an MPPT control algorithm
that operates the PV system in such way that it can deliver the maximum power it is capable of.

The load impedance R, and input impedance of the converter as seen by the PV panel R, rarely
match. The tracking process seeks to match these two parameters by means of appropriate adjustment

of the duty cycle [7].

;; DC-DC
Converter
+ +
PV ek Vo SRy

array - -

=1 |

Algorithm

signal
Figure 2-4: Block diagram of MPPT method [7]

The chopper is the most important part of MPPT. It transfers the magnetic energy stored in the
inductor from one potential to another potential. Its purpose is a constant output of current or voltage.
The global role of MPPT is to deliver a fixed set-point input voltage or current corresponding to the
MPP of the solar panel, while allowing the output to match the load voltage. It ensures that the PV
panel works at its maximum capacity.

The position of the MPP on the I-V characteristic is not known a priori and varies in an unpredictable
manner according to changes in atmospheric conditions. It therefore needs to be located. A MPPT
search algorithm or calculation model is often necessary for this purpose [7].

The literature presents many MPPT control algorithms, some of which are investigated in the
following sections. How best an MPPT control algorithm tracks the MPP depends on its design
characteristics. Some algorithms track MPP better than others under the same operating conditions. In
the literature, MPPT efficiency is used to quantify an algorithm’s performance in comparison with

other algorithms [3, 7].
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2.2 Performance criteria of MPPT control algorithms

The following criteria are important in the design of the MPPT control algorithms:

2.2.1 Dynamic Response

A well-designed MPPT control algorithm needs to respond fast to sudden changes in atmospheric
conditions (solar irradiation and temperature) because the faster the tracking, the lower the loss of
solar energy.

2.2.2 Steady- state error

In steady-state analysis, it is essential to keep the system operating at MPP for as long as possible as
soon as MPP has been located. This level of accuracy is difficult to accomplish due to the active
perturbation process in conventional MPPT algorithms changes in weather conditions. A larger power
fluctuation may negatively affect the efficiency of the PV system.

2.2.3 Tracking Efficiency

Tracking efficiency is usually defined as the ratio of the electrical energy given as real power to
theoretical power during the same time period. The fewer the power losses observed, the higher the
output and efficiency of power. Some MPPT algorithms may perform better than others under the
same operating conditions. Therefore, a MPPT algorithm performance and comparison parameter,
often called tracking efficiency, is needed in order to quantify the performance of a specific MPPT
control algorithm under different operating conditions and to be able compare it with other MPPT
algorithms. In simulated PV systems, the tracking efficiency can be estimated as follows [8, 9, and

10]:

1 < B’eal,i
1 viepr = p Z P (2.1)

i thmax j

In the above equation P, represents the real power received by the load and P,y is the theoretical

maximum power available at the PV module with n, the number of samples.

2.3 MPPT control algorithms classification

Algorithms already exist to track the maximum power for a PV system. In the seeking algorithms,
there are some indirect control or “quasi seeking methods” such as the look-up table method, the
constant voltage (CV) method, the short-circuit current (SC) method, and the direct control or “true
seeking methods”. True seeking methods include the Perturb & Observe (PO) method, the
incremental conductance (IC) method, and finally artificial intelligence methods such as fuzzy logic
control (FLC) MPPT technique, and the neural network method. The indirect control methods can be

characterized by the fact that the MPP is estimated either from measurements of the voltage and
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current of the solar panel, the irradiance, or by the use of empirical data through numerical
approximations. These methods are therefore not appropriate when changes occur in irradiance or
temperature [10]. In contrast, the true seeking methods are able to obtain actual maximum power
when variations occur in weather conditions. One or two variables may be used in the seeking
process. PO and IC are two-variable methods because they require the measurement of two variables
to calculate the maximum power, and PV output voltage and current while SC and CV methods use

only one variable to control either PV output current or voltage respectively.

2.4 Simple Panel-load matching

This system represents simple PV battery chargers. In this method of operating the PV panel close to
MPP, the operating point is obtained under average operating conditions by a series of measurements.
Once the values for maximum power current and voltage respectively lypp, Viypp are found, a
matching load can be designed. The whole system is devised in such a way that the average battery
voltage is near to the average Vypp. The advantage of this configuration resides in its simplicity, i.e. it
requires no extra circuitry but it does not take into account any changes in insolation or temperature
levels. Maximum power point tracking is therefore not possible because it doesn’t take into

consideration changes in Vypp.

2.5 Semi-dynamic load matching

Yongji and Deheng [11]’s study attempted to optimize the semi panel-load matching method. The
MPPT is based on the use of an array reconfiguration controller as displayed in Figure 2-5. An
appropriate rearrangement of series and parallel connections between the different panels results in
PV array and load matching better. The system can now react to changes in insolation and
temperature levels and power output can be optimized. However, the system approach requires extra
circuit and wiring. Indeed, the stepwise switching operating voltage does not allow for accurate
tracking of the MPP. Furthermore, it is not easy to keep an equal charge level on all the battery cells,

which impacts negatively on long-term battery life [12].
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Figure 2-5: Schematic block diagram of the experimental semi-dynamic load matching
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2.6 Voltage feedback methods

This system doesn’t need battery. Instead, a simple MPPT method is used to keep the array or panel
voltage close to the MPP by adjusting and trying to match the array voltage to the reference voltage
Ve

2.6.1 Voltage feedback with fixed reference voltage

In this method, the error arising from the comparison of the array voltage with a constant reference
voltage is used to continuously adjust the converter duty cycle in such way that the array operates at a
predetermined operating point near to the MPP, as seen in Figure 2-6.

This predefined reference voltage may be obtained by monitoring the PV module characteristics and
choosing a single value, which can achieve maximum power delivery. It is obvious that the system is
operating under unknown environmental conditions. It therefore cannot automatically track the
variations in the MPP of the module, because the changes in atmospheric conditions are not taken into

consideration [6, 12].

W
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Figure 2-6: Voltage feedback MPPT method with constant voltage reference.

2.6.2 Voltage feedback with varying reference voltage by measurement of Voc

In this improved method proposed by Enslin and Sweigers, the measurement of the open-circuit
voltage of solar panel V,. is taken by cutting off the normal operation of the system within a specific
period, storing the measurements, and then adjusting the reference voltage Vypp corresponding to
MPP of 73-80% of V,. [13]. Then Vypp is compared with the operating voltage of the panel as seen in
Figure 2-7. The error that results from the comparison feeds the controller, which generates control
signals such as pulse width modulation (PWM) to drive a DC-DC converter. This converter interfaces

with the battery load and the PV panel. This MPPT method is illustrated below:
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Figure 2-7: Block diagram of voltage feedback with adjustable voltage reference

The constant voltage MPPT algorithm used here samples the operating voltage of the panel
momentarily with a specific frequency by switching the converter off. This disconnects the load to
measure V,. as seen in Figure 2-8, and allows the reference voltage corresponding to MPP to rise to
the panel’s V,.. The implementation of this method is easy because only simple voltage measurement
is needed and it can be implemented using analog software. Because the regulation of the reference
voltage to 76% of Voc, e.g. is always a fixed fraction (Vypp /Voe = K = 0.76 < 1) [13], this MPPT
method cannot be described as real maximum power point tracking. The two main drawbacks of this
MPPT method are the temporary energy loss observed during the sampling of ¥, when disconnecting

the load from the PV module, and the difficulty of accurately choosing the value of K because it is

changes slightly under varying operating conditions.

The proposed MPPT method is displayed as follows:
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Figure 2-8: Constant voltage flowchart algorithm

The short circuit current method can be used in the same way to approximate the MPP current by

using the short-circuit current from the datasheet.

2.6.3 Pilot cell /reference module measurement approach

In this approach, the operating voltage set-point provides the reference information needed for the
MPP to overcome the problem of opening the PV module that leads to wasted energy during frequent
interruptions of the system operation for V,. measurement. Xiao [12] suggests the use of a pilot PV
cell that has similar features to the main PV module, but is electrically separated from the rest of the

module. This is illustrated in Figure 2.9:

PV Module operating
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Load
; ; Reference n o
i Velnge () Controller Debe PV Panel
el Calculation Converter
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Figure 2-9: Block diagram of small open circuited reference cell with MPPT system
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The operating voltage set-point provides the reference information needed for the MPP, which is still
a predetermined percentage of V,. Furthermore, the constant K value in the CV method is not
accurate. As noted by Xiao [12], the MPP cannot therefore be truly tracked. This method presents a
disadvantage during its implementation because of the requirement to match the solar pilot cell
parameters and the parameters of the main PV module it represents, making the overall cost of system
higher due to the cost of calibration of each pilot cell/solar module pair.

Another way to optimize the CV algorithm proposed by Ahmad [14] is a reduction in the sampling
period and the shortening of the interval of the PV array voltage sampling in the MPPT circuit,
resulting in decreased power losses.

The benefits and drawbacks of the CV method can be summarized as follows:

Advantages:

e It is the most simple MPPT algorithm
e It does not require an input parameter, but voltage measurement V,. is necessary for setting up
the voltage reference corresponding to MPP.

¢ At low insulation levels, this technique can be more effective than the PO and IC methods.

Disadvantages:

The method assumes that insolation and temperature variations are insignificant; thus the

operating point cannot accurately reach the maximum power point.

The data to be collected is a function of geographical areas.

It cannot perform better at high irradiation levels.

It has a lower efficiency than other MPPT methods due to errors in the constant K value and
power losses during the measurement of V,., which requires the interruption of the power

supply from the array.

The sampling period is too long when there is rapid irradiance variation, resulting in

considerable power losses.

2.7 Power feedback control methods

When a controller directly locates the actual MPP, instead of estimating it from measurements of
other parameters, it has the advantage of being independent of any a priori knowledge of the panel’s
features. It can therefore work better when weather conditions change. Such an MPPT control system
must have a measurement indicative of the solar panel power and the algorithm can be implemented

in hardware or software to find the MPP [12].
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2.7.1 Perturb and Observe Control Algorithm

The Perturb and observe (PO) algorithm is one of the most used algorithms due to its simplicity and
easy implementation. This MPPT method is also known as the Hill Climbing (HC) algorithm.

The difference between PO and HC may be explained by the fact that the HC requires a change in the
converter duty cycle, while the PO perturbs the operating voltage of the PV panel; but the working
principle is the same for both [15].

2.7.1.1. Working Principle

The operation of PO consists in periodically perturbing the panel operating voltage incrementally, so
that the power output can be observed and compared at consecutive perturbing cycles. If the power
difference is positive, further perturbation is added to the operating voltage with the same increment,
and again the output power is observed. This perturbing process is maintained until the power
difference is negative. Thus, the direction of perturbation in operating voltage must be reversed. When
the operating point is located on the left of MPP as shown in Figure 2-10, the PO method works by
increasing the voltage, which results in an increase in the power output. When the operating point is
on the right of the MPP, PO will work in the opposite direction by decreasing the voltage; this results
in an increase in power output. If a perturbation results in an increase of power dP/dV > 0, it means
that the operating point is moved closely towards the MPP. The subsequent perturbation must be kept
in the same direction to bring the operating point closer towards the MPP until MPP is reached.
Conversely, if a perturbation results in decrease of power dP/dV < 0, meaning that the operating point
has moved away from the MPP, the direction of the perturbation must be reversed. The PO algorithm
regulates the PV panel’s voltage to the voltage corresponding to MPP (Vpp). This MPP is tracked
and updated to satisfy the mathematical equation of the power slope dP/dV = 0.

The slope dP/dV can be calculated digitally by sampling the PV panel output current / and voltage V'

at previous and current time intervals (i-1) and (i), as follows:

dpP )= P(i)-P3i-1)
dv'" V@i -V(i-1)

(2.2)
In the above equation 2.2, P (i) is the power product of voltage V' (i) and current / (i) measurements.
The PO algorithm works with only two sensors for measuring the panel’s operating voltage V" and

current / [15, 16]. A summary of this algorithm is provided in Table 2-1 [15].
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Figure 2-10: Characteristics of the PV panel power curve

(With the location of the operating point)

Table 2-1: Summary of the working principle of the PO algorithm

Case | Perturbation | Change in power | Next Perturbation
dv dP (Action)
1 dv>0 dP >0 positive
2 ar>0 dP <0 negative
3 dr<ao0 dP> 0 negative
4 ar<ao0 dP <0 positive

The details of PO algorithm can be understood according to the flowchart displayed in Figure 2-11.
The case 4 shows that by decrementing the operating voltage, this results in decrease of the output

power; so the next required action must be positive, i.e. to increment the voltage.
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Figure 2-11:Flowchart of the PO algorithm[10,12]

According to the PO algorithm, the power is calculated consecutively at previous and current states
with the help of voltage and current measurements. A test is them undertaken to assess the level of
variation of power and voltage at consecutive perturbing cycles. If the power and voltage difference is
positive, the algorithm increases the operating voltage. If not, it decreases the voltage. Conversely, if
the power and voltage difference is negative, the algorithm increases the voltage; if not, it decreases

the operating voltage.
2.7.1.2. Analysis of the PO algorithm

The particularity of this algorithm resides in the fact that the operating voltage V needs to be
perturbed in each MPPT cycle to track the MPP. When the MPP is reached, it will continue to
oscillate around the ideal reference voltage Vypp. This results in oscillations of the system around the

MPP, causing power loss, which are the function of the step width of a constant perturbation. If the
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fixed step increment selected is large, the PO algorithm will speed up its response under transient
operating conditions with the trade-off of increased fluctuations. By diminishing the perturbation step
size, the oscillations can be reduced; thus the power losses are minimized. Nevertheless, this causes
the system to slow down its response when subjected to rapid changes in weather conditions,
compromising its dynamic performances.

It should be noted that a small constant step perturbation size hampered dynamic performance, while
a large one leads to poor steady-state performance. There is always a trade-off between high accuracy
(low power fluctuation) at steady state and a fast response due to dynamic changes in atmospheric
conditions. The value of the suitable step width of the perturbation is a function of the system used
and it is usually tuned experimentally, as discussed by Xiao [12].

Moreover, the PO control algorithm may go in the wrong direction and fail to react properly when
subjected to sudden changes in environmental parameters. In this specific condition, the PO algorithm
is unable to precisely interpret the increase in power, either due to the previous perturbation of the
voltage or to an increase in insolation. It, then fails to react in order to avoid the operating point going

away from the MPP as explained by Hohm [8].

The benefits of the PO method are as follows:

e It is simple and easy to implement.
e It is cheap, requiring only panel voltage and current measurements.

e It is effective when the insolation changes slowly over time.

The drawbacks of PO method are as follows:

e Although the MPP is reached, the operating point continues to oscillate around the MPP,
resulting in PV power losses.

e The PO fails to work properly under a sudden increase in insolation level, exhibiting erratic
behaviour.

e It lacks accuracy in finding whether the MPP is reached.

e A small constant step perturbation size leads to high accuracy but hampers dynamic
performance.

e A large constant step perturbation size leads to fast tracking, but the accuracy of the tracking

suffers (poor steady-state performance).
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2.7.2 Incremental Conductance Control Algorithm

The Incremental Conductance (IC) method was proposed in order to overcome the drawbacks
of the PO algorithm when subjected to fast changing environmental conditions. With the help
of voltage and current measurements, the conductance /// and incremental conductance dl/dV
are determined so that the decision can be made to increase or decrease the operating voltage

according to the operating point on the left or the right of the MPP respectively.

2.7.2.1 Working Principle

The working principle of the IC method relies on the fact that the slope of the PV panel power curve
is negative on the right of the MPP, zero at the MPP and positive on the left of the MPP as follows:

dP/dV > 0 left of MPP (V< VMpp)
dP/dV = 0 at MPP (V=Vep) 2.3)
dP/dV <0 rlght of MPP (V >VM])]))

Knowing that P = VI, the slope of power curve at MPP can be written as:

£=Iﬂ+V£=I+V£=O (2.4)
av-dv-dv av

(2.3) may be written as:
dal/dVv < -I/V right of MPP
dl/dv = -1/V at MPP (2.5)
dl/dv > -1/V left of MPP

According to equation 2.5, the incremental conductance (IC) algorithm provides enough information
to locate the MPP. This is made possible by means of the respective measurement and comparison of,
dl/dV and I/V. Vypp is the set-point reference voltage corresponding to the MPP at which the PV
module is required to operate. The detailed working principle of the IC algorithm can be understood

by means of the following flow chart.
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Start IC
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AV(n) =V(n) - V(n-1)
Al (n) =1(n) — I(n-1)
No
AV _ 0 Yes
?
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No No
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Decrease Panel Increase Panel Decrease Panel
Increase Panel Voltage
Voltage Voltage Voltage Vnt1) = V(n) + C
V(n+1)=V(n)-C V(n+1)=V(n)+C V(n+1)=V(n)-C
Updating History
V(n-1) = V(n)
I(n-1) = I(n)

Figure 2-12: Flow chart of IC algorithm [10, 12]

According to the IC algorithm given in Figure 2-12, the current and voltage are measured at previous
and current states, then a test is conducted to assess on one side if the difference in voltage and current
is equal to zero respectively, and on the other side if the variation of voltage is equal to zero and the
balancing condition dI/dV + I/V = 0 at MPP is obtained. If so, no changes take place in the operation’s
process. If not, the IC method acts to increase or decrease the voltage according to the difference in

current or the condition dI/dV + I/V is superior or inferior at zero respectively.
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2.7.2.2. Analysis of the IC algorithm

The IC algorithm performs much better than PO when rapidly changing weather conditions occur [6,
12]. Its advantages reside in the fact that it doesn’t oscillate around the MPP. According to the above
flowchart, at the MPP, the condition dI/dV = -I/V is true and no change occurs in operating voltage
because the operating voltage is equal to the voltage at MPP. The aforementioned condition and the

difference in current d/ = 0 allows it to bypass the adjustment perturbation step and the current cycle

ends. According to the working principle, the conditions >0 and dI > 0 allow the relative

dl 1
_+_
v v

location of the MPP. This provides the guarantee that an initial adjustment in the wrong direction, as
observed with the “trial and error” PO algorithm, does not happen. A quick and correct system
response to fast increasing insolation levels conditions should be expected, resulting in high system
efficiency when compared to the PO method. If the difference in current d/ = 0 is not achieved
according to the flowchart in Figure 2-12, the test condition d/ > 0 is used to establish if the system is
operating at the left or right of the MPP and a subsequent adjustment of the operating voltage needs to
be made.

The experiments revealed that some oscillations are still present under stable atmospheric conditions
because the condition dP/dV = 0 or dI/dV = -I/V only rarely occurred in practical terms. This may be
caused by the approximations made for dV, dI and the difficulty in regulating ¥ to the exact Vipp
when using a constant perturbation step size. There is still a trade-off between fast tracking and high
accuracy, which rely on the step size of the single perturbation. A possible solution to effectively
perform the IC algorithm, can be achieved by the use of dI/dV and I/V to generate an error signal

err = I/V+ dI/dV [15]. The value of the error is optimized by considering the risk of oscillation of the
operating point around the MPP and the amount of steady-state tracking error at the same point of the

MPP.

The benefits of the IC method can be summarised as follows:

e It is more effective at high solar irradiation levels than the PO algorithm.

e Theoretically, the MPP can be located and reached; therefore, the perturbation can be
bypassed and stopped.

e It only requires panel voltage and current measuring sensors, because the incremental changes

can be approximated by comparing current and previous measurements.
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The drawbacks of the IC method are as follows:

e |t is more complex to implement compared with the PO.

e [trequires compulsory measurement of PV voltage and current.

e When the fixed step increment is decreased to improve the accuracy of tracking, dynamic

performance suffers because the system slows. This results in a trade-off.

2.7.3 Block diagram of the MPPT control system

Both the PO and IC MPPT control algorithms can be implemented in a microprocessor to control
either the DC-DC converter input directly by using the converter duty cycle as a control variable, or

by setting the reference V., equal to Vyppfor a voltage feedback controller circuit as shown in Figures

2-13 and 2-14 respectively.

Voltage & Current
Measurements

HC MPPT _Calculator

Figure 2-13: Block diagram of MPPT with direct control method

YWoltage reference

Dty Cvele
reference

w

DC-DC Converter

F 3

Load

Wrel

PO MPPT Calculator

PV Panel

Pl Controller

+ Drive circuit

k4

DC-DC Converter

Load

-~

PY Panel

Figure 2-14: Block diagram of MPPT with PI compensator
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The role of the MPPT algorithm is limited to calculating and delivering only Vjpp. The controller’s
function is to restore the voltage to a predefined level and keep it there. This control operation can be
achieved through the adjustment of duty cycle of the converter to diminish the error between V., and
the operating panel voltage.

By using a direct control method as displayed in Figure 2-13, the adjustment of the duty cycle is
performed within the MPPT algorithm. Only one control loop is required; this makes the control
method much simpler than the PI control method shown in Figure 2-14. The PI control method
requires two loops; the first is used to control voltage set point V., and the second loop is used to
control and compare the panel voltage according to the reference set in the first loop. The error signal
resulting from this comparison is used to feed the PI controller, which generates PWM signals to drive
a DC-DC converter and the last interfaces between the PV panel and the load. The control system

design may be complicated in this case because of interaction between these loops.

2.8 Optimization solutions of MPPT control methods

As noted [8, 13] the current research study attempts to understand the strengths and weaknesses of
some classical, low-cost and widely-used MPPT control algorithms such CV, PO, and IC methods and
explore optimization solutions to improve these methods. Optimization solutions to address the
drawbacks of classical MPPT algorithms are investigated in the subsequent section, based on a
literature review.

Enslin et al [7] propose the improvement of the PO algorithm by adding a ‘waiting’ time function to
cause a temporary cessation of perturbations if the system finds a variation of algebraic signs in the
perturbation, which means that the operating point is near to MPP. This additive function allows the
reduction of the oscillations around the MPP at steady state and maximizes the algorithm’s tracking
efficiency under slowly changing irradiation. Nevertheless, this process fails to speed up the response
and can be aggravated on partly cloudy days.

Nattorn [6]’s attempt to improve the PO algorithm consisted of the use of the two measurements at
voltage point in such way that an estimate is made of how the solar irradiation has varied between
sampling periods. This assists in establishing the level of perturbation of the operating point. This
process makes the algorithm more complicated and slows the system down.

Andujar et al [7] proposed the PO oriented algorithm, which distinguishes accurately whether the
system is operating to the left or right of the MPP and responds correspondingly. This reduces the
power loss and increases the tracking efficiency. The problem with this algorithm is that when sudden
changes in insolation levels occur, the system cannot decide the appropriate direction of the change in
the duty cycle instantaneously. To overcome this drawback in the PO oriented algorithm, the author

suggests the detection of the MPP current over a specific threshold. Since an increase in radiation will



25

result in an increase in the value of the MPP current, the algorithm is required to detect the variation
of current over a certain threshold and respond correspondingly with an immediate increase in duty
cycle. The increase in duty cycle implies a reduction in the input impedance of the DC-DC converter
and obliges the PV panel to displace towards the higher current point close to the MPP.

When the change in irradiation intensity results in a significant change in power, rather than from the
operating voltage perturbation, the PO algorithm can get confused. It interprets the change in the
power as an effect of voltage perturbation. To solve this problem, Sera [16] proffers an improved PO
algorithm that proposes supplementary power measurement between two MPPT sampling periods. It
uses this information to distinguish the actions caused by the effects of the environment from the
perturbation of the MPPT. The experimental results show that the improved PO can avoid deviations
in the wrong direction due to fast changes in irradiation, improving the efficiency of the algorithm.
Jain and Agarwal [17] propose a new and fast algorithm for tracking the MPP in PV systems, in
which a variable step-size is used to rapidly approximate the MPP. The disadvantage caused by a
small, rather than variable step-size during the complete tracking operation is removed, resulting in a
diminished number of iterations and hence fast tracking in comparison to standard MPPT methods.
Two stages are required in the working process of the algorithm.

The operating point is quickly brought into the first mode within close range of the actual MPP using
an intermediate variable obtained by analysis rather than tracking power, facilitating fast tracking.

The second mode consists of a conventional scheme (PO or IC algorithm) to bring the operating point
even closer to the exact MPP, resulting in better accuracy because it tracks the power with fine steps.
The benefit of this algorithm lies in tracking an intermediate variable, which has a single-to-single
direct relationship with the duty cycle, rather than tracking power itself. However, the algorithm uses
a variable step-size iteration that needs to be carefully analyzed because it varies in magnitude due to
changes in temperature and insolation at MPP. The proposed algorithm yields better efficiencies
under a transient tracking mode in comparison with conventional methods and is more applicable in
rapidly changing atmospheric conditions.

Milosevic [18], proposed a modified version of the PO algorithm to counter oscillations around the
MPP without reducing the increment (or step size) of the algorithm. This modification lies in the fact
that the condition dP >0 is presently split into two parts with dP > e and —dP < e with the parameter
e, which is the approximated value of the range of the power oscillations. With the modified PO
algorithm, there are no oscillations in the duty ratio, leading to improved performance in terms of
power oscillations and fast response under slowly changing environmental conditions but it fails to
track the MPP correctly under when environmental conditions change suddenly.

Another modified PO algorithm presented by Xiao [12] includes an additional insolation control loop.
If there is a large and sudden change in the PV output current as a result of the abrupt change in
isolation, a current change threshold “e” needs to be defined as a system parameter. The direction of

the panel output current can be used to directly control the perturbation of the panel reference voltage.
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Fast tracking is achieved by means of this additional insolation control loop, but the difficulties in
choosing the appropriate width step size to achieve better steady state features remain unsolved.
Moreover, the current change threshold e = I(k) — I(k-1) at successive steps is difficult to determine.

A modified adaptive high climbing method has been developed by Bircan and Xiao [5, 12], to
improve the high climbing algorithm through solving the problem of a fixed increment step of the
duty cycle “b”. It makes “b” large in order to speed up its response during the transient mode and “5”
small to accurately reduce the fluctuations at steady state with on-line tuning of the parameter.
MIAP|

b (k—1)

“b” is linear equation given as follows: b(k) =

With a constant variable M and|AP| difference in power at consecutive period times.

The modified adaptive hill climbing method provides good performance in terms of both dynamic
response and steady-state stage when compared with the standard adaptive hill climbing (AHC)
method. The drawbacks of the AHC control algorithm in terms of giving wrong control signals under
sudden change of insolation were corrected.

An improved MPPT method for PV systems is proposed by Tafticht [19]. His new method is based on
experimental measurements of V,. of the PV module to locate the MPP, and this approach uses a non-
linear expression for the operating voltage based on V.. The experimental results show better steady
state performance, which results in increased average efficiency of the MPPT. No tests were
performed to assess the dynamic performance of the system under slow and rapidly changing
environmental conditions.

Different PO (or high climbing) MPPT algorithms are tested by Yafaoui and Wu [20] under sudden
changes in atmospheric conditions. These include the PO, modified PO (MPO), and Estimate Perturb
and Perturb (EPP) algorithms. The PO modified version 1(or MPO) is assigned to correct the
limitations of the PO algorithm under sudden changes in weather conditions, leading to incorrect or
slow MPPT. It isolates the oscillations resulting from weather changes from those happened as a
result of increasing or decreasing the voltage. This is made possible by adding an irradiance-changing
estimate parameter to determine the rate of power change caused by a variation in weather conditions.
The PO modified version 2 (or EPP) was then introduced to improve the speed of the PO modified
version 1 algorithm while maintaining its high tracking accuracy.

This is made possible by the use of one estimate parameter for every two perturbation modes to
improve the tracking speed, while maintaining the tracking accuracy of the MPO algorithm. Thus, the
PO modified version 2 show obvious advantages over its version 1.

The experimental results show that the EPP algorithm yields the similar accuracy as the MPO
algorithm, but tracks 50% faster. When compared with the standard PO algorithm, it achieved the
same speed with much higher accuracy. Its overall performance is therefore superior to both the PO

and PO modified version 1 algorithms.
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Shen [21] proposes a modified PO method to improve the shortcomings of the prior PO MPPT
algorithm. It provides a conveniently regulated capability of the perturbation, which stops the
perturbation while tracking to close the MPP.

The MPPT algorithm is executed in three stages that make the process longer and more complex, but
the modification improves the system’s dynamic response and the power consumption of the
traditional PO algorithm.

An improvement on the IC algorithm has been suggested by Wang and Xu [22], who attempted to
execute corresponding tracking approaches at different situations. This allows the proposed algorithm
to achieve both fast and fine tracking characteristics simultaneously.

Furthermore, the energy losses caused by dynamic tracking errors under sudden changes in
atmospheric conditions are reduced. At start-up and when the weather changes suddenly fast tracking
is needed mere than during normal operations. Fast and fine tracking approaches are executed
respectively by the constant voltage and the incremental conductance algorithms. The decision on the
appropriate tracking approach is made by monitoring the variation of the PV panel output current. The
particularity of this algorithm rests on the fact that the accurate tracking and the fast transient speed
response are separately devised, providing the possibility of setting the perturbation step to a very
small size. This results in higher tracking accuracy when compared with the conventional incremental
conductance IC algorithm where the width step size needs to be balanced to meet accuracy and
tracking speed requirements.

Lee and Cho [23] suggest an updated IC MPPT algorithm where step size varies. The change in a step
size relies upon the inherent characteristic of the solar panel. The particularity of this algorithm as
explained by Lee [24] lies in the fact that a constant resistance control method uses an internal loop
for the parallel stabilization and operation of solar panel system. The experimental implementation
test of the proposed MPPT method includes prototype solar panel system hardware consisting of a
parallel connected buck converter and a constant resistance control algorithm. This proposed approach
is implemented, built and tested and can adjust a step size automatically to a solar panel operating
point, thereby improving the accuracy and speed response in comparison with the conventional IC,
which uses a fixed step increment.

Another innovative way to track algorithm improvement is made by Yu [25], and consists of
improving the efficiency of the PV power generation system at different solar irradiance levels.

PO and IC algorithms are not effective under rapid changes at lower insolation, and fail to track the
MPP. Under these same conditions, the constant voltage control algorithm is more effective and much
better at tracking the MPP. Moreover, the IC algorithm offers better performance under rapid changes
at higher insolation when compared with the PO algorithm. These two strengths using the CV and IC
MPPT algorithms respectively have been combined to provide an efficient two-mode control
algorithm. The two-stage MPPT algorithm yields better performances not only at higher, but also at
lower, irradiation. The disadvantage of this MPPT algorithm lies in the fact that its practical
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implementation requires precise measurement of radiation; this increases the overall costs of the PV
installation.

A DC-DC converter topology and interface study between the panel and the battery load was
performed by Xiao [26], who evaluated the response of buck and boost converters for the MPPT and
suggested the best option for their use in a PV system. The methodology based on the state space
averaged model to understand the steady state behavior based on design specifications and the
dynamic behavior using root locus and bode methods for the buck and boost choppers and then
selecting the appropriate converter. The steady-state and dynamic analysis show that the boost
converter outperformed the buck chopper because of cheaper components, better damping factors and
overshoot of unit step response and was selected to be implemented in their PV application.

Mahdi [27] proposes a PO MPPT algorithm for PV systems and a variable step method that controls
the load voltage to ensure the optimal operation of a PV system. He shows that because the input and
output voltages of the boost converter change with solar irradiances and load variations, the selection
of converter components is a compromise between dynamic response and the MPPT algorithm trigger
time. From the experimental findings, the proposed MPPT algorithm is shown to be able to accurately
track maximum power with minimum fluctuations under rapidly changing irradiation levels.

Case studies of improved MPPT methods such as presented at the IEE conferences and in journal
articles address the drawbacks of the conventional MPPT methods. Possible solutions include the

following:

e The use of a pilot cell in the Constant Voltage method (CV).

e The shortening of the sampling period and interval of the PV array voltage in the CV method.

e The additional ‘waiting’ time function that allows a temporary cessation of perturbations
under constant radiation conditions in PO.

e The detection of the perturbation’s sign to better orient the PO algorithm under slow
insolation variations.

¢ The monitoring of the variation of the PV output’s current; that helps determine how the duty
cycle in the HC algorithm should be varied.

e Additional power measurement in the middle of the MPPT sampling period without any
perturbation to distinguish the actions caused by the effects of the environment from the
perturbation of the PO MPPT.

e The use of an intermediate variable as a variable iteration step-size derived via analysis under
changing weather conditions, which have a single-to-single direct relationship with the duty

cycle.
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e The modification of the condition dP > 0 split into two parts with dP > e and dP < e with the
parameter e, which is the approximate value of the range of the power oscillations under slow
insolation changes for the PO algorithm.

e The additional insolation control loop in the PO algorithm.

e The on-line parameter tuning method, which varies the duty cycle from small to large
respectively during the steady state and transient state in a high climbing algorithm.

e The use of a new methodology to find the MPP based on a non-linear expression for the
operating voltage and measurements of V. of the PV module.

e The adding of an irradiance-changing estimate parameter to measure the increase or decrease
in the power change due to a variation in weather conditions isolate the oscillations caused by
changing weather from those of the perturbation process, thereby improving the accuracy of
the PO algorithm.

e The use of one estimate mode for each of two perturbs modes to improve the tracking
response speed while retaining the tracking accuracy of the PO algorithm.

e An attempt to execute corresponding tracking approaches in different weather conditions and
the monitoring of the variation of the PV output current to help decide which tracking
approach to select.

e An attempt to combine the strength key features of two different MPPT algorithms, which
respond effectively under different specific weather conditions to cover the whole range of
the PV operation.

e The evaluation of responses of converter topologies interfacing between PV and load for the
MPPT system to facilitate the choice of the best chopper for the PV system.

e The perturbation size and sampling rate need to be better adjusted, in accordance with the

converter dynamics.

2.9. Conclusion

It has been stated previously that the direct coupling of the PV panel and the load yields power losses
in the PV system, thus the actual power and the optimum power rarely match. Furthermore, solar
power fluctuates with variations in insolation and temperature levels. These losses can be minimized
if an MPPT system is used to maximize the efficiency of a PV system.

This chapter has described the role of the MPPT algorithms and how the MPPT function is
implemented. Several low-cost and widely used MPPT algorithms such as CV, PO, and IC methods
were analyzed, as well as their strengths and weaknesses under varying weather conditions. Some

optimization solutions to address the drawbacks of classical MPPT algorithms were also investigated.
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Some optimized MPPT solutions for residential applications such as two-mode CV-IC, MPO, and
EPP were highlighted. Detailed flowcharts of many algorithms used in the MPPT technique are
discussed on pages [6, 7, 10, 12, 13, 20, and 25].

Two MPPT control methods for DC-DC converter, direct control and PI compensator are explained.
To further maximize the efficiency of the PV system, a DC-DC converter topology and interface
study between the panel and the load in the PV system is crucial. This is based on the steady state and
dynamic analysis as discussed by Xiao [26] and allows for the choice of the best chopper for a
specific PV configuration system.

It has been also found that the step perturbation size and the sampling rate should be better adjusted,
in accordance with the converter dynamics [27].

An improved two-stage MPPT algorithm combining the IC and modified CV methods as discussed on
page [25] is selected, with slight modifications for further investigation and implementation in the

current dissertation.
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Chapter 3: PHOTOVOLTAIC MODELS

3.1. Introduction

One crystalline silicon photovoltaic (PV) cell outputs a voltage of approximately 0.5V. To produce a
specific output voltage, solar cells are often connected in series configuration. They are electrically
connected and mechanically mounted in a frame to form a module or panel. When panels are wired in
series or/and parallel combinations, they form an array. The solar panel is also equipped with
accessory protective devices, such as bypass and blocking diodes, either to protect cells when the
temperature rises under shady conditions or prevent the solar panel from reverse current flowing back
during the night [28, 29].

PV solar cells rely on the process known as the “photovoltaic effect” to produce electricity. This
phenomenon happens when the energy produced by the photons from sunlight on the exposed solar
cell is greater than the band-energy of the semiconductor. Thus, electron-hole pairs are created by the
breakage and loss of the atoms in the material. The existing electric field of p-n junction of solar cells
separate the created charge carriers in the depletion region and lead to a forward bias of the p-n
junction, so that a voltage potential is built up. This will cause a current proportional to the incident

radiation to flow through the load once it is connected to the cell [30, 31].

3.2. Mathematical Model of PV cell

In the early stage of the modeling process, Matlab m-files codes are used to model the PV panel based
on derived equations. Later on, in order to interface with other subsystems of the whole PV power
system, a Simulink PV model is performed. A simple PV cell model is provided, and then a more
accurate model called the two-diode model is examined. Finally the complexity of the two-diode
model is reduced by making some assumptions to provide a moderate, one-diode model, which has

been widely accepted for PV panel modeling.

3.2.1 Simple PV cell model

A simple PV cell model is illustrated by the use of a current source in parallel with a diode. The light
falling on the cell impacts directly on the output of the current source. A solar cell is inactive during
darkness; it acts as a diode, i.e. a p-n junction producing no voltage or current. Nevertheless, the diode
starts to produce a current / sat, called dark or diode current when connected to an external voltage

supply. I _TK is the current generated by the photons [30] as seen in Figure 3-1.
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An ideal PV cell doesn’t leak and displays no series loss on the equivalent circuit below, meaning
that Resistance series Res = 0 and Resistance shunt R, = co [32]. The output current /m is constant

under constant solar irradiance and temperature.

G | TK ll_sat
\\

Simplified PV
cell model

Figure 3-1: Equivalent circuit of a simple PV cell.

To characterize a PV cell, two of the most significant parameters needed are the short-circuit current,
I, in Figure 3-2 (A) and the open-circuit voltage, V,. irrespectively, as illustrated in Figure 3-2 (B).

Their values are often provided by the manufacturer datasheet.

_—
V=0 Im=0
G N
L N+
DC Im=lsc DC PV V=Voc
A. Short-circuit B.Open-circuit
Current Voltage

Figure 3-2: Short-circuit current and Open-circuit voltage states.

I is obtained when the terminals of the PV cell are connected together, meaning that the voltage
across V is equal to zero. Conversely, V,.is obtained if the terminals are open or not connected,

meaning that the current / is equal to zero.

By applying Kirchhoff’s law on the simple equivalent circuit cell displayed in Figure 3.1, the output

current can be calculated as follows:

I, =1 TK—-1 sat 3.1)
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With I _TK is the short-circuit current at temperature 7K, and / _sat is the diode current based on the

following Shockley’s diode equation [30, 31, and 33]:

~

I _sat=1_rev ¢ (3.2)

~

In the above equation, ¢ is the Charge of an electron (lev = 1.602 e-19 J), V' is the diode voltage (V),
k is Stefan Boltzmann’s constant (1.381 e-23 J/K), 7K is the junction Kelvin temperature (K), and

1 rev is the reverse saturation current at reference temperature (A).

By replacing the equation (3.2) in (3.1), the /-V equation of the PV cell can be obtained as follows:

~

Im=1 TK-1 rev€?"*™ -1 (3.3)

-

The output current /m has the same value either for the panel or the cell (cells being connected in a
series in the solar panel). The reverse saturation / rev is derived by setting the open-circuit voltage
condition, i.e. fm = 0 and V' =V, is the voltage across the PV cell as given in the equation 3.4. When

using a solar panel, the total voltage J should be always divided by the number of cell series.

I TK

[ rev= Vo GRS

(3.4)
e

The photon generated current, which is equal to the short-circuit current / 7K, is directly proportional
to the rate of irradiance G of a PV cell [32] and can be approximated for any value of G by knowing
its values under standard test conditions I _7Ref'and G,,,, from the datasheet

(Guom= 1KW/m? at the air mass A.M = 1.5, reference temperature) as follows:

[ TK = (GLJI_TRej (3.5)

nom

3.2.2 Double exponential diode model

A more accurate model is obtained by the inclusion of series resistance, parallel resistance, and
recombination factor in the equation 3.3 [30]. The double diode model is derived physically with the
concept of a solar cell constructed from polycrystalline silicon with two diodes, and a series and

parallel resistance, as seen in Figure 3-3.
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ll_sat‘l ll_satZ
G I_TK

Figure 3-3: Equivalent circuit of two-diode solar cell model

R, is the resistance shunt, which is due to non-idealities and impurities on the p-n junction and Res, is
the resistance series that represents the losses to the current flow. The effect of R, is more significant
in the parallel configuration of many PV modules for a large system. Accounting for these additional

elements, the equation 3.3 for the output current /m can be written as follows:

q(/HmResj q(/+ImRes: ‘/_I_ImReS\

Im=/ TK-I satle > —1|-1 sat2e 9™ —1|-=———"""= (3.6)

RP

Two diodes can be combined to simplify the equation to:
€ +ImRes -~
T TS +ImR
Im=7 TK—1 satle @n> _1|_ ¥ ;n £5 (3.7)
pr

In the above equation, 4 is known as the ideality diode factor and varies between one and two.

3.2.3 Single appropriate diode model

The complication of the two-diode model due its non-linear and implicit nature limits the
development of expressions for the /-V curve parameters [32]. Thus, the double exponential diode
model is not much used in the literature. Moreover, the effect of shunt resistance is minimal for a
single PV module; hence, R,= oo, simplifying the equation (3.7) to:
g € +ImRe L D
Im=/ TK -1 satle - _1

(3.8)

In the above equation, V is the panel voltage divided by the cell series number, T is the Kelvin cell

temperature (K), / sat is the reverse saturation current at temperature 7K, / 7K is the short-circuit
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current at 7K from the generator PV cell, Res is the resistance inside each cell and between the cell’s

connections and /m is the output module current, which is also the cell current.

The single diode model as displayed in Figure 3-4 includes a series resistance Res, one diode, and an
irradiance-induced current source. / 7K is the current source, which shows the current generated by a

PV cell, and its output is constant, with no variations in irradiance G and temperature 7.

Res ——>

Im +

Figure 3-4: Equivalent circuit of one diode solar cell.

3.2.3.1 Matlab PV Cell model

According to Figure 3-4, the PV output panel current is directly proportional to the current falling on
solar PV cell, which in turn is also proportional to the irradiance level. The equations that show the /-

V curves of PV cell model are provided on pages [30, 31, 34 and 35] and can be resumed as follows:

q(/+lmReSj
Im :ITK_Isut|:e kTR S —1:|

(3.9)
I TK =1 TK(T1)(1 + alpha(TK ~T Re f)) (3.10)
[
I TK(T)=|——|I TRef
Gom (3.11)
alpha:I_TK(Tz)—I_TK(Tl) 612)

T2_Tl
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3
i A
I _ TK | Ak \ 1K T_Ref]
—sat — T _rev e

T Ref (3.13)
I TRe [
7 rev 128 TR;f/(4kT -
B e | (3.14)
1
Res :—dR| oe
- Y, (3.15)
1 qV TRe f
Y, 4= I_TRefmeA"T—Ref
. (3.16)
V th=(k*A*T Ref)/q
(3.17)

where,

Im: Output module current

V_TRef: Standard open circuit voltage taken from datasheet

1 TRef: Standard short circuit current taken from datasheet

T Ref: Standard Kelvin temperature

alpha: Short circuit current coefficient of temperature taken from datasheet
k: Stefan Boltzmann’s constant (1.38e-23 J/K)
q: Charge of an electron (1ev = 1.602e-19 J)
A: Ideal diode quality factor depending on PV technology

En_band: Energy for band gap voltage (e.g. for polycrystalline-Si)

TK: Kelvin panel temperature

1 _TK: Short circuit current at temperature 7K

V_th: Thermal voltage

1 rev: Reverse saturation current at 7 Ref’
1 sat: Reverse saturation current at 7K

dR Voc: Slope of I-V curve at V,. (I = 0) where V. is the open-circuit voltage of cell

Res: series resistance
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Equation 3.9 of output module current can be solved using Newton’s method, due to its rapid

production of the answer as described below:

X
X, =X, —M (3.18)
f'(x,)
By rewriting the equation (3.9), the following function can be obtained:
C+IR, S
a Ukr >
ITK—Im—Irev|:e - —l}zO:f(Im) (3.19)

Solving equation 3.9 using Newton’s method allows us to compute iteratively for finding the output
current I, as follows:
V+Im, Re s ]
1

[ TK—-Im, —1__ i

=Im, — (3.20)
V+Im, Re s
-1-1 ,, q‘ReSjeq[ i)
- AkKTK

To implement the current output equation (3.9) in Matlab script codes, the short-circuit equation
should firstly be calculated at reference temperature 7 Ref, then proportionally to the intensity of
irradiance G according to the equation (3.21) knowing that G,,, = IKW/m* under standard test

conditions.

I TK =[Gij1_TRef |+ (alpha*(TK -T Ref)_

nom

(3.21)

Secondly, the equations (3.14), (3.16) respectively related to / rev, Y, must be written and Y, can be
written using a thermal potential parameter V , defined as V_,= Ak/q to simplify the expression of
reverse saturation current at given temperature 7K. Lastly, the remaining Matlab m-files for the
equations (3.13) and (3.15) respectively related to reverse saturation / sat at TK, and series

resistances Res are written.

3.2.3.2 Simulink PV Model

The methodology to derive the equations to calculate the Simulink PV model parameter is directly
based on the manufacturer’s datasheet for the solar module such as V. and I, voltage at MPP Vjpp,
current at MPP /j;ppand maximum power under the standard testing conditions (STC).

Applying Kirchhoff’s law of current to the equivalent circuit of one diode model as seen in

Figure 3-4, the output current of the PV panel is derived as follows:
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Im=71 TK-1_ sat (3.22)
In the equation 3.22, I 7K is light current at a given temperature 7K and irradiance G and can be

written as follows:

I.TK = [Gij I _TRef +(alpha*(TK -T Ref)
nom (3.23)
1 sat is the reverse saturation current at 7K and can be written as follows:
qg(V+ImRes)
[ sat = I_rev{e *IK - — 1} (3.24)

1 rev is the reverse saturation at a reference temperature 7_Ref, ¢ is the ideal shape factor and is equal
to the product of ideal diode quality factor 4 and cell series number N,. The output current equation
used in the Simulink model can be derived by replacing the equation 3.24 into the equation 3.22 and

this substitution results in the following equation:

q(/+[mRes:
Im=[_TK—I_rev|:e GTK —1:|
(3.25)

The general equation 3.25 above has four unknown parameters / 7K, I rev, Res, 0.

Once [ TK and [ rev are known at standard condition, they can be updated for specific conditions.
Assuming that the series resistance parameter can be determined by the bisection method proposed by

Townsend [36] as follows:

1 N kT Refln 1— Lyipp rer
q I TRef

Res =

]+ ViT Re f — VMPP’ref»}

MPP ref

(3.26)

Ns, Ivpprer and Vipprer represent the cell number, current and voltage at MPP respectively and ypp e
and Vypprrare always given in the datasheet under STC. By knowing Res, this reduces the number of
unknowns to three / 7K, [ rev, 6. The solution can be obtained by trying to force the I-V
characteristic to pass through MPP, open, and short circuit points.

It is also known that:

1,,=1 TRef at short-circuit state (V= 0)

V-V _TRef at open-circuit state (/,,= 0)

1, = Iypp and V= V);pp at maximum power (MPP)
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Firstly let’s find / TK and [ sat at standard condition by rearranging these above expressions in the

equation (3.25).

I TRef=1I TK.ref -1 rev(d/=TReS) (3.27)
- okT _Ref
0=1 TK,ref —1 rev|exp qV_TRef -1 (3.28)
- okT _Re f
GVvipp o + Lpp.r RES
Lyppry =1 _TK, ref —I_Fev{exp[ e é{;T IA;’; Pff J—l} (3.29)

I _rev through the diode is found to be the range of 10~ and 10 due to the very small value of Res and
can be negligible [36]. This means that the short circuit and light current are equal under all

conditions. Thus, the equation 3.27 can be written as follows:
I TRef=1_TK,ref (3.30)

By rearranging the equations 3.27 and 3.28 together, the ideal shape factor can be deducted as:

B VMPP,ref + ]MPP,refRs —V_TRef (3.31)
9 kT_Refln‘_ (MPP,ref/[—TRef;\ |

The reverse saturation current /_rev can be deducted from the equation 3.28 and written as follows:

I rev=_1-TRes (3.32)
exp vW_Ref
5
q

where an auxiliary variable v = kT—R
_Ref (3.33)

The reverse saturation current at 7K can now be calculated as follows:

3

7 _qEnibumd 1 1

I sat — 1 rev Ik ' € x {RiT_RefJ
- T Ref

(3.34)
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The derived equations 3.23 and 3.32-34 can now be implemented in Simulink utilising user-defined
functions to calculate the equation 3.25. With the manufacturing solar panel data defined as function
block parameters in masked editor, and the equation 3.26 also initialized in masked editor; the PV

model can now be simulated in Simulink environment as displayed in Figure 3-5:

Figure 3-5: Block diagram of Simulink PV model

The suggested PV Simulink model has been designed in the form of a Simulink library. It takes cell
temperature and solar irradiation as input parameters and outputs the /-V and P-V curves under
changing weather parameters. The block PV model is made more user-friendly by the masked icon
and its configuration can be easily done via a dialog box. To display the simulated P-V and I-V curves
of the Simulink model, a short m-file code has been written and run in the Matlab workspace

environment and can be found in the appendix A.

3.3 PV Simulated Results

The PV panel model is electrically represented either by power versus voltage or current versus
voltage and curves under varying temperature and light levels. The simulated results of Matlab and
Simulink models of the current PV panel are displayed in Figures 3-6-to 3-10 and 3-11-3-12
respectively. The PV Matlab model that has been developed is tested to assess the influence of
irradiance, temperature and series resistance variations. All Matlab m-file codes written for this

purpose can be found in Appendix A.
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Figure 3-8: Matlab P-V curves with T variation Figure 3-9: Matlab P-V curves with G variation
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KYOCERASOLAR_:SDP:series resistance_variation
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Figure 3-10: Matlab I-V curves with Res variation

The Simulink results of the PV model are displayed at standard conditions (1000W/m?, 25°C) are as
follows:

Figure 3-11: I-V curve of PV Simulink model Figure 3-12: P-V curve of PV Simulink model
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3.4 Conclusion and Discussion

The simple PV cell model ideally assumes a PV cell which doesn’t have series loss and doesn’t leak
i.e. series resistance equal to zero (Res = 0) and parallel resistance at the infinity (R, = o).

A more complex and accurate equivalent circuit of a solar cell is the two-diode model or double
exponential. It includes a parallel resistance and series resistance along with two diodes and a light
generated current source. Nevertheless, due to its non-linear and implicit nature, there are some
restrictions to developing characteristic equations for the I-V curve parameters.

A slightly complex and appropriate PV panel electrical model based on the Shockley equation of a
solar cell is developed. This widely accepted model includes a light generated photo-current / 7K,
one diode and a series resistance Res and has been implemented in Matlab and Simulink models.

A particular typical S0W KYOCERA solar panel with its standard open-circuit voltage and short-
circuit current given respectively as V,. = V. _TRef=22.1V and I,. = I TRef= 3.07A is used for model
evaluation to demonstrate the influence of temperature and irradiation. Other electrical characteristics
can be found on the datasheet in appendix A. Based on the above I-V and P-V graphs of the single

diode PV model, the following behaviours can be observed:

* The non-linear behaviour of the PV panel is shown in Figures 3-6 and 3-9 where the
operating system always changes and deviates from the MPP when atmospheric conditions
change. The output power and current of the PV panel depend on solar irradiance G and
temperature 7 as well as the cell’s terminal operating voltage.

* From Figures 3-7 and 3-8, it can be observed that variations in temperature affect V,. more
than /.. V,. diminishes with the increase in 7 when G is kept constant. Furthermore, /. of the
PV panel increases parallel to an increase in 7, whereas the maximum power output
decreases. The net power will continue to decrease at high temperatures in as much as the rise
in /. is smaller than the reduction in V..

* From Figures 3-6 and 3-9, it can be observed that increasing the solar irradiance G also raises
the panel output current as well as the output power whilst 7 remains unchanged. The
explanation for this increase is the fact that /. is directly proportional to G while V. is
logarithmically dependent on G.

* From Figure 3-10, it can be clearly seen that series resistance Res of the model impacts

significantly on the slope of the /- characteristic at V=V,

It can be concluded that the Matlab & Simulink PV one diode model gives successful simulated
results as expected and validates the electrical characteristics given in the datasheet of the

manufacturer.
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Chapter 4: MAXIMUM POWER POINT TRACKING ALGORITHM
MODELS

4.0 Introduction

All the MPPT algorithms have been investigated with actual irradiance data provided by the South
African Weather Service (SAWS) [37]. Using SAWS data, a text-file containing the Kipp and Zonen
pyranometer data of radiation intensity is found on a horizontal surface in the meteorological wavelength
band, i.e. Lamda = 0.3 to 2.8 microns. Hourly solar global radiation for 24 hours of local apparent time is
measured in kilojoules per square metres per hour. Two sets of data are used in the current simulation
study. Both contain useful and different weather measurements taken in Upington, South Africa.

A sunny data measurement is taken on 6 February 1966 and a cloudy data measurement is taken on 11
January 1966. These historic data are accurate and still reliable. They include the irradiation
measurements taken each hour for 24 hours as seen in appendix B. The linear interpolations in Matlab
functions are useful to estimate the irradiance values between two hourly data points. The solar data is
displayed in Figure 4-1; it can be observed, on the one hand, that the irradiance intensity varies little
during a sunny day due to the lack passing clouds. Therefore MPP tracking is smooth and not
challenging. On the other hand, MPP tracking seems to be cumbersome on a cloudy day because the
irradiance intensity varies abruptly due to passing clouds. A specific MPPT algorithm may perform better
in one environmental situation and fail to track well in another, or may also outperform another algorithm
under the same operating weather conditions. Therefore, it is crucial to define a parameter called
“tracking efficiency” in order to establish the performance of a given MPPT algorithm and to be able to
make comparisons with other MPPT algorithms. A modeling and simulation study is presented in the
following section to compare the performance of the MPPT algorithms under sunny and cloudy weather
scenarios.

Based on the literature review, the classical low-cost and widely used PO and IC MPPT algorithms are
selected, and written in Matlab m-files and simulated. Some of their optimized solutions for improved
performance are also investigated. These include the PO modified version 1(MPO), PO modified version
2 (EPP), and an improved two-stage algorithm combining modified CV and IC methods [20, 25].
However, some minor modifications are introduced in the improved two-mode algorithm by removing the
expensive sensor device used for the measurement of radiation. Moreover, the converter duty cycle is
used as a control variable, simplifying the MPPT system in one direct control loop during its

implementation in the whole PV system Simulink model.
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By defining a specific threshold (0.33 or 33%) for the PV output current variation, the decision on the
tracking approach selection of the improved two-mode algorithm is made according to whether the
variation in output current is under or over this specified threshold. Indeed, an error signal has been
introduced in the IC algorithm side to further reduce the fluctuations around the MPP and improve the
accuracy of the results. Tracking efficiency, the most common criterion of comparison for MPPT
algorithm performance [7, 8, 9, and 13] is used to select the appropriate MPPT method with regard to
steady state and dynamic characteristics under sunny and cloudy weather operating conditions.

In the early stage of MPPT algorithm modeling, all five MPPT algorithms are implemented in Matlab
codes and then the best algorithm among the five is selected along with its standard version. Both
algorithms are implemented in Simulink blocks in order to interface with other subsystems in the whole
Simulink PV system. The two sets of hourly solar irradiance data are provided in appendix B and can be

displayed as follows:

Kw/m?2

0.8 -

0.6 - = Sunny day
e Cloudy day

0.4 -

0.2 A

0 T T T T T T T T T T T T T 1

6 7 8 9 10 11 12 13 14 15 16 17 18 19
Hours

Figure 4-1: Measurement of cloudy and sunny irradiation data in Upington, South Africa, 1966 [37]

Matlab script file for calculating the theoretical maximum power (MPP) function under the given
irradiance and temperatures, is provided in appendix B. The procedure to obtain the simulated results
after writing some Matlab codes for a given MPPT algorithm consists of running in a workspace

environment, firstly, the Matlab function of the solar panel model set up previously, and then the Matlab
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function for the theoretical MPP along with Matlab codes for testing the performance of a specific

algorithm.

4.1 Perturb and Observe (PO) Algorithm

Matlab script codes for testing the PO algorithm under sunny and cloudy weather conditions are written

according to the following flow chart and are provided in appendix B.

Start PO
Algorithm

Measure: V(n), I(n)

h.

P(n) = V() x I(n)

Delta P (dP) = P(n) — P(n-1)

|

AP >0

es No Yes

Y Y

Decrease Panel
Voltage
V(n+1)=V()-C

Increase Panel
Voltage
V(n+1)=V(m) +C

Decrease Panel
Voltage
V(n+1)=V(@mn)-C

Increase Panel Voltage
V(n+1)=V(n)+C

| | | |
v
Updating History
V(n-1) = V(n)
P(n-1) =P(n)

Figure 4-2: Flow chart of Perturb and Observe (PO) Algorithm [10, 12]

According to the PO algorithm displayed in Figure 4-2, the power is calculated consecutively at previous
and current states with the help of voltage and current measurements. A test is then done to assess the
signs of variation of power and voltage respectively. Finally, a decision is made either to increase or

decrease the voltage according to whether the variation of voltage is positive or negative respectively.
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Simulated results for testing the PO algorithm under sunny and cloudy weather conditions are displayed

respectively in Figures 4-3 and 4-4:

PO ALGORITHM TRACKIMNG INVESTIGATION_ SUNNY SCENARIC
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Figure 4-3: MPPT capability of PO algorithm for a sunny scenario
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Figure 4-4: MPPT capability of PO algorithm for a cloudy scenario
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4.2 Perturb and Observe modified version 1(MPO) Algorithm

The flowchart of the PO modified version 1(or MPO) is made with the objective of overcoming some of
the limitations of PO under rapidly changing atmospheric conditions. This means that it is intended to
improve steady state performance by reducing the oscillations around the maximum power point. This
modification is done by adding an insolation changing estimate parameter in each perturb process to
isolate the oscillations driven by the change in irradiance from those that occurred when the perturbation
of voltage is done in order to measure the rate of power change due to the variations in environmental
conditions.

Matlab script codes of the MPO algorithm are written according to the flow chart in Figure 4-5 and the

Start MPO
Algorithm

details can be found in appendix B.

Measure: V(n), I(n)
P(n) = V(n) x I(n)
Mode 1 ° /\ ' Mode 2
i Count = ? l
Count =1 Count =0
V(n) =V(n-1) Delta P (dP) = P(n) — P(n-1)
P(n-1) -P(n-2)
No >dP?
No
Yes Yes
No -
A4 A4
Decrease Panel Increase Panel Decrease Panel Increase Panel Voltage
Voltage Voltage Voltage V(n+1)=V(n) + cg
V(n+1)=V(n)-C V(n+1)=V(n)+C V(n+1)=V(n)-C
Updating History
V(n-1)=V(n)
P(n-1) =P(n)

Figure 4-5: Flow chart of PO modified version 1 (or MPO) Algorithm
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According to the MPO algorithm as seen in Figure 4-5 , the power is calculated with the help of voltage
and current measurements. A test is then done to assess whether the counter is equal to zero or one. If
equal to zero, it is then set up in mode 1, i.e no changes happen (neither increasing nor decreasing) but if
it is equal to one, it is set up in mode 2, so the power is calculated consecutively at current state P(k),
previous state P(k-1) and double delayed state P(k-2). If the variation of current power and delayed
double power is more than zero, a decision is made to increase or decrease the voltage according to
whether the variation of voltage at previous V(k-1) and double delayed V(k-2) states is positive or

negative respectively.

The MPO tracking algorithm is tested for sunny and cloudy scenarios respectively, in Figures 4-6 and 4-7

as follows:

MPO ALGORITHM TRACKING INVESTIGATION __SUMNY SCENARIC
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Figure 4-6: MPPT capability of MPO algorithm for a sunny scenario
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MPO ALGORITHM TRACKING INVESTIGATION__CLOUDY SCENARIO
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Figure 4-7: MPPT capability of MPO algorithm for a cloudy scenario

4.3 Perturb and Observe modified version 2 or EPP Algorithm

The Estimate, Perturb and Perturb (EPP) algorithm is undertaken in order to improve the dynamic
performance of the MPO algorithm while maintaining its main steady state features (tracking accuracy).
For each two perturb modes, only one estimate parameter is used to speed up the tracking response of the
algorithm. Its Matlab script codes are written according to the flow chart displayed in Figure 4-8 and the

details can be found in appendix B.
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< Start EPP Algorithm >

Measure :V(n) and I(n)

I

Calculate Power P(n)= V(n)*I(n)

Mode 1 1
Mode 2 Mode 3

Count =1 Count =2
V(n) = V(n-1) dP = P(n) - P(n-1)

Count=0

P(n-1) > P(n-2) -dP ? P(n) > P(n-1) — dP?

(n+1)= V(n+1)= V(n+1)= V(n+1) V(n+1)= V(n+1)= V(n+1)= V(n+1)=
V(n) + C V(n)-C V(n)-C =V(n)+C V(n)+C V(n)-C V(n)—C V(n)+C

' ' ! . : L e L J
Updating History
V(n-1) =V(n)
P(n-1) = P(n)

Figure 4-8: Flow chart of PO modified version 2 (or EPP) Algorithm

According to EPP algorithm displayed in Figure 4-8, the power is calculated with the help of voltage and
current measurements. A test is then done to assess if the counter is equal to zero , one or two. If equal to
zero, then it is set up in mode 1, i.e no changes occur (neither increase nore decrease), but if equal to one,
it is set up in mode 2, so the power is calculated consecutively at current state P(k), previous state P(k-1)
and double delayed state P(k-2). If the difference of current power P(k) and double delayed power

P(k-2) is more than zero, a decision is made to increase or decrease the voltage according to whether the
difference of the voltage at previous V(k-1) and double time delayed states V(k-2) is positive or negative

respectively. If the counter equals two, it is set up in mode 3. The power is then calculated consecutively
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at previous and current states with the help of voltage and current measurements similar to the
conventional PO method. A test then performed to assess the diference in power and voltage respectively;
finally, a decision is made to increase or decrease voltage according to whether the variation of voltage is

positive or negative respectively.
The EPP tracking algorithm is tested for sunny and cloudy scenarios in Figures 4-9 and 4-10 respectively

as follows:

EPP ALGORITHM TRACKING INVESTIGATION__SUNNY SCENARIO
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Figure 4-9: MPPT capability of EPP algorithm for a sunny scenario
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EPP ALGORITHM TRACKING INVESTIGATION __ CLOUDY SCENARIO
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Figure 4-10: MPPT capability of EPP algorithm for a cloudy scenario

4.4 Incremental Conductance (IC) Algorithm

Matlab script codes for the IC algorithm are written according to the flowchart displayed in Figure
4-11and the details are provided in appendix B.
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Start IC Algorithm

Measure: V(n), I(n)

» ‘

v
dV(n) =V(n) - V(n-1)
dI (n) =I(n) — I(n-1)
No
dv=0 Yes
?
Yes Yes
No No
No Yes Yes
No
Y Y
Decrease Panel Increase Panel Decrease Panel
Increase Panel Voltage
Voltage Voltage Voltage Vnt1) = V(n) + C
V(n+1)=V(n)-C V(nt1)=V(n)+C V(n+1)=V(n)-C
Updating History
V(n-1) = V(n)
I(n-1) = I(n)

Figure 4-11: Flow chart of IC Algorithm

According to the IC algorithm seen in Figure 4-11, the current and voltage are measured at previous and
current states, then a test is performed to assess either if the variation of voltage and current is equal to
zero respectively or if the variation of voltage is equal to zero and the balancing condition dI/dV + I/V =10
at MPP is respected. If so, no changes are made. If not, a test is done on one side to increase or decrease

the voltage, according to whether the current variation is positive or negative respectively. On other side,
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another test is performed to increase or decrease the voltage according to that whether dI/dV + I/V is
superior or inferior at zero respectively.
All the simulated results of the IC algorithm under sunny and cloudy weather conditions are given

respectively in Figures 4-12 and 4-13 as follows:
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Figure 4-12: MPPT capability of IC algorithm for a sunny scenario




56

|G ALGORITHM TRACKING INVESTIGATION__CLOUDY SCEMARIO

a0} . ]

.
—_
T
1

MODULE OUTPUT POWER ()
= =

—
[
T
1

0 5 10 15 20
MODULE VOLTAGE (v)
Figure 4-13: MPPT capability of IC algorithm for a cloudy scenario

4.5 Two-stage combined CV and IC Algorithm

An attempt to combine some good characteristics of the IC method under rapidly changing weather
conditions and the effectiveness of the CV method at low insolation levels [25] can be performed to yield
a two-stage MPPT control algorithm capable of maximizing the tracking efficiency of the whole PV
power generation system. Matlab codes of the improved two-mode algorithm are written according to the

following flowchart and details are provided in appendix B.
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< Start:Two-stage CV-IC algorithm >

h J

V(n) =K* Voc

Measure V(n)
and I(n)

—

dI=I(n) - I(n-1
Increment Decrement
V(n+1)= V(n+l) =
V(n)-C V(n)-C
Yes
No
Yes
No
Y
Decrement Increment Decrement Increment
V(@n+1)=V(n)-C V(n+1)=V(mn)+C V(n+1)=V()-C V(n+1)=V(mn)+C
Updating
V(n-1) =
V(n)
I(n-1) = I(n)

Figure 4-14: Flow chart of two-mode CV-IC Algorithm

According to the two-stage CV-IC algorithm displayed in Figure 4-14 above, a test is performed to firstly
calculate the variation of current in order to select the appropriate tracking approach. A fast tracking
approach is achieved by the modified C}V method when the variation in the output current of the PV panel
is less than 33% and a fine tracking approach is achieved by means of the /C method, when the variation
in output current is more than 33%. For the modified CV method on the right side, the power is calculated
consecutively at previous and current states with the help of current measurements and voltage V., = K x

Voo . A test is then conducted to assess the variation of power and voltage respectively; finally, a decision
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is made to increase or decrease the voltage according to whether the variation of voltage is positive or
negative respectively.

For the IC method on the left side, the current and voltage are measured at previous and current states,
then a test is performed to assess either if the variation of voltage and current is equal to zero respectively
or if the variation of voltage is equal to zero and the balancing condition dI/dV + I/V = error (err) at MPP
is respected. If so, there is no change. If not, a test is conducted to determine whether the voltage should
be increased or decreased according to whether the current variation is positive or negative, respectively.
Another test is performed to increase or decrease the voltage according to whether the condition dI/dV +

1/V > err is superior or inferior at zero respectively.

All the simulated results of the CV-IC algorithm under sunny and cloudy weather conditions are given

respectively in Figures 4-15 and 4-16 as follows:

TWO STAGE CWHIC ALGORITHM TRACKING IMVESTIGATION _ SUNNY SCENARIC
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Figure 4-15: MPPT capability of two-mode CV-IC algorithm for a sunny scenario
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Figure 4-16: MPPT capability of two-mode CV-IC algorithm for a cloudy scenario

4.6 Average Output Power and Tracking Efficiency of MPPT Algorithms

Table 4-1 presents all the simulated theoretical and real values of maximum power of the five

MPPT algorithms along with their respective calculated tracking efficiencies.

Table 4-1: Average Output Power and Tracking Efficiency of MPPT Algorithms Comparison

PO MPO EPP IC Cv-IC
Algorithm Algorithm Algorithm Algorithm Algorithm

Sunny | Cloudy | Sunny | Cloudy | Sunny | Cloudy | Sunny | Cloudy | Sunny | cloudy
Py | 117.8 | 64.8 117.8 | 64.8 117.8 64.8 117.8 64.8 117.8 | 64.8

Pooer | 11742 6425 | 11737 | 64.74 | 117.37 | 64.74 | 11742 | 64.25 | 117.53 | 64.75
Ner | 99.67 | 99.16 | 99.63 | 99.91 | 99.63 | 99.91 | 99.67 | 99.16 | 99.77 | 99.92

Py, Theoretical maximum power (W)
Py, Tracking maximum output power (W)

o5 Tracking efficiency of MPPT algorithms (%)
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4.7 Discussion and Analysis

Figures 4-3 and 4-12 illustrate that both conventional PO and IC methods perform better under sunny
conditions but when abrupt solar irradiances occur, more perturbations happen around MPP, increasing
power losses in the PV system, so that it becomes difficult to maintain the operating point at MPP. As it
can be seen in Figures 4-4 and 4-13, the trace of operating tracking power coloured in green move away
from the maximum power MPP due to the increase in power fluctuations. This justifies the theory in the
current literature, which declares that classical MPPT algorithms cannot accommodate both a good steady
state and fast transient response simultaneously; there is always a tradeoff between high accuracy (low
power fluctuations) and a fast response to dynamic changes in atmospheric conditions. All the improved
MPPT algorithms (MPO, EPP, and CV-IC) perform much better under sunny and cloudy weather
conditions compared to the standard PO and IC methods, but the two-stage CV-IC method outperforms
the MPO and EPP methods as demonstrated by its average output power and higher tracking efficiencies
for both scenarios, especially when solar irradiance is changing rapidly (a cloudy scenario). It can
simultaneously accommodate a fast responding speed and satisfactory tracking accuracy, which can
significantly diminish the energy losses that occur when clouds pass over. Because the fast and fine
tracking approaches are separately implemented in this improved method, the perturbation step size can
be set very small, which is different from the standard IC method, where the width step size should be
able to simultaneously meet simultaneously accuracy and tracking speed requirements.

The two-mode modified CV-IC is therefore selected from the five algorithms for later implementation in
the whole Simulink PV system.

Moreover, when compared to the experimental and simulated results of MPPT algorithms found in the
literature [3, 6, 7, 8, 11, 13, 33, 38], this MPPT simulation study provides meaningful and acceptable

results, which are quite close to previously published findings.
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Chapter 5: DC-DC CONVERTER TOPOLOGY AND INTERFACE
ANALYSIS

5.1 Switch-Mode Converter Theory

Electronic power devices such as switch-mode converters are needed to reduce power losses as
much as possible, and to deliver and distribute power efficiently. They may be applicable to
interface with the PV system in order to extract the maximum power from the PV panel and
reduce the power losses that occur in direct coupled PV-load systems. A switch-mode converter
consists of inductors, capacitors, and switches. These electronic power semiconductor switches
are used in on and off states.

Switching converters are considered ideal components and yield high efficiencies. Their
switching operation is achieved by means of a power switch, often a Mosfet, which switches on
and off as soon it receives driving square wave signals at its gate. The power dissipates and
moves towards zero when the mosfet is in the off position because the current is zero. Similarly,
the power dissipates and converges towards zero in a saturated situation, because at this point in
time the voltage has dropped to near to zero [39]. The operation of the DC-DC converter consists
of two different modes: the Continuous Conduction Mode (CCM) and the Discontinuous
Conduction Mode (DCM).

A switching converter is said to be operating in CCM, if the inductor current cannot reach zero in
one switching cycle and in DCM, if the inductor current reaches zero before the end of one
switching cycle and remains there for certain period of time [39].

When the converter operates, the mosfet will be closed and open at constant frequency f; for a
certain amount of time through a method called pulse width modulation (PWM), which allows
one to control and regulate the output voltage. This control method PWM employs the switch
duty ratio D, which is the ratio of on-time ¢,, of DT}, to the total time duration of the switching

period T = t,, + t,ras seen in Figure 5-1.
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Figure 5-1: Switch voltage V; () position (on and off states)

In the above Figure 5-1, T, represents the switching period with a switching frequency of

fi=1/T; and a switch duty ratio or duty cycle D where 0 <D < 1.

The switch control signal required in the PWM method is used to control the opening or closing
of the switch. By comparing a pulse generator or repetitive waveform with a signal-level control
voltage, the switch control signal can be generated. It can also be generated by amplifying the
error emanating from the difference between the desirable or calculated reference value and the
actual output voltage [40]. The sawtooth is a constant peak of the frequency of the repetitive
waveform, representing the switching frequency. When the control voltage signal is greater than
the sawtooth waveform Vj, the switch turns on. Conversely, the switch turns off [40].

The presence of inductive and capacitive circuit elements in the converter topologies causes the
output voltage to have a certain amount of ripple, but the average output voltage should be a

constant pulse in switch mode control.

The MPPT algorithm sets up a reference parameter as an input to the PWM control method.

With the help of an MPPT system, the converter can then adjust its operation according to the
required output voltage to find the optimal operating voltage of the module.

Basic DC-DC switch-mode converter topologies are the step-up or boost converter and the step-
down or buck converter. Other designs such as Cuk and buck-boost converters are combinations
of the two basic topologies. Buck and boost converters can decrease or increase the magnitude of
the dc output voltage respectively. Depending on the PV application’s requirements, design or

control parameters, and cost, a specific converter topology may be used.



63

In the subsequent sections, the two basic buck and boost converters will be analyzed to better
understand their steady state and dynamic behaviours. This topology and interface study between
the PV panel and the load battery using both choppers will enable a decision on which converter

topology to use for the current PV system.

5.2 The Buck DC-DC Converter

A buck converter is used as an electronic power DC-DC device interfacing with the solar panel
and the battery load to perform good matching. It uses the output voltage of the solar module as
an input parameter and sets it to the desired level while keeping its output voltage fixed. The
output operating voltage of a buck chopper is always smaller than or equal to its input voltage.
Input and output capacitors, an inductor, a diode and a switch transistor constitute the elements of
the buck chopper. The study of the buck converter includes the steady state and dynamic analyses

for ideal and non-ideal circuits.

5.2 .1 Steady-state analysis

Imosfet, & o

Ic1 Id Ic2

vVm ] C1 ZXD 78 Vo

Figure 5-2: Buck converter ideal circuit

When the switch in the above figure is closed (on mode where t € [0, DT;]), no current passes
through the diode, which is reverse biased and a current flows via the inductor into the load as
seen in Figure 5-3. In the off mode (¢ € [DT,, T]), the loop closes through the forward biased

diode while the inductor still maintains the flow to the load as seen in Figure 5-4.
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Figure 5-3: Equivalent circuit of a buck converter at “on mode”
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Figure 5-4: Equivalent circuit of a buck converter at “off mode”

To establish the mathematical model of the buck converter, both states of the switch need to be
analyzed by applying Kirchhoff’s law (KL). During the “on mode” where the switch is closed

during the time interval DT, the following set of equations can be derived from Figure 5-3:

FromKVL ¥, ()= L% Lt(t) —V (6)-V.(¢) 5.1)
FromKCL [, (¥)=C, ch;t(t) =1, ()-1,(t) (5.2)
FromKCL 1,()=C, D _ 1 (-1 (1 (5.3)

Likewise, a set of equations is derived from Figure 5-4 for the “off mode”, where the switch is

open during the time interval D’T, with D’= 1-D, the complement of the duty cycle.
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From KVL ng)zLd%f)=—K(ﬂ (5.4)
FromKCL 7,0 =C, 222 = 1,0 55)
FromKCL I,,(5)=C, D _ 1 (1)~ 1 (1 (5.6)

dt
Each variable in equations (5.1) to (5.6) includes a dc value, which is equivalent to its average

value plus a ripple component such as x(¢) = X +x,,,,,(?) (5.7

When the converter is better designed, the switching ripple is often very small in magnitude in
comparison with the dc components. The admissible value of the switching ripple for inductor
currents under maximum load conditions is about 10% to 20% of the dc component of current.
The switching ripple for capacitor voltage is often required to be much less than 1% of the dc
component of voltage [41]. Therefore, the ripple magnitude in both cases is small in comparison
with the dc component, and can be negligible. With the small ripple approximation, the
mathematical analysis of switching converters is simplified and the equations (5.1) to (5.6)

became for the

“On mode”:
Via =V, =V, (5.8)
I, =1 -1, (5.9
Ie,=1,-1, (5.10)
And likewise for the “off mode”
Viia ==V, (5.11)
I, =1, (5.12)
I,=1,-1, (5.13)

By using the small ripple approximation to obtain the equations (5.8), and (5.11), typical inductor
waveforms can be sketched in the following Figure 5-5. This may help us to analyze the steady-

state dc characteristics and conversion ratio [40, 41, and 42].
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Figure 5-5: Inductor voltage waveforms of an ideal buck converter

If the periodic steady-state operation is assumed, meaning that the initial and final values for one
switching period are equal, the average inductor voltage is equal to zero according to the principle

of inductor volt-second balance [40, 41, and 42]. This leads to the following expression:
Dy, =V)+D'(V,)=V,()=0 (5.14)
D’ is the complement of duty cycle D in the equation 5.14 and equal at: D’= 1-D.

Likewise, by applying the principle of capacitor charge balance, the equations for the average

capacitor currents are written as follows:
DU, -1,)+D'({,)=i,@)=0 (5.15)
D, -1)+D'(,—-1,))=i.,(t)=0 (5.16)
Rearranging the above equations and replacing D’= 1-D leads us to the following final equations,

which describe the steady-state dc characteristics of an ideal buck converter:

DV, =V, (5.17)
I, =DI, (5.18)
I, =1, (5.19)

From the equation (5.17), the voltage conversion ratio R (D) can be derived:

R(D) = ;; =D (5.20)

m

The buck converter was previously analyzed as an ideal circuit with zero component losses.
Nevertheless, in the real system power losses occur and are mostly due to the parasitic resistance
effect of the inductors and capacitors (equivalent series resistance ESR of capacitors). Indeed, the

source power losses are also semiconductor conduction and switching losses. The mathematical
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model would be too complex if these all losses are accounted for. Accounting only for inductor

losses may modify the buck converter as follows:

Imosfet m lo
+ -
Im Vind
Ic1 Id Ic2
S E— Vo

Figure 5-6: Buck converter non-ideal circuit with inductor losses

With the small ripple approximation, the mathematical analysis of the non-ideal buck converter as

seen in Figure 5-6 is simplified to the following equations for the “on mode”:

V..=V.,-V,—-R,I, (5.21)
I, =1,-1, (5.22)
Ie, =1, -1, (5.23)
And likewise for the “off mode”
Via ==V, =R, 1, (5.24)
I, =1, (5.25)
Ie, =1, -1, (5.26)

The principles of volt-second balance and capacitor charge [40, 41, 42] applied to the buck
converter that accounts for inductor losses as performed previously in equations (5.21) until

(5.26) lead to a new steady-state averaged model with the following equations:

DV =R, +V,
I, =DI, (5.27)

I, =1

o



68

5.2 .2 Dynamic analysis

A small-signal ac analysis is required to obtain the dynamic model of the buck converter.

To represent the converter’s steady-state dc behaviour, it has been shown previously that the ac
variations of a well-designed converter were neglected in the modelling operation. Let us now
investigate the ac small changes in the converter waveforms. The small ripple approximation

states that the converter waveforms are expressed as steady-state or quiescent values X plus small
ac variations X(¢) : x(¢) = X + x(¢)[39, 40, and 41].

Thus, all waveforms and signals of the converter can be now expressed as follows:

v )=V, +v (1)

i (O)=1,+1, (1)

v, () =V, +7,(0)

i,()=1+1,(t) (5.28)
i, () =1, +1i,(0)

d(@)=D+d(t)

Rearranging all the above equations into equations (5.14) to (5.16) leads to [43]:

L%=d(t)vm(t)—vo(t)—RLiL(l‘)+d'(t)Vd (5.29)
¢, 220 _; -ai, ) (530)

dt
C, dv;t(t) — i, (6)-i (1) (5.31)

The perturbation process where a small ac variation is added to the steady-state operating value
occurred by replacing the waveforms (5.28) into equations (5.29), (5.30), (5.31).

By arranging the set of these equations in such a way that the system can be linearized around the
quiescent operating point, and neglecting second-order perturbation terms, the final small-ac

model equations with only the first-order ac variations can be derived as follows [43]:
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d’ () =DV (0)=9, )+ V. dO)+d' (O, -R,i (1) (5.32)
C d"d(t) ' (O)-d(0)], - Di (1) (5.33)
, dvd(” L0~ (5.34)

The set of these last three equations is sufficient to represent the small-ac signal model and
describe the dynamics of the nonlinear buck converter with the parasitic resistance effect of the

inductor.

5.3 The Boost DC-DC Converter

A boost converter is used also as an electronic power DC-DC device interfacing the solar panel
and the battery load to perform good matching. It uses the output voltage of the solar module as
the input parameter and sets it to the desired level while keeping its output voltage fixed. The
output voltage of a boost chopper is always greater than or equal to its input voltage. For better
comparison, it uses the same components as the buck converter. The boost converter study

includes the steady-state and dynamic analyses for ideal and non-ideal circuits.

5.3.1 Steady-state analysis

As with the buck converter, the principles of inductor volt-second balance, and capacitor charge
balance along with small ripple approximation will be used to determine the steady-state
parameters of the boost converter. The equivalent circuit models of the boost converter along

with its two states of the switch on and off are displayed in Figures 5-7, 5-8, and 5-9 respectively.

L
M Id _ lo_,

™~

— 5 [
., + -
Im Vind
Ic2
Imosfet - Vo

Figure 5-7: Boost converter ideal circuit
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Figure 5-8: Equivalent circuit of a boost converter at “on mode”
L
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- - Vo
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Figure 5-9: Equivalent circuit of a boost converter at “off mode”

When the switch is in “on mode” and operating at ¢ = ¢,,= DT, the input current rises and flows
through inductor L and the switch. The magnetic energy stored in the inductor can build up. The
output stage is completely isolated because the diode is reverse biased, as shown in Figure 5-8.
When the switch is in “off mode”, at ¢ = #,;= DT, the current flowing through the switch will
now flow through towards the output stage because the diode becomes forward biased, as seen in
Figure 5-9. Moreover, the energy stored in the inductor will be released to the load.

To investigate the boost converter and derive its steady-state transfer-functions, the equivalent
circuit representation for the “on” and “off” states should be analyzed. When applying

Kirchhoff’s law to the “on mode” state circuit, a set of the following equations can be derived:

FromKVL V(1) = L% =V (1) (5.35)
FromKCL 7,,(t)=C, dV;t(t )1 O-1,0) (5.36)

From KCL Icz(l‘)zCz?:—lo(t) (5.37)
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Likewise for the “off mode”, where the switch is open during the time interval D Ty with D, the

complement of the duty cycle is seen in Figure 5-9.

FromKVL V,,()=1 dl;t(t) —V_ () =V(0) (5.38)
FromKCL I(0=C, 20 =1, 0-1,0) (539)
FromKCL I, ()= C, di;t(t) “1,O-1() (5.40)

With the small ripple approximation, the mathematical analysis of switching converters is

simplified and the equations (5.33) to (5.38) became for the “on mode™:

V..=V, (5.41)
Io=1,-1, (5.42)
I, =1, (5.43)
And likewise for the “off mode”
V.e=V, =V, (5.44)
I, =1,-1, (5.45)
Ie, =1, -1, (5.46)

When assuming the periodic steady-state operation, the average inductor voltage is equal to zero
according to the principle of inductor volt-second balance [40, 41, and 42]. This leads to the

following expression:
DV,)+ D'V, =V,) = v,y (1) =0 (5.47)
In the same manner, by applying the principle of capacitor charge balance, the average capacitor

current equations can be obtained as follows [41, 42, and 43]:
DU, —-1)+D{, —1,)=i,()=0 (5.48)
D(-1)+D'(I,-1)=i.()=0 (5.49)
Rearranging the above equations and replacing D’= 1-D leads us to the following final equations,

which describe the steady-state dc characteristics of an ideal boost converter:
V. =DV, (5.50)
I, =1, (5.51)

[,=D1I, (5.52)
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From equation (5.50), the voltage conversion ratio R (D) can be derived:

Vo1 o1
RD)=—2=—=—— 5.53
D)=7=2=1"F (5.53)

m
The previous converter analysis was based on ideal components with no component losses.

Accounting for inductor losses may modify the boost converter as shown in Figure 5-10:

Vind
RI Id — o,
M~
N ) —
Im _—
Ic1 Ic2
- Imosfet - Vo

Figure 5-10: Boost converter non-ideal circuit with inductor losses.

By using the small ripple approximation, the mathematical analysis of non-ideal boost
switching converter can be simplified to the following equations for on and off modes in the

equations 5.54-56 and 5.57-59 respectively:

V., =V —RI, (5.54)
Iy =1,-1, (5.55)
I, =~1, (5.56)
Via ==R,1, +V, =V, (5.57)
I, =1 -1, (5.58)
I, =1,-1, (5.59)

The principles of volt-second balance and capacitor charge [40, 41, and 42] applied to the boost
converter that account for inductor losses according to equations (5.54) to (5.59) lead to the

following updated steady-state equations:
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V. =R]I,+DV,
I, =1, (5.60)

I, =D1I,

5.3.2 Dynamic analysis

A small-signal ac analysis is required to obtain the dynamic model of the boost converter.
To derive the ac model equations, the dc equations given from (5.47) to (5.49) need to be

perturbed using (5.26). This leads to the following lines:

LW_V 9, (6)—(D—=d(O)V, +7, (1))
¢ d(v, ;ﬁm(z)) 1+~ (1, +1,(2) (5.61)
% M (D=, +i,0)~ (1, +1,(0)

In the equation (5.61), d’ (t) is the perturbed duty ratio signal.

By assuming that the ac changes are much smaller than the steady-state values of the signal and
rearranging the set of equations (5.61), the system can be linearized around the quiescent
operating point by neglecting second-order perturbation terms. Because the derivative of a

constant is equal to zero, the final small-ac model equations can be derived as follows [43]:

s, 009,004, d0-Ri 0+ 0,
G dvd(t) (D=1, (1) 7
C, dﬁ;(’) =D, (1)1, (1) -d(t)],

These last three equations describe the dynamics of the non-ideal circuit of the boost converter.
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5.4 Converter Topology Analysis and Comparison

This part of the chapter includes a comparative assessment between two converter topologies
interfacing the PV panel and the load battery and assists in choosing a suitable chopper for the
current stand-alone PV system. Two basic non-isolated boost and buck DC-DC choppers are
frequently used in PV power systems due to their advantages of simplicity and efficiency. The
two DC-DC converter topologies are compared on the basis of their dynamic models, frequency
characteristics, and component costs as they operate as the power interface between the PV panel
and a constant voltage battery load. Both DC-DC choppers are operating in Continuous
Conduction Mode (CCM) and are designed on the basis of the specifications provided in Table 5-
1 [44].

Table 5-1: Design specifications

Topology Buck converter Boost Converter
Nominal input voltage 17.3V 17.3V
Maximum input voltage 24V 24V
Nominal output voltage 12V 24V
Maximum output voltage 15V 30V
Nominal solar power 50W 50W
Maximum solar power 60W 60W
Switching frequency 40kHz 40kHz
Max inductor current ripple 10% 10%
Maximum input voltage ripple 0.5% 0.5%
Maximum output voltage ripple (%) 0.5% 0.5%
Convection Natural Natural
Efficiency >90% >90%
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5.4.1 Component Comparison

Firstly, the equivalent circuits of buck and boost DC-DC converter topologies are represented

with their relative components in Figures 5-11 and 5-12 respectively.

Imosfet "—/(m— o

+ -
Im Vind
Ic1 Id Ic2
T B 1 B
DC -
Vm 1 ZXD e Vbat |
Figure 5-11: Equivalent circuit of buck converter interfacing between panel and battery
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o C) - Imosfet - —=
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Figure 5-12: Equivalent circuit of boost converter interfacing between panel and battery

A list of necessary symbols to be used in the calculation of design component parameters of

converters is presented in Table 5-2.
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Table 5-2: List of symbols

Symbols Designation

C; Input capacitor

C; Output capacitor

L Inductor

Vi Steady-state photovoltaic module or input voltage
Av,, Value of photovoltaic voltage ripple

Viar Steady-state battery or output voltage

Av Value of output voltage ripple

1, Steady-state photovoltaic module or input current
Aip Value of inductor current ripple

1, Steady-state output current

D Duty cycle

fs Switching frequency

Both converters have different features. The boost chopper has a discontinuous output current and
a continuous input current. Conversely, the buck chopper has a discontinuous input current and a
continuous output current. In order to obtain the best comparison, the two choppers need to
follow the same design specifications with different output voltages as tabulated in Table 5-1.

The different inductance and capacitance design values and the RMS currents passing through all

components in the equivalent circuits can now be calculated for both converters using the basic

formulae on pages [44, 45]:
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For the buck converter,

o

Io, =1
(

~

1

v
V12
[,=1,1-D)
=
.
Losssr =1,.|D 1+:—2}

(5.64)
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For the boost converter,

(5.65)

! MOSFET — 1_0 D

Ai,
r==L(1-D
[()

o
[YP%1] b b b b
r” represents the current ripple ratio at max load in the above expressions.

All steady state results related to the above expressions for the two converters have been
displayed in the following Table 5-3. These calculated parameters include duty cycles,
inductances, capacitances and several RMS current component values for buck and boost

converters.
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Table 5-3: Calculated values based on design specifications of converters

Designation Buck Converter Boost Converter
L 137.8uH 236pH
C 52uF 13.9uF
G 21.69pF 22.92uF
Ic, 1.42A 0.11A
Ic; 0.12A 1.78A
1y 0.55A 2.08A
1 4.16A 4A

Ly 3.88A 2.34A

R 0.1 0.11

D s 0.867 0.423

I, 4.166A 2.08A

Based on the above theoretical calculated values, it can be demonstrated that to achieve the same
ripple of inductor current r, the boost converter requires more inductance than the buck converter
while its RMS inductor current I; is less than that of the buck converter.

With regard to the input capacitors, the boost topology needs a small and cheap capacitor to
further smooth the PV current and voltage, which is already smooth, as its inductor current is
without any input capacitor. Conversely the buck topology requires a large and expensive
capacitor to smooth the discontinuous input current coming from the PV panel.

In the design process of the power switch Mosfet driver, the current rating in the buck converter
is higher than in the boost converter. This means that it will require a high-side Mosfet driver,
which is more complex and expensive than the one used in the boost converter.

Blocking diodes are usually used in PV installations to prevent reverse current from flowing back
from the battery into the PV cells during the night or during periods of low insolation. This avoids
leakage loss, extensive damage or even a fire. When selecting these diodes, the boost converter
presents some advantages over the buck one in that the freewheel diode in the boost chopper can
serve as the blocking diode to avoid the reverse current phenomena. This function is not possible
in the buck converter, requiring an additional component to use as blocking diode. This leads to
an increase in cost and additional power loss due to the forward voltage drop.

Indeed, the boost converter allows a continuous current to be drawn for the solar panel in both

switch situations. The boost converter therefore presents overall advantages over the buck
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converter for the current specific PV application. This needs, however, to be confirmed at the

next stage related to the dynamic analysis.

5.4 .2 Modeling Comparison

In this section, buck and boost converters are compared on the basis of their dynamic models and
frequency characteristics. A dynamic model allows us to establish how changes in the duty cycle,
load current and input voltage affect the output voltage. The dynamic behavior of the converter is
hampered by the non-linear pulse-width modulation method and the time-varying nature of the
switching process. These converters are difficult to analyze directly using standard linear circuit
theory due to their inherently large signal. State-space averaging and small-signal modeling
techniques have traditionally been applied to overcome these difficulties. Moreover, linearizing
the converter circuit is crucial for understanding the converter circuit because it helps the designer
to apply the control theory.
The state-space averaged model generates the low-frequency small-signal ac equations of PWM
DC-DC converters and uses inductor current and capacitor voltage as two independent state
variables in the CCM.
The procedure for the state space averaged model can be described as follows [46, 47, and 48]:
¢ First, draw the linear equivalent circuit for each state position of the switching converter.
e Second, derive the circuit equations for each equivalent circuit using Kirchhoff’s voltage
and current laws.
e Third, average each set of state-space equations and combine them into a single set by
summation, using the duty cycle as a weighting factor.
e Fourth, perturb the averaged state equation to produce steady-state (DC) and dynamic
(AC) terms to eliminate non-linear cross product terms.
e Fifth, transform the small signal AC equations into the complex frequency (S) domain to

solve for transfer function.

In the following analysis, parasitic effects have been taken into account for both inductor
converters as seen in Figures 5-6 and 5-10. Both converters operate in CCM. Indeed, the voltage
of battery in the current system is a constant DC bus due to the slow dynamics of the batteries and
the voltage change across the capacitor C, can be ignored [43, 44]. The series resistance of the

inductor is selected from the datasheet [49]. The linearization of the system model using the set of
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equations (5.30-5.32) and (5.63) obtains the transfer functions for buck and boost converters

respectively as follows:

Y, (s)= v, 12[1.5671e - 6S +0.751]
puck V. [385.84e—6S5 +11.57e— 65 +10.404] (5.66)
14 24[4.2028¢—7S +1
) =2 = [ ]

V. [6.608¢—4S +0.7764S +14.5404]

(5.67)
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Figure 5-13: Bode frequency response diagrams for buck & boost choppers

In Figure 5-13, frequency responses for buck and boost choppers are displayed using a Bode
diagram. Their transfer functions are written in appendix C. They are based on some operating
parameters of the PV system and the inductance and capacitance parameters derived in the table
5-3. In the following Figures 5-14 -16, the zeros and poles of boost and buck models are also
computed and plotted in the complex plane. All meaningful parameters of simulated results
obtained in the Matlab environment such as overshoot of unit step response, and the damping
factor are summarized in Table 5-4. The PV system using the buck chopper presents one zero and

two complex conjugate poles at -0.0394 £ j224 as seen in Figure 5-14 and a very small damping
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factor of 0.000175. When compared to the buck chopper, the boost chopper illustrates a well-
damped characteristic providing a damping factor equal to one. Moreover, the boost converter
shows better dynamic characteristics with regard to the response of unit step command, while the
buck topology has a bigger resonance due its large input capacity with an overshoot of 63%.

Figure 5-16 shows the pole locations of the boost converter using the root locus method.

Figure 5-14: Root locus method for poles and zero locations in buck converter

Figure 5-15: Root locus method for poles and zero locations in boost converter
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Figure 5-16: Root locus method for poles location in boost converter

Table 5-4: Comparison of system parameters between buck and boost topologies

response

System parameters Buck Converter Boost Converter
Pole location values - 0.0394 + 2241 -51.9

-0.0394 - 224i - 1.12e+003
Zero location value -4.792 x10° -2.379 x10°
Undamped natural | 160.99 rad/s 148.34rad/s
frequency
Damping factor 0.000175 1
Overshoot of unit step | 63% 0%

To conclude the current analysis and comparative study of both choppers, it can been stated that
the steady-state and dynamic analysis of two converter topologies interfacing the PV panel and
the battery load show that the boost topology outperforms the buck converter for the current PV

system application due its cheaper cost and better dynamic response. Thus, the boost chopper is

selected for later implementation in the Simulink model of the whole PV system.
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5.5 Modeling and Simulation

The boost converter circuit has been also implemented using the SimPowerSystem tool box

available in the Matlab/Simulink Library.

Figure 5-17: Simulink block of boost converter

The Simulink subsystem model of the boost converter is provided in appendix C. All simulated

results are displayed in Figure 5-18.
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Figure 5-18: Boost converter model in SimPowerSystem
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Figure 5-19: Switch mode operation of boost converter model

From the simulated results displayed in Figure 5-18 of the boost converter model, the
SimPowerSystem model validates the design specifications given in Table 5-1. Because the
converter operates in CCM, the inductance is calculated in such a way that the inductor current /;

flows continuously and never falls to zero as displayed in Figure 5-19.
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Chapter 6: SYSTEM SIMULATION AND PERFORMANCE
ANALYSIS

6.1 Complete Simulink PV system

A PV solar panel, an MPPT algorithm, and a DC-DC boost converter have been modelled and
simulated separately in the previous chapters. They constitute the physical subsystems built for
the current PV power system. After being verified individually, they are connected together and
combined with the battery load in order to assess the overall PV system performance under
changing weather conditions. In chapter four dealing with the MPPT algorithm models, the two-
stage CV-IC algorithm was selected as the best MPPT algorithm when compared to the other four
algorithms, because it yields the highest tracking efficiencies under sunny and cloudy weather
conditions. Its superiority lies in its ability to use two different tracking approaches in different
operating weather conditions. Moreover, it provides the possibility of setting the perturbation step
size very small to improve accuracy without comprising dynamic performance. It can now be
implemented in the Simulink model of the complete PV system. Its performances need to be
investigated under slow and fast irradiance changes to further demonstrate its effectiveness when
compared to the standard conventional IC algorithm.

The solar panel and boost converter Simulink models have been set out in chapters three and five
respectively. The MPPT algorithm models were calculated via Matlab script codes in chapter
four. These codes are translated in the embedded Matlab function for IC and two-mode CV-IC
MPPT algorithms to obtain their Simulink models as shown in appendix D.

The following Figure 6-1 displays the boost converter with the pulse width modulation PWM

signal block. Its subsystem Simulink model can be found in appendix D.
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Figure 6-1: Simulink model of boost converter with PWM block

The combined PV System Simulink model using two different MPPT methods is displayed in
Figure 6-2. The subsystem model of the combined PV system can be found in appendix D.

Figure 6-2: Combined PV system model with two different MPPT algorithms
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To better assess the overall performance of the current PV Simulation System, the combined PV
model is subjected to rapid and slow changes in solar irradiance successively. Using two different
MPPT algorithms, the PV system is firstly subjected to abrupt or rapid irradiance changes to
display the behaviour of both MPPT algorithms used in the Simulink model of the PV system
during the passing of clouds. The resulting boost output voltage and power waveforms can be
seen in the subsequent figures.

When the current PV system is subjected to rapid irradiance changes from 0 to 1000 W/m? 1000
to 500 W/m?, 500 to 800W/m>, 1000 to 200 W/m®, green and blue output voltage and power
waveforms can be observed coming from the PV system using two-stage CV-IC and IC

algorithms respectively.
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Figure 6-3: Output voltage of the combined PV system using different MPPT methods
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Figure 6-4: Output power fluctuations of PV system for two different MPPT methods

When the current PV system is subjected to slow irradiance changes from 100W/m? to 500W/m”

by an increment step of 100W/m?, the following output power curves can be observed:
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Figure 6-5: Tracking output power fluctuations due to slow irradiance changes

More simulations are added by abruptly changing the shape or variation of solar irradiance to
confirm the previous simulated results of the combined PV system with regard to the steady-state

and dynamic behaviours.
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Figure 6-6: Boosted output voltage waveforms of the combined PV system

Figure 6-7: Output power waveforms of PV system for two different MPPT methods
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Figure 6-8: Steady-state behaviour of PV system using two different MPPT algorithms

Figure 6-9: Tracking time length during rapid decrease in insolation of PV system
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Figure 6-10: Transient speed response during rapid decrease in insolation of PV system
To study the dynamic features of the two-stage CV-IC method versus the IC method, more

simulations are performed in the subsequent figures where sudden changes in solar irradiance

occur to allow a comparison of the tracking time lengths of both algorithms.

Figure 6-11: Tracking time length during rapid decrease in insolation of PV system
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Figure 6-12: Tracking time length during rapid decrease in insolation of PV system

6.2 Performance analysis

When the solar panel is subjected to rapid irradiance changes, it can be seen from Figures 6-3 and
6-6 that the waveforms at steady state of the solar panel voltage for both algorithms are quite
different. The boosted output voltage waveforms in the PV system using the two-mode CV-IC
algorithm provides fewer fluctuations compared to those in the PV system using the IC algorithm.
This steady state behaviour is further seen in the waveforms at steady state of the solar output
power in Figures 6-4, 6-7 and 6-8. These simulation results demonstrate that the MPPT using the
two-stage CV-IC method gives stable and small oscillations around the maximum power point
MPP; thus the proposed MPPT using the two-stage method gives better, steadier performance
than the MPPT using the IC method. Under slow irradiance change conditions as shown in Figure
6-5, it can be observed that the MPPT using the IC algorithm still provides some fluctuations
around the operating point at steady state.

Figures 6-9 and 6-10 demonstrate the transitional states of the solar panel output power. During a
rapid decrease in insolation of the PV system from 1000W/m* to 500W/m’ the MPPT using the
two-stage algorithm gives a faster response, since it reaches its optimal value at 0.0004s (400 ps)

than the MPPT using the IC algorithm, which requires much more time to track the maximum
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power point (460 us). Moreover, Figures 6-11 and 6-12 demonstrate the transient responses of
the tracked powers obtained from both MPPTs using IC versus CV-IC methods. It has been
observed that during a rapid decrease in insolation of the PV system from 1000W/m* to
200W/m’, the time taken to track power using the IC method is approximately 0.000242s (242
us) while the time achieved by the two-stage CV-IC method is 0.0002s (200us). Therefore, the
MPPT using the two-stage algorithm reduces the convergence time taken to track the MPP and
improves the tracking speed response. It is quite efficient during the transitional state and

performs much better in cloudy weather scenario when compared to the standard IC method.

6.3 Conclusion

The simulated results of the combined Simulink PV model demonstrate that the PV system using
the two-stage CV-IC algorithm yields lower power fluctuations and shorter tracking times than
the PV system using the standard IC algorithm. The tracking speed of the MPPT using the two-
mode algorithm is 13% and 17.3% faster when subjected to a rapid decrease in insolation from
1000W/m” to 500W/m* and 1000W/m? to 200W/m’ respectively as seen in Figures 6-10 and 6-12.
This means that the PV system using a two-stage CV-IC method loses less solar energy than the
standard IC method.

Furthermore, the simulated tracking output power waveforms displayed in Figures 6-4 and 6-8
show that the MPPT using a two-stage CV-IC method generates fewer oscillations around the
maximum power point MPP than the conventional IC method under rapid irradiance changes.

In conclusion, the simulated results of the PV system using a two-stage CV-IC algorithm show
good performances in both steady-state and transient operations. Hence, by implementing the
two-stage algorithm in the current PV system, the disadvantages of long tracking time and

increases in PV panel output power fluctuations when using the IC algorithm can be overcome.
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Chapter 7: CONCLUSIONS AND FUTURE RESEARCH

7.1 Conclusions

This research study provides an efficient MPPT algorithm, called the two-stage CV-IC algorithm,
which combines the modified constant voltage CV and incremental conductance IC methods, and
can be applied in a photovoltaic home power supply.

It has been explained that when the solar PV panel is directly connected to the load, the power
delivered is not optimal. Moreover, solar PV power fluctuates due to variations in irradiance and
temperature levels. Thus, an MPPT system is needed to achieve the optimum or peak power
under changing environmental operating conditions. When a PV panel is equipped with an MPPT
system, it includes a solar panel, an MPPT algorithm, and a DC-DC converter.

Each component was modelled and simulated in a Matlab/Simulink environment; then all
subsystems were connected together and combined with the battery load to assess overall

performance under varying weather operating conditions.

A prototype SOW KYOCERA solar panel was evaluated using one diode Matlab and Simulink
models successively to test the influence of solar irradiation and temperatures. Both modeling
methods produced successful simulated results as expected and validated the -electrical
characteristics provided in the datasheet of the manufacturer. The non-linearity behaviour of the
output characteristic of a PV panel was observed from the I-V and P-V curves, which are
dependent on insolation and cell temperature changes.

In this study, five MPPT algorithms, namely PO, IC, MPO, EPP and two-stage CV-IC methods
were investigated and analyzed through modelling and simulations. Firstly, the strengths and
weaknesses of classical MPPT methods were analyzed under a large range of operating
conditions. Subsequently, an optimized study solution of MPPT was performed to address the
drawbacks of the classical MPPT methods and few optimized MPPT solutions such as MPO,
EPP, and two-stage CV-IC algorithms were underlined. All five MPPT algorithms were written
in Matlab m-files, simulated, and compared in terms of their tracking performance. The improved
two-mode CV-IC algorithm performed better, especially under rapid changes in solar irradiance
(cloudy scenario) and yielded the highest tracking efficiencies of 99.77% and 99.92% under both
sunny and cloudy weather conditions respectively.

Thus, the two-stage MPPT method was selected to be implemented in the current Simulink PV

system simulation.
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By using two tracking approaches to track the MPP in different situations, this improved two-
stage algorithm enabled both fast and fine tracking characteristics. A fast tracking approach was
achieved by the modified CV method when the variation in output current of PV panel is inferior
at 33% and a fine tracking approach was performed using the IC method, when the variation in
output current is superior at 33% (i.e. high insolation intensity). Furthermore, because the fast
and fine approaches are separately implemented in this improved method, the perturbation step
size can be set very small, which is different from the standard IC method where the width step
size should simultaneously meet the accuracy and tracking speed requirements. A few changes
were introduced in the improved two-mode algorithm by removing the expensive sensor device
used for the measurement of radiation. The converter duty cycle was used as a control variable,
simplifying the MPPT system in one direct control loop during its implementation in the whole

PV system Simulink model.

To further maximize the efficiency of PV system, a DC-DC buck and boost converter topology
and interface study between the PV panel and the battery load was performed in order to select
the appropriate chopper for the current PV system. In this comparative study based on the steady
state and dynamic analysis, the boost topology outperformed the buck converter due to its
cheaper implementation and better dynamic response and was also selected to be implemented in

the whole Simulink PV system simulation.

The simulated results of the combined Simulink PV system show that the PV system model using
the two-stage CV-IC algorithm generates better steady-state performances (lower power
fluctuations) and fast transient speed responses (shorter tracking times) than the PV using the
conventional original IC algorithm. The tracking speed of the MPPT using a two-mode algorithm
is 13% and 17.3% faster when subjected to a rapid decrease in insolation from 1000W/m’ to
500W/m* and 1000W/m’ to 200W/m” respectively. Thus, the PV system using the standard IC
method loses more power than the two-stage CV-IC method and is less efficient.

The simulated tracking output power waveforms show that the MPPT using the two-stage CV-IC
method gives stable and small oscillations around the maximum power point MPP than the
conventional IC method under abrupt irradiance changes. For a large solar PV array, these power
fluctuations are further reduced so that the output power and efficiency are significantly
improved, resulting in an increase in the total energy performance of the installation.

In conclusion, the PV system simulation using a two-mode CV-IC algorithm allows for a

reduction not only in the convergence time to track the MPP, but also in the fluctuations of power
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at steady state. It therefore provides an overall better performance than the MPPT using the IC
method.

The two-stage CV-IC algorithm not only tracks the MPP more rapidly and constantly in order to
reduce the payback time, but it is able also to bypass multiple local maxima due to partial shading

effect, two important issues that occur in residential applications.

7.2 Future research

An experimental study of the current PV system needs to be undertaken in order to build a MPPT
system by physically implementing the two-stage algorithm in the microcontroller and charging
the lead-battery using the power delivered from the PV panel or array. Experimental results can
be deducted to validate the previous simulated results and would further assist in comparison to
the algorithm in reference [25].

Modern MPPT methods such Fuzzy Logic Controller (FLC) or artificial neural network control
could be used in the future simulation study especially when using a large solar array.

FLC offers the advantage of varying the increment of the duty cycle with accuracy and robustness
under changing environmental conditions. These intelligent algorithms are very promising
because they are adaptive, non-linear in nature and are convenient for PV control. FLC can be
further optimized by the use of genetic algorithms.

In the current study, the duty cycle is used as a control variable with the direct control MPPT
method but other advanced control methods can be implemented on FLC or Digital Signal
Processing (DSP) to further optimize the tracking process. Furthermore, when the output voltage
converter control is required, the design PI or PID compensators may be used for feedfoward and
feedback control loops. Their designs rely upon the transfer function derived from the state space
averaged small-signal ac model.

A theoretical assessment of interface and topology of the converter for the current PV system or
other PV configurations needs to be investigated with not only buck and boost converter
topologies but also other designed converters such as cuk or buck-boost converters along with
different load sizes and types.

In this study, the modelling of converters is based on the state space averaged method, which is
restricted to the small-signal, low-frequency domain and continuous conduction mode. The
dynamic analysis of converters could be performed using the discrete time domain method.
Future research could investigate some real-time identification methods to track the MPP rather

than tracking the MPP by the active operation of perturbation. Some learning-based MPPT
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algorithms could also be used. Furthermore, more effective evaluation methods need be
developed to better compare different MPPT control algorithms.

Because the objective of the current study is to continually maximize the efficiency of the PV
system using an electronic tracking system MPPT, further research could focus on mechanical
tracking systems to study the placement of the panel or array along with its rotational adjustments
when weather conditions change in the specific area, which will further improve the efficiency of
the PV system.

A cost analysis of different MPPT techniques would further assist in comparing the tracking
methods as the high initial cost of the PV solar system is a major drawback in its rapid

deployment.
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APPENDIX A

MATLAB Code for calculating the output current function Im

o

modelling of KYOCERA SOLAR PANEL using the function KYOCERASOLAR v50P

o

o

the parameters are Vm (output module voltage), G (irradiation 1G=1kW/m"2)

o

and T (Cell temperature C)

% the output is the module current Im

% Created by Cedrick, February, 2011
%**************************************************************************
Function Im = KYOCERASOLAR v50P (Vm, G, T)
A N
%Electrical performance data for high efficiency multicrystal

$Photovoltaic module KD50SE- 1P model KYOCERASOLAR

T Ref = 298; % Standard Kelvin temperature
Cn = 36; % Cell series number of solar KD50SE- 1P model KYOCERASOLAR panel
alpha = 1.84e-3; % Short circuit current coefficient of temperature

V_TRef

22.1 /Cn; % Standard open circuit voltage taken from datasheet

I TRef = 3.07; % Standard short circuit current taken from datasheet

%*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k*k************************

o\°

Physical constants to be defined
k = 1.381e-23; % Stefan Boltzmann's constant (J/K)
g = 1.602e-19; % Charge of an electron (1 eV = 1.602e-19 J)

o\°

Other Constants
A = 1.0; % Ideal diode quality factor depending on PV technology
En band = 1.12; % Energy for band gap voltage, for polycrystalline-Si

TK = 273 + T; % Kelvin panel temperature

V cell = Vm / Cn; % Voltage/cell

I TK = I TRef * (1 + (alpha * (TK - T Ref))); % Short circuit current at TK
I L =1ITK* G; % light photo current at G

%**************************************************************************

V th = (k * A * T Ref) / g; % Thermal voltage at T Ref



X = (g * En band) /(A * k); % Constant

I rev = I TRef / (exp(V_TRef / V_th) -1);% Reverse saturation current at TK
% Variation of saturation current with cell temperature

I sat = I rev * (TK / T Ref)”"(3/A) * exp(-X * (1 / TK -1 / T Ref));

dR Voc = -1.1/Cn; % Find dV/dI at open circuit voltage

Yv_th = (I _rev/V_th) * exp(V_TRef / V_th);
Res = - dR Voc - 1/Yv_th;
VIK th = (k * A * TK) / g; % Thermal voltage at TK

% Im =11 - I sat * (exp((V_cell + Im * Res) / VTIK th) -1)
% f(Im) = I L - Im - I sat * ( exp((V_cell + Im * Res) / VTK th) -1) =0
% using Newton Raphson method to solve Im: Im2 = Iml - £ (Iml)/f'(Iml)

Q

Im=zeros (size (V_cell)); % Initialize Ia with zeros

for 1=1:7 % Iterate seven times

Im = Im - (I L - Im - I sat .* ( exp((V_cell + Im .* Res) ./ VTK th) -
1))..../ (-1 - I sat * (Res ./ VTK th) .* exp((V_cell + Im .* Res) ./
VTK th));

end

%Output = Im;



MATLAB M-files Code for plotting current-voltage and power- voltage curves under

change of solar irradiances and cell temperatures

% Script file to plot power-voltage curves of PV module for different
% solar irradiances (0.25, 0.50, 0.75, 1)

% Created by Cedrick, February, 2011
A N NN
Clear;

Global T% makes variable T accessible on a global scope

T = 20; % Cell temperature

% Plot graph of Power vs. Voltage
figure

hold on

for G=0:0.25:1 % solar irradiance G (1 kW/m"2 = 1000 W/m"2)
% linspace creates a vector from 0 to 300 in increments of (100-T/15)
Vm = linspace (0, 100-T/15, 300);
Im = KYOCERASOLAR v50P (Vm, G, T);
Power = Vm.*Im;
Plot (Vm, Power)
end
Title ('KYOCERASOLAR 50P P-V Curve')
Xlabel ('Panel Voltage (V)")
Ylabel ('Panel Power (w) ')
axis ([0 25 0 551)
gtext ('0.25")
gtext ('0.5")
gtext ('0.75")
gtext ('1")
GRID ON
hold off

% Script file to plot power-voltage curves of PV module for different
% cell temperatures (20C, 40C, 60C, 80C)

% Created by Cedrick, February, 2011

S///711777 7770077777777 7777777777777 7777777777777 7777777777777
Clear

Global T% makes variable T accessible on a global scope

G = 1; % solar irradiance G (1 kW/m”2 = 1000 W/m"2)

% Plot graph of Power vs. Voltage



figure

hold on

for T=20:20:80

% linspace creates a vector from 0 to 300 in increments of (100-T/15)
Vm = linspace (0, 100-T/15, 300);
Im = KYOCERASOLAR v50P (Vm, G, T);
Power = Vm.*Im;
Plot (Vm, Power)

end

Title ('KYOCERASOLAR 50P P-V Curve')

Xlabel ('Panel Voltage (V)"')

Ylabel ('Panel Power (w)'")

axis ([0 25 0 557)

gtext ('20C")

gtext ('40C")

gtext ('60C")

gtext ('80C")

GRID ON

hold off

% Script file to plot current-voltage curves of PV module for different
% cell temperatures (15C, 30C, 45C, 60C)
% Created by Cedrick, February, 2011
N N NN
Clear;
Global T % makes variable T accessible on a global scope
G = 1; % solar irradiance G (1 kW/m”2 = 1000 W/m"2)
% Plot graph of Current vs. Voltage
figure
hold on
for T=15:15:60
%linspace creates a vector from 0 to 300 in increments of (100-T/15)
Vm = linspace (0, 100-T/30, 300);
Im = KYOCERASOLAR v50P (Vm, G, T);
plot (Vm, Im)
end
Title ('KYOCERASOLAR 50P I-V Curve')
Xlabel ('Panel Voltage (V)"')
Ylabel ('Panel Current (A)")
axis ([0 30 0 4])
gtext ('15C")



gtext ('30C")
gtext ('45C")
gtext ('60C")
grid on

hold off

Q

% Script file to plot current-voltage curves of PV module for different
% solar irradiances (0.2, 0.40, 0.60, 0.80, 1)

% Created by Cedrick, February, 2011

S///717T77 0777777777777 77777777777
Clear;

Global T% makes variable T accessible on a global scope

Q

T = 20; % Cell temperature

% Plot graph of Current vs Voltage

figure

hold on

for G=0:0.2:1

%linspace creates a vector from 0 to 300 in increments of (100-T/15)

Vm = linspace (0, 100-T/15, 300);
Im = KYOCERASOLAR v50P (Vm, G, T);
plot (Vm, Im)

end

title ('KYOCERASOLAR 50P I-V Curve')

xlabel ('Panel Voltage (V) ")

ylabel ('Panel Current (A)")

axis ([0 30 0 41])

gtext ('0.20")

gtext ('0.40")

gtext ('0.60")

gtext ('0.80")

gtext ('1")

grid on

hold off



Simulink block of PV model

M-file of Simulink PV Model for plotting I-V and P-V curves

figure (1)

plot(C (:,1),C(:,2))

grid

axis ([0 25 0 501])

title (‘solar radiation variation G for PV curve')
xlabel ('Panel Voltage (V) ")

ylabel ('Panel Power (w) ')

figure (2)

plot(C(:,1),C(:,3))

grid

axis ([0 25 0 3.51)

title (‘'solar radiation variation G for PV curve')
xlabel ('Panel Voltage (V) ')

ylabel ('Panel Current (A)")






APPENDIX B

MATLAB Code for calculating the theoretical maximum power (MPP) function

according to given irradiance and temperatures.

% Matlab function to calculate the theoretical maximum power point of

% KYOCERASOLAR v50P when subjected to the variation of temperature and
% light levels

Function [Pm_th, Im th, Vm th] = det max KYOCERASOLAR v50P (G, T)

% det max: function to determine a theoretical maximum power point of

% solar panel

% [Pm_th, Im th, Vm th] = det max (G, T)

o\

The parameters are G( solar irradiance) and T (Cell temperature)

o\

The outputs are Pm th, Im th, Vm th

o\

Created by Cedrick, February, 2011
[I177 7077770777777 7 7777777777777 7777777777777 777777777777777777

Set initial conditions for Vm and Pm_th

o\

o\

Vm = 10;
Pm th = 0;
% Find maximum power point

while Vm < 24-T/4

Im = KYOCERASOLAR v50P (Vm, G, T);
Pm new = Im * Vm;

if Pm new > Pm th

Pm th = Pm new;
Im th = Im;

Vm _th = Vm;

end

Vm = Vm + .003;

end



MATLAB m-files script Code for calculating the maximum operating power of PO

algorithm under atmospheric sunny conditions

% MATLAB Script file for investigating the PO MPPT Algorithm under
% sunny weather conditions (slowly of solar irradiance G)

% Created by Cedrick, February, 2011

Clear

Global T% makes variable T accessible on a global scope

o

Initial Conditions
= 25; % Temperature of the solar panel cell (C)

= 0.1; % increment voltage (V)

@ Q A

= 0.025; % solar irradiance
Vm = 17.3; % panel voltage (V)
Im = KYOCERASOLAR v50P (Vm, G, T); % PV current of module

Pm = Vm * Im; $ Panel power output

Vp_new = Vm + C; % updated reference panel voltage

o)

% Create vectors for voltage and power data
Vm _arr = [];
[1:

Pmax arr = [];

Pm arr

o\

Provide solar irradiation data for a sunny day at Upington

o\

Data stored in a 14 by 2 matrix, with column 1 being the time data and

o\°

column 2 the irradiation data
G data = [1 0.02; 2 0.204; 3 0.439; 4 0.664; 5 0.827; 6 0.981; 7 1.073;
8 1.073; 9 1; 10 0.868; 11 0.684; 12 0.449; 13 0.214; 14 0.0371;

x t = G data(:,1)'; % Store time data in vector x t (hour)

y G = G data(:,2)'; % Store irradiation data in vector y G (Kw/m2)

x ti = 1: 300; % Creates a 1 by 300 vector for interpolation

y Gi = interpl (x t, y G, x ti,'linear'); % Perform linear interpolation

for i = 1:14

G =y Gi (1); % Store interpolated values

new Vm = Vp new; % measure voltage

new Im = KYOCERASOLAR v50P (Vp new, G, T); % measure current
Pm new = new Vm * new Im; % Determine new Power

deltaPm = Pm new - Pm; % Find the difference in power

% Start PO MPPT Algorithm

if deltaPm > O

if new Vm > Vm



Vp _new = new Vm + C;
else

Vp _new = new Vm - C;
end

elseif deltaPm < O
if new Vm > Vm
Vp_new = new Vm - C;
else

Vp_new = new Vm + C;
end

else

Vp_new = new_Vm;

end

Q

Vm

new_Vvm;

Pm = Pm new;

[Pmp max, Imp, Vmp] =

o)

o

°

o

°

Q

°

o
°

Increment voltage

Decrement voltage

Decrement voltage

Increment voltage

% Updating the voltage and power

det max KYOCERASOLAR v50P (G, T);

% Store calculated values in vectors

Vm arr = [Vm _arr Vm];

Pm arr = [Pm _arr Pm];

Pmax arr = [Pmax arr Pmp max];
end

% calculate Tracking efficiency of PO algorithm (Electrical energy given

o)

% as theoretical and real power during the same period time)

P theor = sum(Pmax arr) /3600
P real = sum(Pm_arr) /3600
Track eff = (P _real/P theor)

% Plot result

t = 1:14;

plot (t,Pmax_arr)
plot(t,P_theor, 'r*')
hold on

plot (t,P _real,'g*")

title ('POWER MAX (red)

VS (green)REAL POWER FOR SUNNY SCENARIO')

xlabel ('SIMULATION TIME (s)')

ylabel ('MODULE OUTPUT POWER (W) ")

hold off
t=1:14;

plot (t, Track eff, 'g*'

)

title ('TRACKING EFFICIENCY OF PO ALGORITHM UNDER SUNNY SCENARIO')

xlabel ('SIMULATION TIME (s) ')



ylabel ('TRACKING EFFICIENCY'")

figure

plot (Vm arr, Pm arr, 'g')

% Plots the P-V curves together with the maximum power points
Vm = linspace (0, 23, 58);

hold on

for G=.2:.2:1

Im = KYOCERASOLAR v50P (Vm, G,T);

Pm = Im.*Vm;

plot (Vm, Pm)

[Pm_max, Imp, Vmp] = det max KYOCERASOLAR v50P (G, T);

plot (Vmp, Pm max, 'r*'")

end

title ('PO ALGORITHM TRACKING INVESTIGATION SUNNY SCENARIO')
xlabel ('PANEL VOLTAGE (V) ')

ylabel ('PANEL OUTPUT POWER (W)')

axis ([0 23 0 587)

hold off



MATLAB m-files script Code for calculating the maximum operating power of
modified PO algorithm version 1 (MPO) under atmospheric cloudy conditions

o\

MATLAB Script file for investigating the PO MPPT Algorithm modified

o

version 1 (or MPO) under cloudy weather conditions

o

( rapidly change of solar irradiance G)

o

Created by Cedrick, February, 2011

Clear;

Global T % makes variable T accessible on a global scope

o

Initial Conditions
= 25; % Temperature of the solar panel cell (C)

= 0.1; % increment voltage (V)

@ O H

0.025; % solar irradiance

[

Vm = 17.3; % panel voltage (V)

Im = KYOCERASOLAR v50P (Vm, G,T);% PV current of module
Pm = Vm * Im; % Panel power output

Vp_new = Vm + C; % updated reference panel voltage

% Create vectors for voltage and power data

Vm_arr

I
—
i
~.

Pm arr = [];
Pmax arr =[];
%$Provide irradiance data for a cloudy day at Upington

% Data stored in a 14 by 2 matrix, with column 1 being the time data and

% column 2 the irradiation data

G data = [1 0.03; 2 0.143; 3 0.163; 4 0.613; 5 0.725; 6 0.245; 7 0.388;...

8 0.347; 9 0.449; 10 0.521; 11 0.357; 12 0.388; 13 0.163; 14 0.082]1;

x t = G data (:,1)'; % Store time data in vector x t (hour)

y G = G data (:,2)'; % Store irradiation data in vector y G (Kw/m2)

x ti = 1: 300; % Creates a 1 by 300 vector for interpolation

y Gi = interpl (x t, y G, x ti,'linear'); % Perform linear interpolation

[

% Initialization

Il
o
~

count
for 1 = 1:14

G =y Gi (i1);% Store interpolated values

new Vm = Vp new; %measure voltage

new Im = KYOCERASOLAR v50P (Vp new, G,T);%measure current
Pm new = new Vm * new Im; % Determine new power

% deltaPm = Pm new - Pm;

if (count == 0)



Vp _new = new Vm;
else count = 1;

end

if (count ==1)

deltaPm = Pm new - Pm;% Find difference in power
% Store the new values

new Vm = Vp new;

vdl = new Vm - C;

Vd2 = new Vm - 2*C;

Idl = KYOCERASOLAR v50P (vdl, G, T);

Id2 = KYOCERASOLAR v50P (Vvdz, G, T);

Pdl = vdl*Idil;

Pd2 = vd2*1d2;

% Begins MPO Algorithm

if (Pdl - Pd2 + deltaPm >0)

if vdl > vd2

new Vm = Vdl;

Vp_new = new Vm + C; % Increment voltage
else

Vp_new = new Vm - C; % Decrement voltage
end

elseif (Pdl - Pd2 + deltaPm <0)

if vdl > v2

new Vm = Vdl;

Vp new = new Vm - C; %Decrement voltage

else

new Vm = Vdl;

Vp new = new Vm + C; %Increment voltage

end

else

Count =0;

end

end

% Updating the voltage and power

Vm = new Vm;

Pm Pm new;

[Pmp max, Imp, Vmp] = det max KYOCERASOLAR v50P (G,
% Store data in arrays for plot
Vm arr = [Vm arr Vm];

Pm arr = [Pm arr Pm];



Pmax arr = [Pmax arr Pmp max];

end

[

[

% Calculate Tracking efficiency of PO algorithm

P theor = sum(Pmax arr) /3600

P real = sum(Pm_arr) /3600

Track eff = (P_real/P theor)

% Plot result

t =

1:14;

% plot (t,Pmax _arr)

plot (t,P_theor, 'r*'")
hold on

plot(t,P _real,'g*")

title ('POWER MAX

xlabel ('SIMULATION TIME (s) ')

ylabel ('MODULE OUTPUT POWER (W) ')
hold off

figure

plo

t

(Vm_arr, Pm arr, 'g')

(red) VS REAL POWER

(Electrical energy given

% as theoretical and real power during the same period time)

FOR CLOUDY SCENARIO'")

% Plots the P-V curves together with the maximum power points

Vm

linspace (0, 23, 58);

hold on

for G=.2:.2:1

Im

Pm

KYOCERASOLAR v50P (Vm, G, T);

Im.*Vm;

plot (Vm, Pm)

[Pm_max, Imp, Vmp] = det max KYOCERASOLAR v50P

plot (Vmp, Pm max, 'r*'")

end

(G, T)s

title ('MPO ALGORITHM TRACKING INVESTIGATION CLOUDY SCENARIO')

xlabel ('PANEL VOLTAGE (V) ")

ylabel ('PANEL OUTPUT POWER (W) ')
axis ([0 23 0 58])
hold off



MATLAB m-files script Code for calculating the maximum operating power of

modified PO algorithm version 2 (EPP) under atmospheric sunny conditions
% MATLAB Script file for investigating the PO MPPT Algorithm modified

Q

% version 2 (or EPP) under sunny weather conditions
%( Slowly change of solar irradiance G)
% Created by Cedrick, February, 2011

Clear;

Global T $ makes variable T accessible on a global scope

o

Initial Conditions
= 25; % Temperature of the solar panel cell (C)

0.1; $ increment voltage (V)

Q Q H
I

0.025; % solar irradiance

Vm = 17.3; % panel voltage (V)

Im KYOCERASOLAR v50P (Vm, G,T);% PV current of module

[

Pm = Vm * Im; $ Panel power output

[

Vp new = Vm + C; % updated reference panel voltage

o)

% Create vectors for voltage and power data

Vm _arr = [];
Pm arr = [];
Pmax_arr = [];

o\

Provide irradiance data for a sunny day at Upington

o\

Data stored in a 14 by 2 matrix, with column 1 being the time data and

o\

column 2 the irradiation data

G data = [1 0.02; 2 0.204; 3 0.439; 4 0.664; 5 0.827; 6 0.981; 7 1.073;
8 1.073; 9 1; 10 0.868; 11 0.684; 12 0.449; 13 0.214; 14 0.03]1;

x t

G data(:,1)'; % Store time data in vector x t (hour)
y G = G data(:,2)'; % Store irradiation data in vector y G (Kw/m2)
x ti = 1: 300; % Creates a 1 by 300 vector for interpolation

[}

y Gi = interpl (x t, y G, x ti,'linear'); % Perform linear interpolation
% Initialization

Count = 0;

for i = 1:14

G =y Gi (i); %Store interpolated values

new Vm = Vp new; %measure voltage

new Im = KYOCERASOLAR v50P (Vp new, G,T);% measure current
Pm new = new Vm * new Im;% Determine new power

o)

% deltaPm = Pm new - Pm;
if (count == 0)

Vp _new = new Vm;



else count = 1;

end

if (count ==1)

deltaPm = Pm new - Pm;% Find difference in power
% Store the new values

new Vm = Vp new;

vdl = new Vm - C;

Vd2 = new Vm - 2*C;

Idl = KYOCERASOLAR v50P (vdl, G, T);

Id2 = KYOCERASOLAR v50P (Vdz, G, T);

Pdl = vdl*Idl;

Pd2 = vd2*Id2;

% Begin EPP MPPT Algorithm

if (Pdl - Pd2 + deltaPm >0)

if vdl > vd2

new Vm = vdl;

Vp_new = new Vm + C; % Increment Voltage
else

Vp_new = new Vm - C; % Decrement Voltage
end

elseif (Pdl - Pd2 + deltaPm <0)

if vdl > v2

new Vm = Vdl;

Vp_new = new Vm - C; % Decrement Voltage
else

new Vm = Vdl;

Vp new = new Vm + C; %Increment Voltage
end

else

count =2;

end

end

if (count==2)

Pm new = new Vm * new Im;

deltaPm = Pm new - Pm;

% Begins PO Algorithm

if deltaPm > O

if new Vm > Vm

Vp new = new Vm + C; % Increment voltage

else

Vp new = new Vm - C; % Decrement voltage



end

elseif deltaPm < O

if new Vm > Vm

Vp_new = new Vm - C; % Decrement voltage
else

Vp_new = new Vm + C; %Increment voltage
end

else

count=0;

end

end

% Updating the voltage and the power

Vm = new_Vm;

Pm = Pm new;

% Call the function det max KYOCERASOLAR v50P to find the maximum values.
[Pmp max, Imp, Vmp] = det max KYOCERASOLAR v50P (G, T);

o)

% Adding data to the vectors

Vm arr = [Vm _arr Vm];

Pm arr = [Pm arr Pm];

Pmax arr = [Pmax arr Pmp max];
end

o)

% Calculate Tracking efficiency of PO algorithm (Electrical energy given

o)

% as theoretical and real power during the same period time)

P theor = sum(Pmax arr) /3600
P real = sum(Pm_arr) /3600
Track eff = (P _real/P theor)

% Plot result

t = 1:14;

plot (t,Pmax_arr)

plot (t,P_theor, 'r*'")

hold on

plot (t,P _real,'g*")

title ('POWER MAX (red) VS (green)REAL POWER FOR SUNNY SCENARIO')
xlabel ("SIMULATION TIME (s)"')

ylabel ('MODULE OUTPUT POWER (W) ")

hold off

figure

plot (Vm arr, Pm arr, 'g'")

% Plots the P-V curves together with the maximum power points
Vm = linspace (0, 23, 58);

hold on



for G=.2:.2:1

Im = KYOCERASOLAR v50P (Vm, G, T);

Pm = Im.*Vm;

plot (Vm, Pm)

% plot (G, Pm,'r*")

[Pm_max, Imp, Vmp] = det max KYOCERASOLAR v50P (G, T);
plot (Vmp, Pm max, 'r*')

end

title ('EPP ALGORITHM TRACKING INVESTIGATION SUNNY SCENARIO')
xlabel ('PANEL VOLTAGE (V) ")

ylabel ('PANEL OUTPUT POWER (W) ')

axis ([0 23 0 58])

hold off



MATLAB m-files script Code for calculating the maximum operating power of IC

algorithm under atmospheric sunny conditions

SMATLAB Script file for investigating the IC MPPT Algorithm under
% sunny weather conditions (slowly change of solar irradiance G)

% Created by Cedrick, February, 2011
NN,

Clear;

Global T $ makes variable T accessible on a global scope

o

Initialize constants

T = 25; % Temperature of the solar panel cell (C)
C = 0.1; % increment voltage (V)

err = 0.0217; % max error

G = 0.025; % solar irradiance

Vm = 17.3; % panel voltage

Im = KYOCERASOLAR v50P (Vm, G, T); % PV current of module
Pm = Vm * Im; % Panel power output

[

Vp new = Vm + C; % updated reference panel voltage

o)

% Create vectors for voltage and power data

Vm_arr

I
—
i
~.

Pm arr = [];

Pmax_arr = [];

% Provide solar irradiation data for a sunny day at Upington

% Data stored in a 14 by 2 matrix, with column 1 being the time data and

% column 2 the irradiation data

G data = [1 0.02; 2 0.204; 3 0.439; 4 0.664; 5 0.827; 6 0.981; 7 1.073;
8 1.073; 9 1; 10 0.868; 11 0.684; 12 0.449; 13 0.214; 14 0.031;

x t G data(:,1)'; % Store time data in vector x t (hour)

y G = G data(:,2)'; % Store irradiation data in vector y G (Kw/m2)

x ti = 1: 300; % Creates a 1 by 300 vector for interpolation

y Gi = interpl (x t, y G, x ti,'linear'); % Perform linear interpolation
for 1 = 1:14

G =y Gi (1); % Store interpolated values

new Vm = Vp new;% measure voltage

new Im KYOCERASOLAR v50P (Vp new, G, T); Smeasure current
% Find the difference in voltage and current
deltaVm = new Vm - Vm;

deltalm

new Im - Im;
%Begins IC Algorithm
if deltavm ==



if deltaIm == 0

Vp _new = new Vm;

elseif deltaIm > O

Vp new = new Vm + C; % Increment voltage
else

Vp_new = new Vm - C; % Decrement voltage
end

else

if abs(deltaIm/deltaVm + new Im/new Vm) <=
Vp_new = new_Vm;

else

if deltaIm/deltaVm > -new Im/new Vm + err
Vp_new = new Vm + C; % Increment voltage
else

[

new Vm - C; % Decrement voltage

Vp_new
end
end

end

err

% Use function det max KYOCERASOLAR v50P to calculate the maximum

o)

% theoretical values

[Pmp max, Imp, Vmp] = det max KYOCERASOLAR v50P

o)

% Store calculated values in vectors

Vm

new_vm;

Im = new Im;

Pm new Vm * new Im;

% Adding data to vectors

Vm arr = [Vm arr Vm];

Pm arr = [Pm _arr Pm];

Pmax arr = [Pmax arr Pmp max];
end

[

[

P theor = sum(Pmax arr) /3600
P real = sum(Pm_arr) /3600
Track eff = (P_real/P_theor)
% Plot result

t =1:14;

plot (t, Pmax_arr)
plot(t,P_theor, 'r*')

hold on

plot(t,P _real, 'g*'")

% calculate Tracking efficiency of PO algorithm

(G, T);

(Electrical energy given

% as theoretical and real power during the same period time)



title ('POWER MAX (red) VS (green)REAL POWER FOR SUNNY SCENARIO')
xlabel ("SIMULATION TIME (s)')

ylabel ('MODULE OUTPUT POWER (W) ")

hold off

figure

plot (Vm arr, Pm arr, 'g')

% Plots the P-V curves together with the maximum power points
Vm = linspace (0, 23, 58);

hold on

for G=.2:.2:1

Im = KYOCERASOLAR v50P (Vm, G, T);

Pm = Im.*Vm;

plot (Vm, Pm)

[Pm_max, Imp, Vmp] = det max KYOCERASOLAR v50P (G, T);

plot (Vmp, Pm max, 'r*'")

end

title('IC ALGORITHM TRACKING INVESTIGATION SUNNY SCENARIO')
xlabel ('PANEL VOLTAGE (V)')

ylabel ('PANEL POWER OUTPUT (W)')

axis ([0 23 0 587)

hold off



MATLAB m-files script Code for calculating the maximum operating power of the

modified CV- IC two-mode algorithm under atmospheric cloudy conditions

SMATLAB Script files for investigating the two-stage CV-IC MPPT Algorithm
%under cloudy weather conditions (rapidly change of solar irradiance G)

% Created by Cedrick, February, 2011
A N Y
Clear;

Global T% makes variable T accessible on a global scope

% Initialize constants

C = 0.0025; % increment voltage (V)

T = 25; % Temperature of the solar panel cell (C)
err = 0.0217; % max error
G = 0.025; % solar irradiance

Vm = 17.3; % panel voltage

Im = KYOCERASOLAR v50P (Vm, G, T); % PV current of module
Pm = Vm * Im; % Panel power output

Voc = 22.1; % datasheet open circuit voltage
k = 0.765; Sconstant in Constant Voltage (CV) MPPT method

Vp_new = Vm + C; % updated reference panel voltage

o)

% Create vectors for voltage and power data

Vm arr = [];
Pm arr = [];
Pmax_arr = [];

%$Provide Irradiation data for a cloudy day at upington (South Africa)

o\°

Data stored in a 14 by 2 matrix, with column 1 being the time data and
column 2 the irradiation data

G data = [1 0.03; 2 0.143; 3 0.163; 4 0.613; 5 0.725; 6 0.245; 7 0.388;...
8 0.347; 9 0.449; 10 0.521; 11 0.357; 12 0.388; 13 0.163; 14 0.082];

o\°

[

x t = G data (:,1)'; % Store time data in vector x t (hour)

y G = G data (:,2)'; % Store irradiation data in vector y G (Kw/m2)

x ti = 1: 300; % Creates a 1 by 300 vector for interpolation

y Gi = interpl (x t, y G, x ti,'linear'); % Perform linear interpolation
for 1 = 1:14

G =y Gi (i); %Store interpolated values

new_vm Vp new; % measure voltage

new Im KYOCERASOLAR v50P (Vp new, G,T);%measure current
deltalm = new Im - Im;

if ((deltaIm/Im)<0.33)



new Vm = Vp new;
% Find the difference in voltage and current

deltaVm = new Vm - Vm;

Q

% Begins IC Algorithm

if deltavm > 0

if deltaIm == 0

Vp new = new Vm; % Voltage remains constant
elseif deltaIm > O

Vp_new = new Vm + C; % Increment voltage
elseif deltaIm < O

Vp_new = new Vm - C; % Decrement voltage
else

Vp_new = k*Voc;

Pa = Vm*Im;

Pnew = Vp new*new Im; % Find new power
if ((Pnew - Pa)==0)

if ((Pnew - Pa)>0)

if ((Vp_new -Vm)>0)

Vp _new = new Vm + C;

y = Vp_new;

elseif ((Vp_new -Vm)<0)

Vp _new = new Vm - C;

y = Vp_new;

end

else

if abs(deltaIm/deltaVm + new Im/new Vm) <= err
Vp_new = new Vm; % Voltage remains constant
else

if deltaIm/deltaVm > -new Im/new Vm + err
Vp new = new Vm + C; % Increment voltage
else

Vp new = new Vm - C; % Decrement voltage
end

end

end

end

end

end

end



% Use function det max KYOCERASOLAR 50P to calculate the maximum

[

% theoretical values
[Pmp max, Imp, Vmp] = det max KYOCERASOLAR v50P (G, T);

Q

% updating the voltage, current and power

Vm = new_Vm;
Im = new Im;
Pm = new Vm * new_ Im;

% Create vectors for voltage and power data

Vm arr = [Vm _arr Vm];

Pm arr = [Pm arr Pm];

Pmax arr = [Pmax arr Pmp max];
end

% Calculate Tracking efficiency of PO algorithm (Electrical energy given
% as theoretical and real power during the same period time)
P theor = sum(Pmax arr) /3600

P real = sum(Pm_arr) /3600

Track eff = (P_real/P theor)

% Plot result

t =1:14;

plot (t,Pmax_arr)

plot(t,P_theor, 'r*')

hold on

plot(t,P_real, 'g*'")

title ('POWER MAX (red) VS (green)REAL POWER FOR CLOUDY SCENARIO'")
xlabel ("SIMULATION TIME (s)"')

ylabel ('MODULE OUTPUT POWER (W) ")

hold off

figure

plot (Vm arr, Pm arr, 'g'")

% Plots the P-V curves together with the maximum power points
Vm = linspace (0, 23, 58);

hold on

for G=.2:.2:1

Im = KYOCERASOLAR v50P (Vm, G, T);

Pm = Im.*Vm;

plot (Vm, Pm)

[Pm max, Imp, Vmp] = det max KYOCERASOLAR v50P (G, T);
plot (Vmp, Pm max, 'r*'")

end

title ('TWO-STAGE CV-IC ALGORITHM TRACKING INVESTIGATION CLOUDY SCENARIO')



xlabel ("MODULE VOLTAGE (V) ')
ylabel ('MMODULE OUTPUT POWER (W) ")
axis ([0 23 0 58])

hold off

Measurement of cloudy and sunny irradiation data in Upington, South Africa, 1966
(KJ/m?/hour) [35]

Sunny scenario: 6 February 1966
[00000 7373515822391 2980 3532 3863 3863 3605 3127 2465 1618 7721100 0 0 0]
Cloudy scenario: 11 January 1966

[0000011051558822072612 883 1398 1250 1618 1876 1287 1398 588294 000 0 0]



APPENDIX C

Transfer function of buck and boost converters for frequency response Bode plot analysis

>> Y buck= tf (12*[1.5671le-6 0.751], [385.84e-6 11.57e-6 10.404])

Transfer function:

1.881e-005 s + 9.012

0.0003858 s*2 + 1.157e-005 s + 10.4

>> Y boost= tf (24*[0 4.2028e-7 1], [6.608e-4 0.7764 14.5404])

Transfer function:

1.009e-005 s + 24

0.0006608 s*2 + 0.7764 s + 14.54

Subsystem of boost converter SimPowerSystem model



APPENDIX D

Embedded MATLAB function of IC Algorithm

Function D = fcn (u, i, v, r)
SHeml
eml.extrinsic ('clear')

Q

% Initialize constants

err = 0.0217; % max error

Vm = u; % Panel voltage

Im = r; % Panel current

Im prev = i; % PV previous current
Vm _prev = v; % PV previous voltage

dD = 0.001; % increment of duty cycle
Di = 0.28; % initial duty cycle

Di ref = Di + dD; % updated reference duty cycle

Di new Di ref;
% Find difference in voltage and current
deltaVm = Vm - Vm prev;

deltalm

Im - Im prev;
% Begins IC Algorithm

if deltavm == 0

if deltaIm == 0

Di ref = Di new; % Duty cycle remains constant
elseif deltaIm > O

Di ref = Di new + dD; % Increment duty cycle

else
Di ref = Di new - dD; % Decrement duty cycle
end
else

if abs (deltaIm/deltaVm + Im/Vm) <= err
Di ref = Di new; % Duty cycle remains constant
else

if deltaIm/deltavVm > -Im/Vm + err

Di ref = Di new + dD; % Increment duty cycle
else
Di ref = Di new - dD; % Decrement duty cycle
end

end



end
D = Di ref;

end

Embedded MATLAB function of two-stage CV-IC Algorithm

Function D = fcn (u, i, v, r)
S#eml

eml.extrinsic ('clear')

% Initialize constants

Voc = 22.1; %datasheet open circuit voltage

k = 0.765; % constant in CV MPPT method

err 0.0217; % error max
dD = 0.0001; % increment of duty cycle

Di = 0.28; % initial duty cycle

Vm = u; $ Panel voltage
Im prev = I; % Previous Panel current
Vm prev = v; % Previous Panel voltage

Di ref = Di + dD; % Updated reference duty cycle
D = Di_ref;

Im = r;

% Find difference in current

deltaIm = Im - Im prev;

if ((deltaIm/Im)<0.33)

Di new = Di ref;

% Find difference in voltage

deltaVm = Vm - Vm prev;

% Begins Two-mode CV-IC Algorithm

if deltavm > 0

if deltaIm ==

Di ref = Di new; % Duty cycle remains constant
D = Di ref;

elseif deltaIm > 0

Di ref = Di new + dD; % Increment duty cycle

D = Di ref;

elseif deltaIm < 0

Di ref = Di new - dD; % Decrement duty cycle

D = Di ref;

else



Vref = k*Voc; % Find reference voltage using CV method

Pnew Vref*Im;

Pm = Vref*Im prev;

if ((Pnew - Pm) ==0)

if ((Pnew - Pm)>0)

if ((Vref -Vref)>0)

Di ref = Di new + dD; % Increment duty cycle
D = Di ref;

elseif ((Vref - Vref) <0)

Di ref = Di new - dD; % Decrement duty cycle
D = Di ref;

end

else

if abs (deltaIm/deltaVm + Im/Vm) <= err

Di ref = Di new; % duty cycle remains constant
D = Di_ref;

else

if deltaIm/deltavm > -Im/Vm + err

Di ref = Di new + dD; % Increment duty cycle
D = Di_ref;

else

Di ref = Di new - dD; % Decrement duty cycle
D = Di_ref;

end

end

end

end

end

end

end



Subsystem Simulink model of boost converter with PWM block
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PV System Simulation Model using two different MPPT algorithms
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