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Abstract

This thesis presents a new approach for converting the implicit current-voltage (I-V) expression
of a photovoltaic (PV) module into an explicit expression of current as a function of voltage.
The maximum power point (MPP) of a double diode model (DDM) PV module is estimated
directly from the explicit I-V expression of a module under different environmental conditions
(DECs). The extension of use of explicit I-V expression to estimate the MPP of a DDM PV
module under different shading conditions is also carried out. Since the explicit I-V expression is
used for the estimation of the MPP of a DDM PV module under both uniform and non-uniform
irradiance conditions, the proposed method is simple, accurate, and efficient. A comparison of
the MPP of a DDM PV module, as extracted using the proposed method, with that obtained
from different existing methods under various irradiance conditions, is presented. The MPP
of the DDM PV array at non-STC (Standard Test Condition), as determined by the proposed
method, is verified through experimental measurements and MATLAB simulations. The results
show that the estimation of the MPP of a DDM PV module using the proposed method is
more accurate and computationally efficient. The explicit I-V expression of a module, used for
estimating the MPP, will be useful to PV professionals.

This thesis also presents a novel generalized model of the series-parallel (S-P) connected PV
array, along with its circuit equation, and an algorithm for estimating its global maximum power
point (GMPP) under partial shading conditions (PSCs). A set theory-based approach is proposed
to develop equations in terms of the voltage and current of strings and arrays in the generalized
model of the S-P PV configuration under PSCs. Furthermore, a mathematical expression for
the iteration voltage is derived based on a generally observed property of local maximum power
point (LMPP). The proposed GMPP estimation algorithm converges quickly by simultaneously
eliminating non-potential sections and subsections of the power-voltage (P-V) curve of an array.
Robustness of the proposed method for GMPP estimation is tested by considering 2,000 random
shading patterns generated by MATLAB for two different PV arrays. Comparisons with other

existing methods in terms of GMPP estimation accuracy and computational time demonstrate
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the competitiveness of the proposed method. Experimental validation of the proposed method
was conducted using a box with halogen lights to measure the I-V characteristics of a PV array.
Both simulation and experimental results demonstrate the superiority of the proposed GMPP
estimation method for PV arrays under PSCs, making it valuable for PV professionals.

A novel approach is proposed for estimating the operating point of a photovoltaic (PV) source
directly connected to single or multiple loads. This proposed algorithm divides the PV with load
system into two components: PV without series resistance, and series resistance with load. The
estimation of the operating point for the PV and load combination, using the proposed technique,
is carried out by matching the I-V characteristics between the PV without series resistance and
the series resistance with load, employing a novel method. As this proposed method is free from
derivatives and does not require any prediction of the initial value, the estimation technique is
notably simple in terms of computational complexity and applicability. The estimated results
obtained from this technique closely match the actual results. Furthermore, the outcomes of
this technique surpass those of other methods in terms of computational time. This proposed
estimation technique will be beneficial for the design, operation, and maintenance of standalone
PV systems, as well as for the energy management of various types of storage systems, such as
thermal, mechanical, and chemical, connected to the PV source

Finally, this thesis introduces a novel algorithm to estimate the parameters of a DDM PV
module. Moreover, the bisection method is employed to identify the discrepancy between the
MPP voltage obtained and the MPP voltage specified in the datasheet. This iterative process
aids in determining the independent parameters, and subsequently, the other dependent param-

eters.
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1.1 Introduction

Electricity can be generated from solar energy primarily through two methods: Solar Thermal
Energy Systems and Photovoltaics (PV), as illustrated in Figure 1.1. The first one, Solar Thermal
Energy System, uses solar energy to heat some kind of fluid which drives an electrical generator
to get the electricity. The latter, i.e., PV, directly converts the solar radiation to electrical energy.
The working of PV can be explained by the photovoltaic effect. Due to the absence of any moving
part, it requires very little maintenance. Further, it has the advantage of high scalability, allowing
its use from home installations to GW-level solar plants. Also, due to environmental concerns

and the falling cost, the PV generator is becoming the highly favorable source of electricity.

(a) Solar Thermal Power Plant (b) Solar Photovoltaic Power Plant

Figure 1.1: Both types of solar power plants. (a) Solar thermal power plant (Source: MDPI, avail-
able at https://www.mdpi.com/1996-1073/12/13/2454). (b) Solar photovoltaic power plant (Source:
Recharge News, available at https://www.rechargenews.com/transition/-solar-to-be-world-s-largest-
power-source-by-2050-as-cost-halves/2-1-558127).

The PV cell is the smallest unit of a PV generator. Most of the solar cells available on
the market are manufactured using silicon, as shown in Figure 1.2. To achieve a usable output
voltage, given that the open circuit voltage of a PV cell is quite low, many cells are connected
in series or in a series and parallel (S-P) combination, forming what is known as a PV module.
Furthermore, the combination of different modules is called a PV array. The current-voltage (I-V)
characteristic of a PV generator is implicit in nature. This complexity complicates the analysis
of a PV generator’s behavior under specific parameters in given environmental conditions. The
expression relating I-V in a PV generator is crucial for studying the behavior of PV generators
under different environmental conditions. Furthermore, it plays a significant role in designing

components for systems utilizing PV technology. Estimating the maximum power point (MPP)
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Solar Module

Solar Cell

- /haa

Figure 1.2: PV cell, module, and array (Source: PV  Education, available at
https://pveducation.com /solar-concepts/solar-cells-modules-arrays/).

is crucial for forecasting the maximum energy output of a PV plant. This estimation also
facilitates the maximum power point tracking (MPPT), as PV generators operate at their peak

power output only at a specific operating point.

Figure 1.3: Partial shading in a real-life situation (Source: Solar Panels Melbourne Victoria, available
at http://www.solarpanelsmelbournevictoria.com.au/about-us/).

Certain environmental conditions in some locations can lead to the soiling of PV array mod-
ules, resulting in an uneven distribution of sunlight across the modules. Additional factors, such
as differing orientations, uneven mounting surfaces, proximity to trees, and nearby buildings,

can also contribute to an uneven distribution of solar irradiance on the solar PV array, a phe-
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nomenon known as partial shading, as shown in Figure 1.3. The accurate estimation of the
global maximum power point (GMPP) of a PV array under partially shaded conditions poses a
greater challenge than under uniform irradiance conditions due to the presence of multiple peaks
or local maximum power points (LMPPs) in the power-voltage (P-V) curve. Due to multiple
peaks, most algorithms that can accurately estimate the MPP under uniform irradiance may not
find the GMPP in partially shaded conditions. They may become stuck at a local peak that is
not the GMPP. Therefore, a specialized algorithm is required to identify the highest peak among
all local peaks and accurately determine the GMPP in partially shaded condition.

Estimating the operating point for a PV system connected to a specific load is crucial for
analyzing fault scenarios in the integration of PV systems with grids (such as nano grids, micro
grids, and mini grids). Furthermore, this estimation is valuable in the design of systems that
incorporate PV technology. Simulation tools like SPICE are generally used to solve circuits, in-
cluding PV systems connected to an electrical load or loads. However, these software programs
generate circuit equations using the Modified Nodal Analysis (MNA) technique. Subsequently,
multi-variable equations are solved using the multidimensional Newton-Raphson (NR) method.
Nonetheless, during this process, MNA introduces unnecessary variables for forming the equa-
tions, and the use of the multidimensional NR method increases computational complexity and
decreases robustness.

Parameter estimation is necessary to accurately simulate a PV model under varying environ-
mental conditions. Parameter estimation algorithms can be divided into three main categories:
analytical, iterative, and population search-based methods. Analytical methods use additional
equations, approximations, and information to estimate the parameters. Iterative algorithms
essentially solve the error minimization problem using iterative techniques. The population
search-based methods for parameter estimation start with many initial values for a parameter
and find the optimal population of parameters using various techniques. The estimation of PV
parameters is of great importance in analyzing the behavior of PV systems under different envi-
ronmental conditions. Furthermore, it plays a significant role in accurately estimating the MPP

and determining the optimal operating point for PV systems.
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Although PV technology offers several advantages, it also presents challenges that must be
addressed. These challenges include the implicit I-V expression of PV systems, the complexity
of determining the operating point, the MPP, and parameter estimation. These complexities
arise from the implicit I-V expression of PV systems and the presence of multiple LMPPs in PV
arrays under partially shaded conditions.

Therefore, this research aims to contribute significantly to the advancement and optimiza-
tion of solar energy utilization by investigating various aspects of PV systems. This includes
exploring different modeling approaches, developing efficient methods for MPP estimation, pa-
rameter estimation, and operating point determination under both uniform and partially shaded

conditions.

1.2 Literature survey

1.2.1 Explicit expression of DDM PV module and the estimation of
MPP in uniform and Partially Shaded Conditions

There are two main types of mathematical models for studying the -V characteristics of a PV
source: (1) the Single Diode Model (SDM) and (2) the Double Diode Model (DDM), both of
which present the I-V relationship in implicit form. The circuit representations of both models
are given in Fig. 1.4. IL,,, Ip, R, Rs, V, and I are the photocurrent, diode current, shunt
resistance, series resistance, voltage, and current of the SDM as shown in Fig. 1.4(a). Meanwhile,
I, Ip1, Ip2, Ren, R, V, and I are the photocurrent, current in Diode 1, current in Diode 2,
shunt resistance, series resistance, voltage, and current of the DDM as shown in Fig. 1.4(b).
The DDM is known to have better accuracy at certain conditions [1,2]. Lumped-circuit
models with multiple diodes have been broadly accepted to accurately describe the I-V charac-
teristics [3]. The SDM is particularly inaccurate in describing cell behavior at low illuminations
[4]. While the DDM is consistent with the underlying physics of the electrical characteristics and
should give an accurate description of the real solar cell for low-level- injection conditions [5]. In

(6], some assumptions have been made in deriving the explicit I-V expression of the DDM PV

module based on the Lambert-W function. These assumptions are not accurate and introduce
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Figure 1.4: Main mathematical models of a PV module (a) Single Diode Model (SDM) and (b) Double
Diode Model (DDM)
error. In [7], an exact representation of the conversion from implicit to explicit form using the
Lambert-W function for DDM is shown. However, the Lambert-W function-based approxima-
tion requires more computational time because the Lambert-W function is not an elementary
function and utilizes approximate series expansions for obtaining values.

For MPP estimation of PV systems, there is extensive literature available. In [8], two sim-
ple and powerful maximum power-point tracking techniques (based on computational methods)
known as voltage-based MPPT (VMPPT) and current-based MPPT (CMPPT) are simulated,
constructed, and compared. These two methods only require I,. and V,. of the PV module
at the given environmental conditions. The MPP values obtained using these methods are
Vipp=MyV,. and Iy pp=Mcl., where Vypp, Iypp, My and Mg represent the MPP volt-
age, MPP current, voltage factor and current factor, respectively. This simplicity facilitates
straightforward implementation, yet the accuracy of these methods is relatively low. Estimating
the MPP of a PV array under various environmental conditions involves using modified Gauss-
Seidel (GS), Newton-Raphson, Levenberg-Marquardt, and other iterative techniques. However,
these methods may not always achieve convergence. Levenberg-Marquardt (LM) algorithm is
used to estimate the MPP of a DDM PV module under different environmental conditions [9].
However, the LM method requires manually inputted initial values, dependent on the situation
for the solution and the acceleration coefficient. If chosen arbitrarily, the method may fail to
converge. This issue is also encountered with the GS and NLS methods, with the GS method

being notably slower than the LM method.
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In [10], the authors proposed an empirical expression for determining the value of the MPP
voltage as a function of temperature. This expression was obtained through regression analysis
of experimental data from various modules tested under different environmental conditions.
However, this expression is not considered reliable and yields significant errors in many cases.
Conversely, [1] presents a more accurate empirical expression for predicting the GMPP of a
partially shaded PV array. Nevertheless, it does not achieve high accuracy for all types of

modules and shading conditions.

1.2.2 Analysis of generalized series-parallel PV arrays under partial
shading: I-V and P-V curves, MPP estimation challenges

The mathematical formulations for calculating the I —V and P — V' characteristics of partially
shaded photovoltaic (PV) arrays are presented in [11-14]. However, these studies fail to minimize
the number of variables and equations by not assuming identical current and voltage variables
for the PV submodules and bypass diodes under the same environmental conditions, specifically
irradiance and temperature, for a partially shaded array. This absence of minimization results
in equations that require more time to solve and demand additional storage in the system.
Moreover, all these formulations are confined to the S-P PV array configuration and presuppose
uniform irradiance levels across all cells in a submodulean assumption that may not always be
valid, as not all cells within a submodule might be exposed to the same environmental conditions.
Additionally, these studies overlook the resistances of connecting wires, omitting a crucial aspect
that would offer a more accurate depiction of the PV array’s operational dynamics.

The estimation of the MPP for a PV generator under partial shading conditions (PSCs)
presents more difficulties than it does under conditions of uniform irradiance, attributable to the
emergence of multiple peaks. Such complexity significantly complicates the task of accurately
determining the global maximum power point (GMPP) of a PV array when subjected to PSC,
necessitating the adoption of advanced algorithms or methodologies for precise estimation.

In response to this challenge, authors have developed simplified approximate formulas to
estimate the GMPP [15], [10], [1]. The effectiveness and accuracy of these methods hinge on the

7
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specific shading parameters of partial shading, namely the irradiance levels and the number of
modules at each irradiance level.

In [16], authors present a novel Psim-based piece-wise linear macro-model. Psim is a software
for simulating power electronic system. The new model can be used to predict PV module
characteristics for various operating conditions and understand the behaviours of a long PV
string and a large-scale PV array under any PSC patterns on Psim platform. Furthermore,
analyses of the I-V and P-V curves of a PV string under PSC of several shading cases were
conducted in [17]. These studies have provided significant observations regarding the MPP of a
PV string in PSCs. In [18], several rules for general shading patterns of PV array are unveiled.
Such insights are crucial for approximating the LMPP and, consequently, the GMPP. However,
it should be noted that these methods are not universally robust and may yield incorrect results
in different cases of partial shading. In [19], authors propose a field-support vector regression
(F- SVR) based MPPE approach for estimating the MPP in PSC. In this, a conventional SVR
is applied to study the mapping relationship between PV electrical characteristics and the MPP
locus.

Maximum power point tracking (MPPT) algorithms for identifying the global maximum
power point (GMPP) have been proposed in various studies, including [20], [21], and [22]. These
algorithms primarily employ intelligent strategies to reduce the regions of the P-V curve that
need to be investigated for the GMPP. However, even with the reduction of certain regions, these
methods still necessitate small step perturbations in voltage to precisely identify the GMPP.
Consequently, this approach could potentially extend the time required for GMPP estimation.

Thus, employing these techniques may lead to longer durations for GMPP estimation.

1.2.3 Operating point estimation of a PV plus load system

To solve the I — V characteristic equation at a specific situation (i.e., at a particular voltage
or load), iterative methods such as Newton-Raphson (NR), Levenberg-Marquardt (LM) [23-26],
among others, are employed. However, it is often observed that these algorithms experience

convergence failure.
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The Wave method [12] has been proposed for estimating the operating point of a PV system
with a resistive load. In this method, authors apply the single dimension NR on a modified
function incorporating two extra independent parameters and a single variable, namely, voltage,
to determine the operating point voltage and current for a given load resistance connected to
a PV system. Due to the modified expression being more complex and requiring three manual
initializations and derivative calculations, it is more computationally intensive. Furthermore,
the Wave method necessitates a good initial guess to converge within a reasonable timeframe.
However, this method is not suitable for all types of loads.

Conversely, artificial intelligence methods [27,28] require a substantial amount of datasets for
training and implementation. Accumulating such datasets poses a challenge for PV installers.
Moreover, processing these large datasets increases computational complexity and can lead to

issues with computer memory.

1.2.4 Parameter estimation of a DDM PV module

Parameter estimation algorithms can be divided into three main categories: analytical, iterative,
and population search-based methods. Analytical methods utilize extra equations, approxima-
tions, and information to estimate parameters. For example, the analytical methods in [29] use
datasheet information.

Iterative algorithms, such as nonlinear least squares (NLS) [30], essentially solve the error
minimization problem. In [26], an LM based iterative method is used for parameter estimation.
A pattern search-based algorithm is proposed in [31] for parameter estimation of PV modules.
On the other hand, population search-based methods for parameter estimation start with many
sets of randomly generated parameters and use various techniques to find the optimal set. Dif-
ferential evolution algorithm is a heuristic, population-based method [32]. Many nature inspired
algorithms are reviewed in [33]. In [34,35] population based methods which utilize GA are used.
However, population-based methods produce different values in each run and is not very reliable.

A separable non-linear least square search (SNLSS) is proposed in [36] to estimate the PV

parameters. For a fixed value of R, the least square algorithm is applied to minimize the
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error and determine the other four linear parameters. The parameter R, is optimized using the

Nelder-Mead algorithm, which is an iterative method.

1.3 Motivation

Considering the aforementioned limitations, the motivation of this research work are as follows:

e The literature review reveals that the DDM of a PV module is more complex than the
SDM due to the presence of two exponential terms in its implicit characteristic equation,
which renders the DDM PV module computationally inefficient for simulation. Due to
this complexity, very few attempts have been made to accurately convert the implicit
characteristic equation of the DDM into an explicit form. Therefore, an explicit I — V'
characteristic equation that approximates the DDM PV module is needed to simulate a

PV system with the accuracy of the DDM while reducing the computational challenges.

e The review also highlights that the available MPP estimation algorithms lack accuracy
and computational efficiency, thereby increasing computational complexity. Additionally,
many estimation techniques require an initial value of the solution, which depends on
human experience with the system. Thus, a fast and accurate MPP estimation technique

that does not rely on human-based input is necessary.

e Some authors have proposed empirical expressions for determining the GMPP value of
a partially shaded PV array. However, these expressions, based on regression analysis
of experimental data from PV arrays with different types of PV modules under various
shading conditions, sometimes yield erroneous results. An exact mathematical method is

therefore required to accurately estimate the GMPP of a partially shaded PV array.

e [t is observed that methods for drawing I —V and P —V curves involve numerous variables
and equations, which are not computationally efficient. These mathematical models are
valid only when all cells in a submodule are under the same environmental conditions,

i.e., identical irradiance and temperature. Moreover, the models do not account for the
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resistance of connecting wires, which is crucial for accurately estimating the MPP of a PV
system. Therefore, a model of the PV array under PSCs that considers the resistance of

connecting wires is required.

e The literature indicates that authors have developed algorithms employing intelligent
strategies to reduce the regions of the P-V curve requiring investigation for the GMPP.
However, even after narrowing down specific regions, these methods still use small step
perturbations in voltage to identify the GMPP, potentially prolonging the time needed for
GMPP estimation. Therefore, a fast algorithm to precisely estimate the GMPP values for

a partially shaded PV array is needed.

e It is noted that population search-based algorithms necessitate significant memory for
storing and accessing fitness values for population members. Meanwhile, many existing
iterative parameter estimation techniques require manual initialization. The iterative esti-
mation techniques relying solely on datasheet values must incorporate an additional equa-

dP

tion, namely that the rate of change in power with respect to voltage is zero (5 = 0) at

the MPP voltage.

1.4 Objective

e To convert the implicit double diode model (DDM) PV module expression into an explicit

form.

e To develop a fast and accurate maximum power point (MPP) estimation technique for PV

systems, independent of case-based manual input.

e To formulate a mathematical model for a specific case of a series-parallel (S-P) PV array,

incorporating bypass and blocking diodes.

e To construct a mathematical model to depict the I —V and P — V characteristics of a
generalized model of an SP partially shaded PV array, taking into account the resistances

of connecting wires.
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e To devise a rapid method to precisely estimate the global maximum power point (GMPP)
of a general case of an SP partially shaded PV array, accommodating any shading pattern

and including the resistance of connecting wires.

e To develop a fast iterative algorithm that consistently converges to estimate the operating

point of a PV system directly connected to a load.

e To create a fast iterative parameter estimation technique that eliminates the need for case-

based manual initialization and the additional equation derived from the derivative at the

MPP.

1.5 Contributions of the thesis

The contributions of this thesis are summarized as follows:

e The third order partial derivative of the exponential component of the implicit I — V
equation with respect to I, for the double diode model (DDM) of nearly all commercially
available PV sources under all irradiances and temperatures commonly found on Earth, is
approximately zero for 0 < I < I, and V' € [0, V,.]. Furthermore, this partial derivative

of the exponential component decreases further with an increase in the order of derivative.

e Utilizing the property described above, it is found that the exponential component of the
implicit I-V equation for the DDM PV module can be accurately approximated by second-
order or higher-order polynomials in terms of I (where 0 < I < I;,) at a given voltage
V €0, Vie|. Furthermore, the root-mean-square (rms) of the approximation error generally
decreases as the order of the polynomial used for approximating the exponential term
increases. This trend is consistent for most commercially available PV sources under typical
environmental conditions on Earth. However, the RMS error between the polynomial
approximation and the exponential term may increase beyond a certain order in many
cases. The fact that the exponential component can be approximated by a polynomial

in terms of I (where 0 < I < I,,) of order two or higher at a given voltage is further
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utilized to derive a second-order polynomial approximation-based explicit expression for

the current in the DDM PV module, expressed solely in terms of voltage.

e Development of an accurate, robust, and fast maximum power point (MPP) estimation

algorithm that eliminates the need for case-specific manual input.

e Creation of an algorithm that estimates the global maximum power point (GMPP) of a

special case of series-parallel connected partially shaded PV array using a genetic algorithm.

e Formulation of an accurate, robust, and fast MPP estimation algorithm for the GMPP of

a general case of series-parallel connected partially shaded PV array.

e Introduction of a parabola-based iterative algorithm that consistently converges to estimate
the operating point of a PV system directly connected to a load without requiring case-

specific manual input.

e Establishment of a fast iterative parameter estimation technique that obviates the need
for case-specific manual initialization and the additional equation derived from the power

derivative with respect to voltage at the MPP.
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1.6 Organization of the Thesis

This thesis is organized into the following chapters:

e Chapter 2 discusses the derivation of an explicit I — V expression from the implicit 7 — V'
expression for the double diode model (DDM) of a PV module. This chapter also explores
the use of this expression for estimating the maximum power point (MPP) of a PV array. It
proposes a fast, accurate, and robust method for MPP estimation, based on the properties
of an isosceles triangle. Moreover, a genetic algorithm-based technique is introduced for
estimating the global maximum power point (GMPP) for a special case of a series-parallel

PV array under partial shading conditions.

e Chapter 3 introduces a novel method for estimating the /—V characteristics of a generalized
model of a series-parallel PV array. It also presents a rapid, reliable, and precise technique
for GMPP estimation. This technique is designed to ensure fast and accurate GMPP

estimation under various shading conditions.

e Chapter 4 proposes a new technique using a parabola-based approach for fast and accurate
estimation of the operating point of a PV-load system. This method aims to enhance the

efficiency and precision in determining the operating conditions of the system.

e Chapter 5 unveils a rapid iterative parameter estimation technique that removes the need
for manual initialization and the reliance on an additional equation derived from the deriva-
tive of power with respect to voltage at the MPP. This technique provides a swift and

efficient means of parameter estimation without the conventional requirements.

e Chapter 6 offers conclusions and extensions from the conducted research, discussing the
implications and findings of the study. It also outlines potential avenues for further research

and development in the field.
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Chapter 2

MPP estimation of a double diode
model PV module from explicit I-V
characteristic
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2.1 Introduction

Nowadays, pollution and limitations of conventional fuels have given rise to the need for renewable
energy sources. Photovoltaic (PV) power system is growing rapidly in the present scenario,
because the solar energy source is free from environmental pollution and has low maintenance
[37]. Proper modeling of PV cells, as well as the modules, are required to understand the behavior
of the PV systems.

In the literature, two different ways for modeling of a PV cell or module such as single diode
model (SDM) and double diode model (DDM) are proposed. The DDM is known to have better
accuracy, especially at low irradiance level [2]. Lumped-circuit models with multiple diodes have
been broadly accepted to accurately describe the I-V characteristics [3]. The SDM is particularly
inaccurate in describing cell behavior at low illuminations [4]. While the DDM is consistent with
the underlying physics of the electrical characteristics and should give an accu- rate description
of the real solar cell for low-level- injection conditions [5].

The current-voltage (I-V') relationships of SDM and DDM PV module are generally in im-
plicit form. However, the implicit expression can be solved using an iterative method and difficult
to estimate the current value at a particular voltage. Therefore, the conversion of implicit ex-
pression to the explicit expression of current is needed for both SDM and DDM. An explicit
expression of current to estimate the MPP for SDM PV module has been considered by Saloux,
Teysseduo, and Sorin[38]. Since this model considers ideal case of a photovoltaic module, it is less
accurate. In [15] and [39], an explicit expression of current in terms of voltage using Lambert-W
function is described for an SDM of a PV module. In [6] and [7], Lambert-W based representa-
tion for current of DDM PV module is presented. The biggest obstacle to get the Lambert-W
function based exact representation of DDM is the presence of two exponential terms [7]. In [6],
some assumptions have been made in the derivation of the explicit I-V expression of the DDM
PV module based on the Lambert-W function. Due to these assumptions the explicit expression
of current is less accurate for some cases. For estimation of current at a given voltage, the Pade

approximation, series expansion, and asymptotic expression are considered. Hence, if these ap-
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proximations are used, then the Lambert-W based expression of current produces more error in
estimating the current at a particular voltage. Therefore, this chapter presents an explicit I-V
expression of a DDM PV module which shows less % error and less computational complexity.
The values of diode quality factors are generally greater than or equal to 1 as also taken in
[40]-[41]. The aforementioned fact is useful in the development of explicit expression of current
as seen later.

In literature, many methods have been reviewed for MPPT of a PV module[42]. Hill climb-
ing/P&O based methods [43] and[44] are used to track the MPP of a PV module. Pattern search
(PS) algorithm is used in [31] to estimate the parameters of a PV module. In an artificial in-
telligence method, MPP is estimated after training of a neural network. Fuzzy logic [27] is used
for MPPT. In [28], a three layer feed-forward neural network is used: an input, a hidden and an
output layer to estimate MPP voltage and power of PV array. Due to the requirement of data
for training, these methods comparatively require more human intervention and its accuracy
depends on the quality of the data and feedback provided by human.

The indirect methods (quasi seeks) [45] have the particular feature that the MPP is estimated
from the measures of the PV generators voltage and current, the irradiance, or using empirical
data, by mathematical expressions of numerical approximations. In [8], two simple and power-
ful MPPT techniques (based on computational methods) known as VMPPT and CMPPT are
simulated, constructed, and compared. These two methods only require I,. and V. of the PV
module at the given environmental conditions. These are also simple in implementation. How-
ever, the accuracy of the above two methods is not good. In [46], Newton-Raphson (NR) method
is employed for estimation of the MPP of a PV source. The estimation of MPP of a PV source
under different environmental conditions is carried out using modified Gauss-Seidel (GS) in [47].
Levenberg-Marquardt (LM) algorithm is used to estimate the MPP of a DDM PV module under
different environmental conditions [9]. But, these itterative methods in some cases may not con-
verge. In order to reduce complexity, increase robustness and accuracy, a novel MPP estimation
technique is proposed which uses the explicit expression of current. This method for estimation

of MPP of a DDM PV module ensures the accuracy, computational efficiency, and robustness.
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In large PV plant, many modules are connected in series-parallel. However, the modules of
the PV array receive different irradiance in the many real-time scenario. This scenario causes
mismatch loss within the PV array. To reduce the mismatch losses, bypass diodes are used in
parallel with the PV modules. However, the P-V curve of a PV array contains multiple peaks
due to bypass diodes under non-uniform irradiation condition. Hence, it is difficult to estimate
GMPP in partially shaded PV array. Some authors have proposed the empirical expressions of
GMPP of a partially shaded PV array [10] and [1]. However, these expressions are not robust
for all types of modules and environmental conditions.

To address the problem of estimation of the GMPP, a novel mathematical formulation of a
partially shaded PV array has been proposed which is optimized to the GMPP using genetic

algorithm (GA) in this thesis.

2.2 Conversion of implicit into explicit I-V expression of
a DDM PV module

~

I [m\

D1

L(1) ¥0,¥p, 2R, |V

Figure 2.1: Equivalent circuit of DDM of the PV module.

The electrical equivalent of a DDM PV module is given in Fig. 2.1. The [-V characteristics

of a PV module using DDM can be written as follows:

V+1R, [V +1R; V + IR,
I'= Iph — jg] {exp (m) — 1} - 102 {b}\p ( ‘4‘2‘?\3,51/; ) 1} Rsh (21)

. V + IR, V+ IR, V+ IR,
I=1L,—1,4€ _ I, —1p<e _— ljg — ——— 2.2
ph 1 {(XI) ( ANV, )} + 1o 2 {E‘Xp ( ANV, )} + 1,0 o ( )

Here, I, Io1, L2, Ay, As, Rs, Rgp, N, and V; represent the photocurrent, dark saturation
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current 1, dark saturation current 2, diode quality factor 1, diode quality factor 2, series resis-
tance, shunt resistance, number of cells, and thermal voltage of a DDM PV module, respectively.

Now assuming F; is given as follows:

% 1s written as follows:
%= b (i-'\-ij:v;)exp (%> .
A2 2
8 () e () @)
3 g
% = I""(Ni:m) =P (%) 24
similarly,

Forn >3, A4, >1,V €[0,V], I €0, ], and for typical values of I;, Ry, Ns, Vi, Voe, and
I, which are found in commercially available PV sources under commonly found environmental
conditions on Earth,

8?}. F;

o 0 (2.8)

According to Lagrange’s error formula for polynomial approximation:
If
ki
P, = CipnyI™ + Cz‘(n—z)fn_z +...+Cyp= Z Ci(k—nfk_l

k=1

matches

F;at I1(=0), I, ..., I,(= L), at a constant V, VYV € [0, V],

then, VI € [0, L,n), YV € [0, V,], and for any n > 3:

1 [ O"F,(I) L
B~ Bl= | "5 H(f —1,) =0
I=¢/) q=

at a constant V. The above equation is valid for some & € [0, 4]
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Therefore, for n > 3, the function F; is approximated as follow:
F, = C-‘i(.n_i)fn_l + Ct-(n_g)fn_g i i T + Cio (29)

where Oy 1), Cirog)y «eeevins and, Cjy are coefficients of different orders of I which are /"%, ["~2,
3.....and, I°. To find the these coefficients, any n values for I are taken from the arithmetic
progression series (), Tf:’f—”, ......... and, I, which is discussed further. The term (f\%qm) is less
than one for the typical values of R,,N,,A; and V;. The reason behind the above fact is that, in
any good PV source series resistance per cell (%ﬁ-) is less than the value of V; (i.e., 0.0229) at
a temperature of —10°C' and the value of A; is always greater than or equal to one. Therefore,
% decreases with increase in the order of differentiation ‘n’ and comes more close to zero
with increase in ‘n’. Therefore, the accuracy of the polynomial approximation generaly increases
with increase in ‘n’ for nearly all commercially available PV sources under typical irradiance
and temperature conditions on Earth. However, it is possible that the RMS error between the
polynomial used for approximation and the exponential term may increase beyond a certain
higher order in many cases, even when %J,—FL decreases with n, primarily due to the effect of

[1;-: (1 = 1) in many of those cases.
In this chapter, F; is approximated by a second-order polynomial (considering n = 3 in
equation (2.9)). This approximation is valid even for n = 2 (first-order polynomial), provided
F; is approximated over an appropriately reduced interval, a subset of [0, I,;]. These facts are
also generally applicable to the exponential term in the single diode model (SDM). A significant
portion of this chapter is devoted to the second-order polynomial approximation of Fj.
Taking second-order approximation, the polynomial, F; is written as follows:
3
Fi = Cpl* + Cyl + Cyy = Zcf(k—l)f{k_l) (2.10)
k=1

To find the coefficients Cjz, C;1 and Cj, the values of Fj—i ) in (2.3) are matched with ap-
proximated quadratic polynomial in (2.10) at three points (V,0), (V, ;) and (V, I’%‘) for all
V €0,V

By taking point (V,0) for (V, I)
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Substituting (V,0) in (2.3) and (2.10) and equating, following equation is obtained as follows:

Gg(] = Im' exp ( (211)

A?:Nth)

By taking point (V, I,,) for (V, I)
Substituting (V, I,;,) in (2.3) and (2.10) and equating, following equation is obtained as follows:

. V + LRy
Ciolph® + Cit Iy, + Cip = Iy exp (—ph)

2,12
AN Vi (2.12)

Substituting Cjy from (2.11) in (2.12),

| Loi V + LR, v ;
C’a?-{ph + Cﬂ = (fp_h) {exp (W — exXp m (215)

By taking point (V —S—") for (V, I)

Substituting (V, fon ) i (2.3) and (2.10) and equating, following equation is obtained as follows:

g
Iph
Iph. 2 jph V+ ( 5 ) RS
2l —— Cia | = Cip =1z — 2.14
C,Q( 9 ) + Cin 9 + Cip oi €XP A;.‘V.,Vf ( )
Substitute Cj from (2.11) in (2.14),
21, V 4+ 0.51,, R, Vv
0. pr,rbciz + Cg]_ = Iph {Exp (W) — exXp (‘4::}\}_5%.)} (215)
By subtracting (2.15) from (2.13), Cjy is obtained as follows:
- 2IO? Wi=g Iph.Rs |4 V 4+ 0.5.{th.5
o= o (GR) voo (am) 20 (S )} e
Substituting Cjs in (2.13), C;; is obtained as follows:
I V+LyRs V V + 051 R;
Cq=[=2 = Pl 36 4 —_— P 217
‘ (fph) { exp( AN,V ) =P (A.,;Nm) " exp( ANV, )} (217)

After substituting the quadratic expression (2.10) instead of exponential expression in (2.3),
following equation is obtained:

Lo, — (C12I* + Ciul + C1o) + It — (Co2I* + CoiI +C) + Lo — ((V + IR,) /Rep) — I =0 (2.18)

Simplified (2.18) is written as follows:

2 2
ph (Z CzQ) I - ((Z C?‘.l) + (Rs/Rsh) s l) s (Z (C?I) - Im'-)) - (V/Rsh) =0 (219)

= i=1
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2 2 2
(Z Cv’.?) 12 + ((Z Cil) + (RS/RSh) + 1) I+ ((Z (C?fO - Im')) + (V/Rsh) - Iph-) =0 (2'20)
i=1 i=1

i=1

Solving the quadratic expression of I in (2.20), the explicit expression of the current is as

follows: ,
B (Z il RS/RS,&) + 0
b= = 2 (2.21)
2 (E c,;z)
i=1
where
9 2
i=1
and

D= (Z Oz-g) (V/Rsh + (Cio—Jai)— Iph) (2.23)

Hence, (2.21) is the proposed explicit expression of the current using auxilliary expressions (2.22)
and (2.23) along with the coefficients, Cyy, C;; and Cjy given in (2.11), (2.17), and (2.16). The
coefficients, Cy, C;; and Cjy in the proposed current expression are the function of voltage of
the PV system.

As it is seen in (2.21), the proposed explicit expression of the current, I is expressed as the
only root with positive sign infront of *s,’. The reason is explained as follows:

Let o and 3 are the two roots of (2.20) for ‘I’ which are expressed as:

2
— (; Ca+1+ RS/RS;L) + Sgt

o= —E - (2.24)
QZ Cis

=1

and

2
= (; Cﬂ“l‘l + R_g/Rsh> — Sgt

B= > (2.25)
22 Cio
i=1
So from (2.20), af is expressed as:
2
Z (Ca‘.(} - Ioi) + (V/Rw‘?) - Iph.
af =22 (2.26)

2
>, Ci
i—1
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Analysis of numerator of (2.26): Substituting (2.11) and V' = V,. in the numerator of (2.26),

i L Via Vor Voo
Numerator = [, {exp (ﬁ%)} — I+ 1 {exp (ﬁ‘—é)} — I+ y- Lo,

Now substituiting (V,., 0) for (V,I) in (2.2), following equation is obtained,

V(;c I/oc Vac-
Jiro] {BX]J (AlN %)} _Iol+fo‘2 {(:‘Xp (Agf\r V;)} _I02+R—h_ ph =0

Case I: For V < V,,, (2.27) is written as:

V V V
L_—,] {exp (m)} = In] + Igg {exp (Azi\'r\‘;l/r)} — Jro‘z + R—Sh b [ph <0

Hence, it is seen from (2.28) that for V' < V., the numerator of (2.26) is written as:

2

> (Cio = Li) + V/Ra — Iy < 0

i=1

Case II: For V > V., (2.27) is written as:

Vv V V
Jllro _Io Io T _Io —_In. 0
1 {e"p (AINM)} i {ex” (Agfvsw)} R

Hence, it is seen from (2.30) that for V' > V., the numerator of (2.26) is written as:

2
Z(Cﬁ] - Irri) + V/R.s'h. - Iph >0
1=1

Analysis of denominator of (2.26): Simplifying (2.16), Cj, is written as:

C 210!' Vv {).Sj—thS 1 2
B exy exp| ———— | —
2= T2, TP\ ANV, P\ ANV

Therfore, for all real valued V and all real-positive values of DDM parameters,

2
Ci2>0=>ZC¢2>O

i=1

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)

(2.32)

(2.33)

Substituting (2.29), (2.31), and (2.33) in (2.26), it is observed that a3 < 0 for V < V,. and

2
af > 0 for V. > V,.. From (2.24) and (2.25), it is observed that a > [ (since Y  Cjp > 0

and sqt > 0 ). So for V < V., > 0 and f< 0 but a< 0 (since o will continue to follow -V

characteristics expressed by (2.1)) and 3< 0 (as a3 > 0) for V' > V,.. Therefore, it is seen that

only a is positive for voltage from ‘0’ to ‘V,.” and negative for voltage greater than V,.. Thus , it
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matches the I-V characteristics of a PV module. Therefore, only a is choosen for the proposed
explicit expression of I.

2.2.1 Validation of approximated quadratic function and explicit I-V
expression

In this section, validation of the explicit expression of current with implicit current expression
and the approximated quadratic function with actual exponential function is carried out for three
different DDM PV modules of rating 140, 250 and 335 W from CSG PVTECH. Table 2.1 and
2.2 are showing datasheet values and estimated double diode model parameters, respectively.
Also, the approximated quadratic function (2.10) and the actual function (2.3) are plotted with
respect to current, I at a temperature of 25°C for different value of voltages. Implicit current
expression is solved using MATLAB for implicit I-V expression plot. For current, I € [0, I,4],
Fy ~ I and Fy ~ I are plotted for V € [(2) Voe, Voe] and V € [(3) Vie, Vic|, respectively.

Table 2.1: Datasheet values of CSG PVTECH PV modules

Parameters 140 W module 250 W module 335 W module

Isc (A) 8.30 8.76 9.49
oc (V) 22.20 37.7 46.50
Vare (V) 18.10 30.90 38.20
Iicp (A) 7493 8.09 8.77
N, 36 60 72

Table 2.2: Estimated values of DDM PV parameters

Parameters 140 W module 250 W module 335 W module

L (A) 8.31 8.76 9.50
I, (nA) 0.29 0.27 0.095
Ipo (pA) 3.49 0.73 5.36
R, () 0.1645 0.2929 0.2558
Ran (9) 204.30 733.98 302.85
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Figure 2.2: Quadratic approximation and actual plots of Fy — I in the current range from 0 to I, at
a constant value of voltage (at any voltage from 0 to V) for (a) 140 , (b) 250 and (c) 335 W DDM PV
module.
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Figure 2.3: Quadratic approximation and actual plots of F5 — I in the current range from 0 to I, at
a constant value of voltage (at any voltage from 0 to V) for (a) 140 , (b) 250 and (c) 335 W DDM PV
module.
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Figure 2.4: I-V characteristics of a (a) 140, (b) 250 and (c) 335 W DDM PV modules under different
irradiation with a fixed temperature of 25°C.
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Figure 2.5: [-V characteristics of a (a) 140 , (b) 250 and (c) 335 W DDM PV modules under different
temperature with a fixed irradiation of 1000 W/m?.
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3
Table 2.3: Values of I,; and (711_{3%4) for different rating of DDM PV modules

3 . T
PV module ..TD] (ﬁiﬁ) L;l (Tﬁ‘%\,,) %L ‘(V:L'}M I=Tmip)
A0W  200x1000 54x10° 157 x 1012 15%10-3
2B0W  2.68x10-10 6.6x10-3 1.77 x 10-12 9.3 % 10-?
335 W 055 x10-11 26x10-3 243 x 10-13 5.31 x 104

3
Table 2.4: Values of I,5 and (ﬁ) for different rating of DDM PV modules

3 3 o

PV module 1,2 (?ﬁm) T2 (ﬁ) %;3 g
140 W 348 %10 ° 6.78x10°F 236x10 ° 738 %x 10 °
250 W 728 x 1077 827x 107 6.03x 10710 2.18 x 1072
335 W 536 x107°% 3.18x10~* 1.70 x 10™* 7.98 x 10~3

In Fy ~ I plot, (3/4)V,. is omitted for better visualization. In this case, the values of I,
and V,. are taken at STC and plots of F} ~ I and F; ~ [ are shown in Figs. 2.2 and 2.3
respectively. From the figures, F; and F, with [, it is seen that the approximated quadratic
function (2.10) closely matches with actual non-linear exponential function (2.3) for different
types of modules. Also, the explicit and implicit I-V curves are plotted for various type of DDM
PV modules at different irradiation and different temperature conditions as shown in Figs. 2.4
and 2.5 respectively. From these figures, it is seen that the explicit I-V characteristic closely
matches with the implicit I-V characteristics under DEC. From Tables 2.3 and 2.4, it is observed
that the values of % for (i = 1,2) at (V,p, I1np) are nearly equal to zero and hence it ensures

the validity of approximation.

2.3 Proposed MPP estimation method

Flowchart for the proposed method to estimate the MPP of a DDM PV module is described in
the Fig. (2.6). In this method, two boundary voltages are taken and these are considered in such
a way that the MPP always falls between them. After that two sides of an isosceles triangle are
drawn through these voltages. The isosceles triangle is formed in P-V curve in such a way that
its base is on z-axis and height of vertex from z-axis is ‘h’, where ‘h’ should be chosen in such

a way that it is always greater than the maximum power. In this report ‘A’ is chosen as V.1,
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which is always greater than the maximum power as shown in Fig. (2.7(a)). The z-coordinate
of the vertex of the isosceles triangle is the next iteration point in this method. Then depending
on the sign of the slope of the tangent of the P-V curve at this voltage, the next boundary
voltage is updated. These processes repeat until both boundary voltages come closer to the
given tolerance.

The principle of operation of the proposed method is shown in Fig. (2.7(a)). Initially, bound-
ary points V; and V; are initialized as 0 and V, i.e., VZ-(O) = 0 and Vf(o) = V,. as they include
MPP voltage (V,p). In the next step, two equal sides of an isosceles triangle are drawn through
the points (Vi(o), 0> and (Vf(o), 0) (which are the corresponding points of initial boundary points
on P-V curve) with base on z-axis. The triangle forms a vertex at M; whose corresponding point
on P-V curve and z-coordinate are Pt; and V;(!)| respectively. Since the slope of the tangent
at Pt; turns out to be positive, V; is updated as 17408 Therefore, a line is drawn through Pt
such that it forms an isosceles triangle of vertex, My with side drawn through point (V,.,0). The
z-coordinate of M, is found to be V; whose corresponding point on P-V curve is Pt,. Again,
slope of tangent at Pt, is checked which is positive and therefore, V; is updated as V;¥. The
same process is repeated and the new side of isosceles triangle passes through Pty and forms
vertex at M3 whose corresponding point on P-V curve is Pt3. As the slope of tangent at Pts is
positive, V; is updated as V;®). Therefore, the side of the next isosceles triangle passes through
Pts and forms vertex at My whose corresponding point on P-V curve and z-coordinate are Pty
and Vf(l), respectively. Since the slope of tangent at Pt, is negative, V; is updated as Vf(l). In
this process, both boundary points approach to MPP, and the process is repeated till |V; — V;| <

tolerance.
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Figure 2.6: Algorithm for estimation of MPP using the proposed method.
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The steps to obtain MPP of a module using the proposed method are as follows :

e Environment-dependent parameters such as I, (G,T), 1,1(T), Iz (T') and V; (T') are esti-

mated using estimated parameters at STC of a DDM PV module.

e For the estimation of MPP using the proposed method, the boundary voltages V; and

Vy are initialized to 0 and (A4;N,V;)In (% — 1) (~ Vo), respectively. The expression

(AN, V;) In (‘If’: + 1) is the approximated value of V,, which is slightly greater than real
V,. and gives power slightly lesser than zero. It is taken as boundary point here as it

encloses MPP.

e The output power of the PV module, Py,=V;Iy, and Py,=V;ly, at voltages, V; and V;
are calculated. Currents Iy; and Iy, at voltages V; and V} are obtained using an explicit

expression as presented in (2.21).

e The z-coordinate of the vertex of k" isosceles triangle is determined as:

Let the two points, (V;*), P&f}) and (V;*), P,f,f))} through which two sides of k™ isosceles
triangle pass. The height of the vertex from the base is ‘h’. The z-coordinate of vertex is
Vier™ as shown in Fig. (2.7(b)). If the slope of one side is ‘m®)’ then slope of the other
side is ‘—m®)". The equations for set of lines forming an isosceles triangle with vertex at

height ‘h’ and base at z-axis are written as follows:

P=m®y +c® (2.34)
P=_—m®y o (Qh _ C(k)) (2.35)

Satisfying (2.34) and (2.35) at points (V;*, P‘{{kj) and (V;®, Pé-f)), respectively, (2.34) and
(2.35) are expressed as follows:

P = m®y® 4 o® (2.36)
(k :
PY) = —m®V,® 4 (Qh - c““) (2.37)
Solving (2.36) and (2.37), m® and C'® are derived as follows:
(R + P~ 2n)
(V,-_”“) _ Vf(kJ)

mF) =

(2.38)

TH-3497 156102030 30



h(=Voclph) |[— — — — — — — =
\ /| . MPP
! 3 1 t4
| t
= Pey? [N
: ey
& | y 1
TR
Ll
(0 O) ; I | | | i ,: (Vawo)
s v'_( )(=o) V,J(JJ ijz) V«"Gii fol) mej(=Voc)
Voltage (V) e
h
R
W%
(0,0)

(b)

Figure 2.7: (a) Working of the proposed method and (b) k' isosceles triangle.

(QV@“"')h _ pé':“)vf(k} _ %(k)P‘E’f))
(Vi{k) . Vf(m)

The z-coordinate of vertex of isosceles triangle obtained by solving (2.34) and (2.35) is
given as follows:

c®) = (2.39)

h—C®)
(k) — —(
.[/‘UET' - m(k) (2'40)
Substituting (2.38) and (2.39) in (2.40), the z-coordinate of the vertex is obtained as
follows: ” "
viO Py 1+ vi®py g (v® 4y ®
I/'uer(k) - ( : VY-f f V;' ( * f )) (2.41)

(PP + B - 21)
e Using the proposed explicit expression, the current Iy, *) and hence power vae,‘{k):%er &7 :,g,e,,(k)

are calculated.
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e The current and power are estimated for the perturbed voltage, i.e., V,..*) + AV, selection

of AV depends on user and required accuracy for slope calculation.

. ; . Pver® 1avy Py (8)
e The sign of slope of tangent at voltage Vier ™ of P-V curve, i.e., S;q,g,(k) (= (Ve Fz‘{,} Yies )

is calculated and hence boundary voltages are updated as follow:
— Case 1: if Sy, ™ > 0= Voee® < Vp So, Vi) =1, ®) and P, FH=p, ®

— Case 2: if Sy, ™ < 0= Vier'™ > Vi S0, V¥V =V, ®) and P, *t=p, &)

Ter

o If |V — V}| < tolerance, then goto next step,

otherwise update, k¥ «— k+1 and goto step (4).
e The converged algorithm estimates the V.

e The MPP current, I,,, is estimated using (2.21) and hence maximum power P, (= Viuplny)

is obtained at DEC.

2.4 Mathematical modelling of a partially shaded PV ar-
ray using the proposed explicit I-V expression

Figure 2.8: PV array in partial shading condition.
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To estimate the MPP of a PV array under PSCs using the proposed explicit expression, a
PV array of ‘m’ strings connected in parallel is considered. In each string, the PV modules are
grouped based on the irradiance level under PSCs. In the present analysis, V;; is the number of
modules at j* irradiance-index of i** string as shown in Fig. 2.8. In this case, irradiance-index
denotes the group of solar modules in series in a string which are in the same irradiance level
and temperature. The maximum value of irradiance-index in the i** string is n,. The voltage
of each module at the j irradiance-index in the ' string is V;; and current in the i string is
I;. The currents of PV module and bypass diode at the j irradiance-index in the string are I,
and I4, respectively. The I,q,; and Vi;; are the dark saturation current and thermal voltage of
the bypass diodes connected with the PV module at the j** irradiance-index in the i** string,
respectively. Since these two parameters depend on temperature, these are constant for all the
modules in an irradiance index in the present analysis. The voltage across blocking diode is
denoted as V;. The dark saturation current and thermal voltage of blocking diode are denoted as
I,q; and V't;, and these parameters depend on the temperature of blocking diode. The ideality
factor of both, bypass and blocking diode is denoted as 7. The function which explicitly describes
I

po i terms of Vj; is denoted as Fj;. The parameters of this function depend on the irradiance

and temperature level of the module of the j* irradiance-index in the i** string.

Applying Kirchhoff’s current law at the node of any PV module and its bypass diode at the

4 irradiance-index in the i** string, the I; is obtained as follows:

= Ipv + Iy (242)

I, = Fyj (Vi) + Toas, ( (=Vis/nVtiy) 1) (2.43)

where i € [1...m] and j € [1...n;] The current-voltage expression of the blocking diode in the
" string is as follows:

I; = Iy, <e<—Vi/Wti> _ 1) (2.44)

So, the total number of equations obtained using (2.43) and (2.44) for PV array are m + > n;.
=1

1=
Since the voltage across each string is equal, equating the voltage in the i"* and the (i — 1)*
strings, the voltage equation is obtained as follows:

n(i—

zl"’ZNzl (i—1)j _V“’ZNz]%] (245)
7=1
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where i € [2...m] So, the total number of equations obtained using (2.45) for PV array are

m— 1.
The power generated from the PV array using voltage of string 1 is as follows:

P= <V1 + i Nlem) <zm: Iz‘) (2.46)
j=1 i=1
In the present analysis, the number of total voltage variables across PV modules in PV array
ie, Vi (i€[l...m],j€[l...n]) are i n; and the number of total voltage variables across
blocking diodes in PV array i.e., V; (i EZ:[ll ...m]) are ‘m’. Hence, the number of total voltage

m

variables in PV array are m + ) n;. However, total number of current variables (i.e., I; to I,,,)
i=1

are m. So the number of total variables are <2m + > nl> Therefore, the objective function,
i=1

i.e., P in (2.46) is optimized using (2m — 14 > n; | number of equality constraints obtained
i=1

from (2.43), (2.44) and (2.45) for <2m nz> number of variables.
i=1
In this chapter, genetic algorithm (GA) is used to optimize the objective function to the
GMPP. In this optimization technique, the global V,,,;,, I, and P,,,, are obtained under different

shading conditions.

2.5 Results and discussion
2.5.1 MPP estimation of a PV module under uniform irradiance con-
dition

Considering a 250 W DDM PV module, the P-V curves under different values of irradiance
such as 200, 400, 600 and 800 W/m? at a fixed temperature of 25°C and different values of
temperature such as 20, 40, 60 and 80°C at an irradiance of 1000 W/m? are plotted in Fig. 2.9
using MATLAB programme.

It is seen from the figure and Table 2.5 that the % error (absolute, with respect to Py (simul.))
in MPP estimated using the proposed method and obtained using simulation at 200 W/m? and
25°C is 0.1252% which decreases to 0.0449% after increase in the irradiance to 800 W/m?. The %
error also decreases from 0.0470% at 20°C to 0.0320% at 80°C for solar irradiance of 1000 W /m?.
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Therefore, the maximum difference between simulated and estimated P,,,, is within 0.15% under
different irradiance and is within 0.05% under different temperature conditions.

Table 2.5: MPP of a 250 W DDM PV module under different environmental conditions

Irradiance variation at 25°C Temperature variation at 1000 W/m?
Irradiation % Error % Error % Error Temperature % Error % Error % Error
(\V/Il’lz) of Vmp.(esf} of Imp.(est) of Pmp,_{esr) (DC) of V;np.(cst} of Imp.(cst} of Rmp,_{esr)
200 0.2027 0.0618 0.1252 20 0.2747 0.2955 0.0470
400 0.0331 0.0609 0.1009 40 0.2440 0.2100 0.0470
600 0.1316 0.0405 0.0866 60 0.0085 0.0479 0.0430
800 0.1743 0.2041 0.0449 80 0.0330 0.0112 0.0320

Table 2.6: A comparison of MPP of a 250 W DDM PV module at a temperature of 25°C with varying

irradiations
Methods — Irradiation  V,,, % Error L Y% Error Priveae) % Error tyupp
(\'V/I“Z) (V) of Vmp,(cst.) (A) of J!rﬂlrnp,[c‘.sa‘..) (\\r) of I)mp_.(f.’.st.} (S)

200 29.22 1.2838 1.63 0.6794 47.8610 0.1023 2.791847

PS 400 29.73 1.5563 3.32 1.1578 98.9262 0.1955 2.78239
600 29.98 1.3816 4.99 1.0531 149.8886 0.1475 2.603602

200 30.95 2.4834 1.74 7.4737 53.85 12.37 0.006411

Saloux 400 31.14 3.1126 3.41 3.9001 106.18 7.12 0.006201
600 31.38 3.2237 5.05 2.2681 158.46 5.56 0.006337

200 28.06 5.2027 1.65 1.9148 46.29 3.38 0.18821

GS 400 20.52 2.2517 3.33 1.4625 98.30 0.83 0.15336
600 29.75 2.1382 4.99 1.0531 148.45 1.10 0.17147
200 20.93 1.1148 1.5980 1.2970 47.8362 0.1540 0.225120
NR 400 31.35 3.8079 3.1071 5.3290 97.4015 1.7238 0.218929
600 31.57 3.8486 4.6668 5.4921 147.3544 1.8292 0.239564

200 29.30 1.0135 1.62 0.0618 47.46 0.94 0.02006

LM 400 30.09 0.3642 3.28 0.0609 98.69 0.43 0.01893
600 30.32 0.2632 4.93 0.1620 149.47 0.42 0.02075
200 29.54 0.2027 1.62 0.0618 47.85 0.1252 0.010150
Proposed 400 30.19 0.0331 3.28 0.0609 99.02 0.1009 0.011363
600 30.36 0.1316 4.94 0.0405 150.11 0.0866 0.010380

The estimated MPP of a 250 W DDM PV module using PS, Saloux, GS, NR (Newton Raph-
son), LM, and the proposed method are compared with the simulated MPP in terms of accuracy
and computational time. The simulation results for the MPP estimated using aforementioned
methods along with the proposed method at a temperature of 25°C with varying irradiations
are presented in Table 2.6. The P, (simur.) of 150.11, 99.12, and 47.91 W under different solar
irradiations such as, 600, 400, and 200 W/m?, respectively, are obtained from the P-V char-

acteristics of a DDM PV module at a temperature of 25°C. It is observed from the table that
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Figure 2.9: MPP comparision of 250 W module at different irradiation and different temperatures.

the % error in P, o) using PS method is very close to the proposed method, but it requires
more computational time compared to the proposed method. Although the execution time for
Saloux method is less than the proposed method, it shows high % error of P, cs;)- NR method
is implemented based on the proposed explicit I-V expression of DDM PV module as given in
Table 2.6.

It is observed from the Table that % error in V,,,, Iy, Py, and computational time using
the proposed method is less as compared to NR method. Therefore, the proposed method for
the estimation of MPP of a DDM PV module under different environmental conditions is more
accurate and computationally efficient. To obtain the above results, a computer with processor
Intel(R) Core(T'M) i5 — 6500 CPU @ 3.20 GHz 3.19 GHz and RAM capacity of 4 GB is used.
The errors in GS, NR, and LM could be reduced in Table 2.6. However, for that, the tolerance in
the programs of these three must be reduced, which could lead to an increase in computational
time. Therefore, in the comparison table for reducing the time consumed by GS, NR, and LM,
the tolerance was increased, resulting in higher errors in their results. Additionally, the Saloux
method uses an idealized version of the I-V characteristics expression of the PV source, which
is the cause of the very high error in the estimated results produced by this method. The low
error in the PS method is due to the lower tolerance that was used.

The experimental validation of the proposed method is carried out considering 200 W KC200GT

PV module. The measured values of I-V characteristics of the aforementioned module for dif-
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ferent irradiances such as 1000, 800 and 600 W/m? at a temperature of 25°C are taken from
the manufacturer. The P-V curve using experimental values has been plotted along with P-V
curve using simulation for different values of irradiance and temperature as shown in Fig. 2.10.
The values of MPP calculated using the proposed method for different values of irradiance and
temperature are presented in the P-V curves. It is seen from the P-V curve that the estimated
MPP using the proposed method closely matches with the MPP obtained experimentally under

different environmental conditions.

250 T .
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200 - O Experimental P-V Curve ]
2
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L
z
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Figure 2.10: MPP comparision of estimated value using the proposed method with experimental value
for a 200 W KC200GT module under uniform condition.

2.5.2 Partially shaded PV array
In this study, the GMPP is estimated for three different shading conditions of a string as shown

in the Fig. 2.11. In this figure, the shaded modules receive the solar irradiance of 500 W/m?
while the unshaded modules receive the solar irradiance of 1000 W/m? at temperature of 25°C.
Temperatures of all four modules are taken as 25°C. Three constraints are obtained in Case-
I and Case-II while seven constraints are obtained in Case-III. The optimization function, P
given in (2.46) is optimized using GA subjected to the above constraints. The estimated GMPP
in this report is obtained by running GA programme for 200 times for better accuracy. The
module voltage is taken within the range of -1 to V,. at STC and current through string is

taken within range 0 to I,. at standard test condition (STC). However, boundary range can be
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decreased wisely for obtaining more accurate result and also GA parameters can be changed for
higher accuracy. The I-V and P-V curves of a given string in three different shading patterns are
plotted using MATLAB simulation as shown in Fig.(2.12). From this figure, the simulated GMPP
values for all the three cases are obtained as Case-I (V},,=90.2'V, [,,,,=8.223 A, P,,,=741.71 W),
Case-1I (V,,,=124.5 V, I,,,=4.155 A, P,,,=517.30 W) and Case-III (V},,=92.8 V, [,,,=12.26 A,
Pp=1137.7 W). It is seen that the estimated GMPP closely matches with the simulated GMPP

in three different shading patterns.
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Figure 2.11: Different type of shading conditions (a) Case I, (b) Case II and (c) Case III.
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Figure 2.12: Simulated and estimated MPP of a PV system in Case I, Case II and Case 111 PSCs.

The estimated GMPP values and the absolute % error using [1] and the proposed method
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Table 2.7: Estimation of MPP of a PV system of 250W PV module under different shading conditions
using [1]

Different Vi, (est.) % Error Lnp (est) % Error Prp (est) % Error

shading (V) of Vmp.(est,) {A) of I‘mp\(est,) (\V) of Pmp,(est)
Case-1 91.7 1.6630 8.09 1.6174 741.853 0.0193
Case-11 127.0 2.0080 4.045 2.6474 513.715 0.6930

Case-I11 93.554 0.8125 12.135 1.0196 1135.3 0.2110

Table 2.8: Estimation of MPP of a PV system of 250W PV module under different shading conditions
using the proposed method

Different Vi, (est.) % Error Ly, (est) % Error Prrwtest) % Error
shading (\‘I) of an,(esf.,) (A) of Iﬂ:-p:[ﬁ.sl‘..) (“‘F) of Pmp,{ﬂst)

Case-1 90.4476 0.2745 8.200 0.2797 741.67 0.0054
Case-1I  125.0074 0.4076 4.1541 0.0217 519.2932 0.3626
Case-1IT ~ 92.0111 0.8501 12.369 0.8891 1138.1 0.0352

are given in Tables 2.7 and 2.8, respectively. It is observed from the above-mentioned tables,
the % error of V,,, is less in Case-I and IT , the % error in I,,, is less in Case-I, II and III, and
the % error in P, is less in Case-I, II and III in the proposed method compared to the ones
in [1]. Also, it is observed from Table 2.8 that the maximum absolute percentage error of the
estimated P,,, in the proposed approach with respect to the actual P, is around 0.4% under
different shading patterns. Therefore, the proposed mathematical modeling approach to estimate
the GMPP of any DDM PV array under PSC using GA is more accurate. The execution time
to obtain the GMPP in [1] for Case-I, IT and III are 0.0124, 0.0119 and 0.0109 s, respectively.
However, in the proposed method, the execution time for Case-1, II and III are 3.383, 3.803 and
37.891 s respectively. Eventhough the execution time to obtain the GMPP under PSC using
proposed mathematical modeling with GA is higher than [1] method, the proposed method will
estimate the GMPP more accurately. The higher error in GMPP estimation using [1] is due to
the many simplifications and assumptions made in deriving the expressions for GMPP quantities.
In contrast, the proposed estimation technique uses the exact circuit equations obtained from
KVL and KCL, as well as the explicit I-V expression of the DDM, which is highly accurate.
This results in a lower % error in the estimated GMPP using the proposed method. To validate

the proposed method, an experiment is performed using the laboratory scale experimental setup
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Figure 2.14: Experimentally obtained I-V and P-V curves of a string of four PV modules as in Case
1.

shown in Figs. (2.13) which contains a PV simulator (Chroma), a de-dc boost converter (inductor
value of 3 mH and current rating of 10 A, MOSFET of voltage rating 600 V and current rating
of 32 A, and capacitor of 4750 uF and voltage rating of 400 V), data acquisition system and
controller (shRIO-9606, NI), personal computer and the dc loads. For dc load, incandescent
bulbs of 100 and 200 W ratings are used in the experiment. In the experiment, PV simulator
is fed with a string under PSC as described in Case I of Fig. 2.11. It is seen from Fig. (2.14)
that the power at MPP of the string is 715.8 W. The estimated power at MPP obtained using
the proposed method is 741.67 W as given in Table (2.8). The % error in estimated maximum

power using the proposed method with respect to the maximum power obtained experimentally is
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3.6141% and which is well within the limit. Therefore, the proposed method for MPP estimation
is simple and more accurate.

2.6 Summary of the chapter

This chapter introduces an explicit -V formula for a PV module to determine its maximum
power point (MPP) under different environmental conditions. The explicit I-V formula is com-
pared with the implicit one across three distinct modules to validate its accuracy. Simulation
outcomes indicate that the MPP estimation for a DDM PV module using the proposed method
is both more precise and faster than five other established techniques, namely PS, Saloux, GS,
NR, and LM under DEC. The results of the MPP estimation approach are further corroborated
through experiments on a 200W DDM PV module. Moreover, the Global Maximum Power
Point (GMPP) of a DDM PV array is deduced from the explicit I-V formula using a math-
ematical framework under partial shading conditions. This mathematical representation of a
special case of series parallel partially shaded DDM PV array is fine-tuned to estimate GMPP
using the Genetic Algorithm (GA) optimization method. The findings highlight the accuracy
of the estimated GMPP when compared to both simulated and experimental GMPP values. In
conclusion, the proposed explicit I-V formula, MPP estimation for uniform irradiance case and
the mathematical model for a DDM PV array under partial shading conditions (PSC) are both
precise and computationally efficient.

The GMPP estimation algorithm discussed in this chapter is tailored for a specific case of
series-parallel PV arrays, utilizing a Genetic Algorithm for GMPP determination under given
constraints. However, due to the GA’s inherent variability in population-based searches, it yields
inconsistent GMPP values for the same partially shaded PV array across different instances. To
address these limitations, next chapter introduces a new GMPP estimation technique that is not
only accurate, robust, and fast but also applicable to the general case of series-parallel partially
shaded PV arrays.

Note: This work, “MPP Estimation of a Double Diode Model PV Module from Explicit I-V

Characteristic,” has been published in IEEE Transactions on Industrial Electronics, vol. 66, no. 9, pp.
7032-7042, Sept. 2019, doi: 10.1109/TIE.2018.2877116.
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3.1 Introduction

Energy received by earth from the sun is highly important to sustain human-life. Solar cell is a
device which converts light energy into electric energy. The first usable solar cell was developed in
1954 in Bell labs. Photons of 1.02 electron volts are able to produce electron-hole pairs in silicon.
In the presence of a p-n barrier, these electron-hole pairs are separated and made to do work in an
external circuit [48]. There are mainly two types of mathematical models such as a SDM [49] and
a DDM [50] to represent the current-voltage behavior of a PV cell or module. However, DDM is
a more accurate model of the PV cell or module due to consideration of recombination losses [50].
The MPP estimation of a PV system is necessary for its installation and operation. Furthermore,
assessing and estimating the MPP of a PV array is crucial for optimizing energy production,
reducing operational costs, and thoughtful design, especially in the context of emerging markets.
These emerging markets necessitate that PV plants operate in a cost-effective, dependable, and
efficient manner. In many such markets, microgrids are common, and their reliable functioning
is vital for providing consistent access to electricity. Certain environmental conditions in some
of these markets can cause soiling of the PV array modules, leading to an unequal distribution
of sunlight across the modules. Other factors, including differing orientations, uneven mounting
surface levels, and proximity to buildings, can also cause uneven irradiance or partial shading.
The accurate estimation of the GMPP of a PV array in PSC is more challenging than uniform
irradiance condition due to the presence of multiple peaks or LMPPs in power-voltage (P-V/)
curve. Therefore, it is important to accurately analyse the partially shaded PV array. Authors in
[51] presented a MATLAB-based simulator cum learning tool, which can be used to enhance the
understanding and predict the I-V and P-V characteristics of large PV arrays. Some authors
have developed an approximate empirical expression to estimate the GMPP [1, 10, 15] for a
PV array in PSC. In [13] authors proposed a novel technique to approximate all the LMMPs
of the P-V curve of a partially shaded PV string. However, the robustness and accuracy of
these methods depend on shading parameters of partial shading, i.e., irradiance levels and the
number of modules in each irradiance level. In [16], authors present a novel Psim-based piece-

wise linear macro-model. The new model can be used to predict PV module characteristics for
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various operating conditions and understand the behaviours of a long PV string and a large-
scale PV array under any PSC patterns on Psim platform. Furthermore, analyses of the I-V
and P-V curves of a PV string under PSC of several shading cases were conducted in [17].
These studies have provided significant observations regarding the MPP of a PV string in PSCs.
In [18], several rules for general shading patterns of PV array are unveiled. Such insights are
crucial for approximating the LMPP and, consequently, the GMPP. However, it should be noted
that these methods are not universally robust and may yield incorrect results in different cases
of partial shading. In [19], authors propose a field-support vector regression (F- SVR) based
MPPE approach for estimating the MPP in PSC. In this, a conventional SVR is applied to
study the mapping relationship between PV electrical characteristics and the MPP locus. This
technique requires a large amount of data to achieve satisfactory accuracy, thus demanding
significant computational resources. Despite these requirements, this method provides only an
approximation of the GMPP.

In [52] the concept of inflection point was proposed to fast plotting of the P-V curve and
newton-raphson method is applied to calculate the current for a given voltage across PV array.
In [53], the authors used the bisection method to calculate the value of array current at given
irradiances, temperatures, and array voltage for a PV array in PSC. In [11, 14] authors solved
the circuit equations of a partially shaded PV array to get array current at a particular voltage
using MATLAB ‘fsolve’ function. However, in [14] authors used the approximate equations while
in [11] authors used exact circuit equations. In [12], authors applied newton-raphson method for
solving modified equations of a partially shaded PV array to obtain the value of array current
and array voltage at a known load resistance. After obtaining the array current at a known
array voltage, the I — V and P — V characteristics are drawn to get the GMPP. However, for
estimation of the GMPP, these methods are slow as these first need to plot the curve by varying
the array voltage from ‘0’ to V,.. Therefore, these methods require more time depending on
the open-circuit voltage of the array. The GMPP can also be obtained without plotting the
P —V curve using methods like genetic algorithm (GA) and particle swarm optimisation (PSO).

In [50], authors proposed a GA based GMPP estimation technique for the partially shaded PV
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array. However, it is less accurate due to randomness factor of GA. Particle swarm optimisation
(PSO) [54] can be used to estimate the GMPP of the partially shaded PV array. However, the
technique is also based on randomly generated numbers, hence it is less accurate.

Maximum power point tracking (MPPT) algorithms for identifying the GMPP have been
proposed in various studies, as referenced in [20], [21] and [22]. These algorithms predominantly
use intelligent strategies to decrease the regions of the P-V curve that needs to be investigated for
the GMPP. However, even after narrowing down certain regions, these methods still involve small
step perturbations in voltage to pinpoint the GMPP. This, in turn, could potentially increase
the time required for GMPP estimation if these techniques are employed. The authors in [55]
introduce the use of the most valuable player (MVP) based MPPT technique, which is reliant
on numerous randomly generated numbers, similar to PSO and GA. Therefore, if this method is
used for estimation, it could result in a higher frequency of errors or require more time for the
GMPP estimation.

The GMPP estimation algorithm proposed in Chapter 2 was for special case of series parallel
PV array. Also in Chapter 2 GA was used for finding the GMPP at given constraints obtained
from the PV array. However, the GA ia a population search based method. Therefore, it gives
different GMPP values for a same partially shaded PV array at different times when the method
is applied. Therefore, there is need of a robust, accurate and fast GMPP estimation method
which can also be applied for general case of series parallel partially shaded PV array. In order
to overcome above mentioned limitations, an accurate, robust and fast GMPP estimation tech-
nique is proposed in this chapter. PV system in the real world has connecting wires which has
resistances. Therefore, this chapter proposes a generalized model of PV array and its mathe-
matical modeling. The circuit equations for the detailed model of PV array is developed using
set theory based approach. Further, for the GMPP estimation of the PV array, inflection points
or zero-voltage points of the power-voltage curve of the generalized array are investigated in this
research work. In this chapter, zero-voltage points are used to divide the power-voltage curve of
the PV array in multiple sections. The zero-voltage points are managed by a set-theory based

approach. Potential section i.e., the sections which have GMPP are identified. Further, the
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proposed method is applied to get the GMPP of the partially shaded PV array.The iteration
voltage, as discussed later in the paper, divides each potential section into two subsections. Half
or more than half of total subsections are simultaneously eliminated by a novel technique de-
scribed further. In this way after some iterations, iteration points converges at the LMPPs of
the non-eliminated section. For GMPP, the LMPP with highest power is selected. The proposed
method is found to be best among the other GMPP estimation methods in terms of accuracy
and computational complexity.

Section 3.2 presents the detailed model of the PV array and its circuit equations. The
description of the proposed GMPP estimation technique is presented in Section 3.3. Results-

discussions and Conclusion are presented in Sections 3.4 and 3.5, respectively.

3.2 [-V and P-V characteristics of generalized model of
a partially shaded PV array

The electrical equivalent circuit of an extended DDM PV module is given in Fig. 3.1. The I-V

expression of an extended DDM PV module is expressed as follows:

V + IR, V + IR, V + IR,
I = I, —1,%¢ - Ii = Tasexp | ——m g = & 7%
3 I{PXP(AINSH )}+ ! 2{m‘p(,élﬂ\»;vt )} T R,

V+IR,\™’ ,
s (I_T) (3.1)
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Figure 3.1: Equivalent circuit of an extended DDM PV module.

The variables and parameters of (3.1) have the same meaning as given in [50].
-
However,— < (V + IR,) (l - %\,&) (= Iy) term is extra from the usual implicit DDM
Vg i¥s
equation. The extra term becomes significant at negative voltages. The values of parameters

b, Vi, and r are taken as in [56]: b = 0.002 U, V4, = -21.29 V and r = 3 for a typical PV

cell. However, it should be noted that the letter r is used for the letter m of [56]. A proposed
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generalized electrical equivalent circuit of a series parallel PV array under PSC is presented in

Fig. 3.2. This array has m number of strings, n number of groups in every string, and each

group has one bypass diode connected in anti-parallel. Applying KVL and KCL for the

it" string

of a PV array shown in Fig. 3.2, the expression of current and voltage are as follows:

Vit Rs, Viiptlig Rs
g _ AL, Mo Vearn _ Az NopiVern _
I?’j —_ jph'gj;r_ IO]UA: e tigk i ij ]_ 102%_& e’ “igk i ij ]_
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Vi=Vi, —LRi+ ) Vy (3.5)
j=1

Vi
Ivf T Io.a- (6 Aoty — 1) (36)

sth

h group of the i

The current in the j string is denoted by I;;, and V;; represents the voltage of

the bypass diode in the same group and string. The photocurrent of a unit PV source, which is
a group of series-connected cells or a PV module, in the ™ subgroup of the j* group of the i
string, is given by Iy, ., . The dark saturation currents of the unit PV source in the k™ subgroup

of the j' group of the i*" string are represented by Loy, and Iop, .

The number of cells in a unit PV source in the k™ subgroup of the j' group of the i'" string

+th

is given by N ., and g;; represents the number of subgroups of the 4™ group in the *" string.

sth

Vi, is the voltage across the blocking diode in the 7™ string, while Ay, denotes the ideality

sth

factor of the bypass diode of the j™ group in the i™* string. The dark saturation current of the

bypass diode of the j*" group in the i*" string is represented by I 0i;» and I, is the dark saturation

current of the blocking diode in the i*" string. The ideality factor of the blocking diode of the
i™" string is denoted by Ay,.
The voltage of a unit PV source in the k'™ subgroup of the j*® group of the i'" string is

expressed as Vi, with [;;; being the corresponding current. Gjj;; denotes the irradiance of

;th

the unit PV source in the same subgroup and group of the " string, while Tj;; denotes its

temperature. Ny indicates the number of unit PV sources within the k™" subgroup of the j

th -th sth

group of the *" string. The temperature of the bypass diode of the 7*" group in the i*" string is

denoted by T;;, and T; represents the temperature of the blocking diode of the i*" string. The

equivalent resistance of the connecting wires between the i*" and (i + 1) string is represented

by R,

Cifi41) "
In Equation (3.2), variables such as Ay, and Ay, which are the ideality factors of a unit

sth

PV source in the k'™ subgroup of the ™ group of the i'" string, are introduced. The series

and shunt resistances of the unit PV source in the same subgroup and group of the i*" string
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are denoted by R, , and Ry, respectively. V  refers to the thermal voltage of the unit PV

th

group of the 7 th

i string. The current through the i

source in the k' subgroup of the j string

th

is denoted by I;, and the voltage across the i'" string by V;. The equivalent resistance of the

connecting wires in the i'" string is denoted by R;. The thermal voltage of the blocking diode of
the i'" string is denoted by V..
(3.2) to (3.6) are valid Vi € [L...m],j € [1...n],k € [1...¢q;]. Hence, the total number of
equations in the equation set of the i string are 2 (n + 1) + f:lq?;j. The equation set for the
3=

whole PV array contains the elements of equation set of all m strings and some extra element

equations as follow:

Vit =Vi— Y LiRey,,, Vi € [L.m] (3.7)
k=1
V= Vm—l—] (38)

I= i I, (3.9)

Mathematically, equation set, str_eq; of a string is expressed as:

streqi = {(32)jc st JU - { 32)jcpmgu f U URECE) N SUIRR (CE) M
U {(3.3)3.:1} U... {(3.3)j=n} U {(3.4)3,:]} U... {(3.4)j=n} U{B5)}U{(36)) (3.10)

The equation set, Arr_eq for an array is expressed as follows:

Arr_eq = str_eq Ustr_eqa Ustr_eqsU. .. Ustr_eq, U{(3.7)._,; }U... {(3.7),_,, } U{(3.8) } U{(3.9)}
(3.11)
The value of the open-circuit voltage, V,., of the i string of a PV array is found by solving the

following equation set for variable V;:
str_eq; U {I; = 0} (3.12)

The open-circuit voltage, V,. of the complete PV array is found by solving the following equation-
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set, for variable V:
Arr_eq U {I = 0} (5:13)

The equation sets (3.14) for string or (3.15) for array are solved for the string current ‘I;’ or

the array current I at a particular voltage, vol of the string or array:
str_eq; U{V; = vol},0 <wol <V, (3.14)

Arr_eq U{V =wol} ,0 < wvol <V, (3.15)

The value of array power, P = vol x value of I is calculated to plot the I-V and P-V charac-

teristics of the PV string or array.

3.3 Proposed technique to estimate the GMPP of a gen-
eralized model of a PV array

A flowchart for the proposed GMPP estimation method is shown in Fig. 3.3. The given steps

are followed to estimate the GMPP of a generalized model of a PV array:

3.3.1 Finding and storing all the zero points of the PV array in a
matrix

In this work, zero voltages are defined as voltage values for the PV array, which encloses the
sections.

It could also be said that zero-points approximate the points where the P-V or I-V curve
of the array changes its shape due to PSC. However, the majority of the zero-points are found
by making the voltages equal to zero (bypass diode voltage or the string voltage). Hence, these
are called zero-point voltages. Three types of zero points have been considered in this paper. In
the zero point matrix, the first one for any string is assigned as 0. However, the reason behind
this is that when the voltage across the groups with the highest short circuit current in a string
is made equal to ‘0’, then the voltage appear across the string or array will always be less than
or equal to ‘0’. By taking the first type of zero point voltage as ‘0’, the computational time
is saved. The second types are those where the current through any bypass diodes becomes

significantly less or comparable to 0. When it occurs, then the diode voltage becomes nearly
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0. Therefore, the second zero-voltages are taken as the voltage across string or PV array (for
good accuracy) when the voltage across any bypass diode becomes 0. The third type of zero
point voltage is defined as the voltage where the current of any string becomes negligible. Short-
circuit current, I, of each 4" group in the i*" string is obtained by solving the equation-set
{32 =1} U ... {(3.2)k=q,; } U {(3.3)} U{Vi; = 0} for the variable I;;. The maximum value of

h

short-circuit current [ among all bypass diode groups in the """ string is mathematically

SCmax; !

written as [

.‘;Cmar,x-

= max (I, Vj € [1---n]). For the string having index i and n number of
bypass diodes, the zero point voltages V., , Vp € [1...n] of the PV array for i string, are
obtained as follows:

If Lo, = Lscome;» then,

=0 (3.16)

But if Iy, <1

SCmax; ?

then, V., are found by solving the following equation set for variable ‘V;’:
str_eg; U {V;, = 0} (3.17)
if, value of V; < 0 as found from (3.17), Then

Vzﬁp

== 1] (3.18)

For, p = n + 1 only, the zero point voltage of the array for the i’ string, V. is found by

Zi(n+1)

solving following equation for variable V;:
str_eq; U {I; = 0} (3.19)

In the cases when any of the string connecting resistance is non zero, then (3.20)-(3.21) and
(3.22)-(3.23) are recommended to solve for variable V' instead of (3.17)-(3.18) and (3.19) to
solve for variable V; for estimating the second and third types of zero points, respectively. Also,
for high accuracy of the zero-point estimation, in the case of any non-zero resistance between

any two strings anywhere or the last string and output, the below mentioned equations are used.

Arr_eqU{V;, =0} (3.20)
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if, value of V' < 0 as found from (3.20), Then

V. =0 (3.21)

ArreqU{I; =0} (3.22)

if, value of V < 0 as found from (3.22), Then

V.

Zifn+1)

0 (3.23)

The equations (3.16)-(3.23) are valid Vi € [1...m].

All the zero points are stored in a matrix V. . Here, a row of the matrix stores the zero

mx(n+1)
points related to that string whose index is equal to the index of that row. The matrix formation
method can be little modified so that the zero voltages corresponding to the groups of same /I,

in a string are not required to calculate again by just copying from previously calculated value.

3.3.2 Sorting after merging the elements of all the rows of the matrix
containing zero-points in ascending order

Based on the KCL, zero-point voltages of the array current versus voltage is obtained by taking
the unrepeated value of the zero-points from all the string current versus array voltage curve. In
this approach, the zero-point voltage of the matrix V, having size m x (n + 1) are arranged in
ascending order in a single row without repeating the value of the voltage by utilizing set-theory
based operations. Therefore, this row matrix ‘Ay. " has a maximum of mn+1 number of elements
as the value of the first type of zero point voltages are equal to zero for all strings, i.e., V=0,

for at least one value of j € [1...n] and Vi € [1...m].

The arrangement of the elements in Ay, and its length is given below.

Ay, = sort_n_ascending ([{V, (1,:)} U{V,(2,:)}uU... ... {V,(m,:)}]) (3.24)
and
[=length (Ay.) (3.25)
Therefore,
[<mn+1 (3.26)
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The A;, and Ap, defined as the row matrix of the current and power values at every zero point

voltage of the finally merged row-matrix, Ay, are obtained as follows:
A, = Current (Ay,) (3.27)

Ap, = Ay, 0Ay, (3.28)

Here, Current is the function on row-matrix Ay,, which gives a row-matrix consisting of current
values (obtained by (3.15)) of voltages given by elements of Ay, and ‘o’ operation in (3.28)
represents the element-wise multiplication of the two matrices. Here, note that whenever in this
chapter a middle bracket {} bounds a row matrix it means that it denotes a set whose elements
are the elements of the row matrix. Ex- {[0,0,2,2,3]|} = {0,2,3}

3.3.3 Elimination of the non-potential sections

Let ‘l;n’ be the length of row matrix, Ay, = which contains only the starting voltages of the
sections of power-voltage (P-V) or current-voltage (I-V') curve divided between the zero-voltages
of the PV array in ascending order. As a result, the number of elements in Ay,  is one less than
Ay, , which is expressed below.

lIN — length (AVZIN) (329)

and

Iin=1l—-1=l;y <mn (330)

The Maxpowery,, is the maximum value of power among the elements of Ap, which is obtained
as,

Mazpowery,, = max (Ap,) (3.31)

The secs,,.,, for the s element of Ay, is defined such that its value is always greater than all

the power values at all voltages between Ay, (s) and Ay, (s + 1). It is expressed as:
S€Csmae = AL () Ay, (s + 1) (3.32)

The sections having a lesser value of sec,,,,,, than Mazpowery,, will be eliminated and hence

do not contribute to the formation of the row matrix, A PSv.,, which consists of initial voltages
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of only potential sections.

3.3.4 Initialisation of the variable row matrix

NJ(EO; = length (APSVZIN> (3.33)

Vs (t) = Apsy.,, o) = Av. (5) (3:34)

V) = Ay (s+1) (3.35)

19(t) = Aps,, 0 = Ar (s) (3.36)

IV =AL (s+1) (3.37)

PPO(t) = Apsy. = Ap. (5) (3.38)

and

POty =Ap (s+1) (3.39)

where s index element in Ay, is same as the t"* index element in A PSs,,  as indicated by (3.34).
The ‘0’ super script denotes their initial value or value at the 0% iteration. Npg denotes the
number of eligible sections. Vg and Vg represent the starting and final voltages of the current
eligible section, respectively. Ig and Ir correspond to the starting and final currents of the
current eligible section. Lastly, Ps and Pr indicate the starting and final powers of the current
eligible section. The maximum power among the discovered points at the 0% iteration, M© is

as follow:

MO = Mazpowery,, (3.40)

3.3.5 Sub-proposed technique to estimate GMPP

A flowchart for the sub-proposed technique is shown in Fig. 3.3.
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Figure 3.3: Proposed and sub-proposed technique
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Derivation of the iteration voltage, Midy (1)

Fig. 3.4(a) shows two points (z, y1) and (z2, y2) in the coordinate axis representing the initial
and final boundary points of a section of P-V curve. In general, the LMPP lies near to the
boundary point which has higher ordinate value. Hence, in this chapter, the iteration voltage
is considered near the boundary point of higher ordinate. Therefore, following mathematical
relation is used to derive the iteration voltage:

Ratio of distances of iteration point from the two boundary points = Inverse ratio of ordinates
of the boundary points.

Since, x1<x<x,, mathematically the above statement is written as follows:

rT—Tr Y2
Ig — Y1

(3.41)

From (3.41),

o= Ty T T2y (3.42)
Y1t Y2

where y;# 0 or y# 0.

From (3.42), if y; = 0 then = = =z also yo = 0 then x = x;. It is easily seen here that
when the ordinate of any of the boundary point is zero or approximately zero, the obtained
value of next iteration point is equal or very close to either of the boundary point. This may
results in halting or trapping of the iteration point in the crest. Therefore, a modification is
added in calculation of next iteration voltage. The modification is given below:

If |z — 21| < 0.1|z1 — 22| o |29 — 2| < 0.1|21 — 29|,

then, ¢ =232

Now, if 21 =Vg(t), o =Vr(t), y1 =Ps(t), yo =Pp(t), and x =Midy(t),

v oo V() Ps(t) + Ve(t) Pr(t)
Midy (t) = Pol) T B (0) (3.43)

and if |Midy(t) — Vs(t)| < 0.1|Vs(t) — Vr(t)| or |VE(t) — Midy(t)| < 0.1|Vs(t) — Vr(t)|, then,

Midy (t) =500
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3.4 Results and discussion

Three cases of a partially shaded PV array such as Case 1, 2, and 3 shown in Fig. 3.4(b), Fig.
3.4(c) and Fig. 3.4(d) are considered for the comparison of the proposed algorithm with other

algorithms. However, 2000 extra cases are considered for the accuracy analysis of the proposed

method.
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(a) Derivation of formula for Midy (t)
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Figure 3.4: Formula derivation and electrical diagrams with irradiances for the GMPP estimation of
Case 1,2 and 3.
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The proposed algorithm is validated by estimating the GMPP using (3.15) for the Cases 1,
2, and 3 and performing an experiment in the laboratory scale setup for Case 2. The datasheet
values of 3 W (make: Akshaya Solar Pvt. Ltd, India) and 252 W (make: Topsun Energy) PV
modules considered for the simulation and experimental analysis are given in TABLE 3.1.

Table 3.1: Datasheet values of the PV modules

PV module ISC" (A) Vo(r (V) V’HP (V) IM,D (A) f\rs
3 W 0.37 10.6 8.7 0.34 18
252 W 7.6 44 36 i T2

3.4.1 Simulation results

Case 1 (Fig. 3.4(b)), Case 2 (Fig. 3.4(c)) and Case 3 (Fig. 3.4(d)) are considered for the
calculation of results. The proposed method is compared with [1], [50], and PSO[54] for Cases 1
and 3 only. While only PSO method is compared with the proposed method for Case 2 as other
methods are not applicable for Case 2. All bypass and blocking diodes have the same diode

quality factor and dark saturation current at STC, which are 1.87 and 8.5354 nA, respectively.

Case 1 : Fig. 3.4(b) represents the configuration for Case 1. The values of irradiances of
the six 252 W PV modules are also given in the figure. All six modules and diodes are at a
common temperature of 25°C. Case 1 is taken as an example to explain the proposed method.
Iterations of the proposed method along with the numbers obtained in each iteration of this case

are explained with figures in this sub-subsection.

V. m
0 34.82 77.98 125.48
0 39.35 &81.38 130.76

Merging of both rows of V, gives Ay, as shown in Fig.3.5. After merging,

Ay, = [0,34.82,39.35, 77.98, 81.38, 125.48, 130.76]
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Figure 3.5: Demonstration figure to show formation of Ay, by merging of the two rows of V.
Hence,

Ay,

21

. A [0,34.82,39.35,77.98, 81.38, 125.48]

Also,

A;. = Current(Ay,) ~ [13.68,11.98,9.88, 7.56, 6.84, 2.28, 0],

Ap

z

= Ay, 0 Ay, = [0,417.32,388.76, 589.83, 556.60, 285.97, 0],
Maxpower 4, =~ 589.83 W,

SECTg dn == A[z(l) X AVZ<2) ~ 476.29 VV,

S€C2p 0w — A]Z (2) X AVZ (3) ~ 471.64 W,

5€C3 e = AL (3) X Ay, (4) = 770.45 W,

S€CYpmar = A[Z (4) X AVZ(5) ~ 615.49 VV,

5€C5m0e = AL (D) X Ay, (6) ~ 858.24 W,

S€C6pmar — A[z (6) X AVZ(7) ~ 298.01 W.

. . 0 .
Here, it is observed that seci,.., $€C,..., and secg,, ., have lesser value than M 0 =

Maxpower,,, and hence, Nf§ = 6 —3 = 3 and Aps, =~ [39.35,77.98,81.38]. The zero
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voltage points, ‘07, ‘34.82” and ‘125.48 are not present in Apgvzm because the section starting
with these points are non-potential, as described earlier. Therefore, matrix M1idy are only ob-
tained from the three sections starting from voltage Apg,, (1)~ 3935V, A Psv,, (2) = T7.98V
and APSVZIN (3) ~ 81.38 V. The index corresponding to APSVZIN (1), APSVZIN (2) and APSVZIN (3)
in Ay, are 3, 4 and 5, respectively. Therefore, the eligible boundary pair points corresponding
to Aps,, (1), Aps,. (2) and Aps,. (3) are (Ay.(3) = V(1) ~ 39.35 V, Ay.(4) = V" (1)
~ TT.98 V), (Ay,(4) = VI2(2) ~ 77.98 V, Ay, (5) = VV(2) ~ 81.38 V) and (Ay, (5) = ViV (3)
~ 81.38 V, Ay, (6) = V\¥(3) ~ 125.48 V), respectively. Therefore, V" ~ [39.35 77.98 81.38]
1Y ~ [9.88 7.56 6.84], P ~ [388.76 589.83 556.60], V. ~ [77.98 81.38 125.48], I\") ~ [7.56
6.84 2.28), P ~ [589.83 556.60 285.97]. Mid\”, Mid\" and Mid? obtained are [62.63 79.63
96.34], [9.82 7.15 6.83] and [614.90 569.14 658.31], respectively. These values are shown in Fig.
3.6. Now, V@ = v ~ [39.35,77.98,81.38] , 15" = 1?) ~ [9.88,7.56,6.84],

d !
— 3" Section P-V sec, =770.45 _
800 F — 4311 Section P-V 3w sec Spmax—858.24
— 5" Section P-V _
e . =615.49
- Eliminated Section P-V Sec“pmax
600 k //\sr
g ~M""'=Maxpower A 38983 G
p— Vz
S I Y
2 pmax R P 0) 0) =298.01
= | VO B)=A, 1(5)=81.38
200 MO=-vO@)=A,, k4)-77.98 E
A (2)=34.82 L VO(1)=A,, (3}39.35 V3)=A,, (6)= 1254'
..v”‘A 10 Mld(o)(l) 62463 Md(o) 3y-96.34 \{
0 e VZ( )| ! \1} i ] idy ()= i ]
0 20 40 60 8 100 120, / 140
Mld )(2)=79.63 v (D=130.76

Voltage (V)

Figure 3.6: Demonstration figure of 0*" iteration to determine the GMPP of the P-V curve using the
sub proposed method.

PEe© — Pl ~ [388.76,589.83, 556.60],
Vi — 0~ [77.98,81.38,125.48]. 11 = 1Y ~ [7.56,6.84,2.28)]
Pre© = PO ~ [589.83, 556.60, 285.97] .
Now, M® = max(max(Mid?), M©) ~ 658.31 W and Np3"® — N — 3. For the first
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cligible section or third section, It ”(1)Mid? (1) < MO and Mid”(1)VEP1) > MO,
Therefore, the second part of the first eligible section is eligible for the next iteration. So,
via) = mid? (1), 19(1) = Mmid® (1), PP 1) = Mid? (1), vV ) = vie©a), 1) =
12O(1), and PO(1) = IO 1),

For the second eligible section or fourth section, IPre (2 )]\/f@'dgﬁ))@) < MW and ]Wz'dgo)@)V;re (0)(2) <
M® . Hence no part of the section is eligible for the next iteration. Therefore, due to the in-
eligibility of the second section, the number of eligible sections is reduced to 2 (= 3 - 1), i.e
Nt — o

For the third eligible section or fifth section, IPre( )(3)Mid$)(3) > MW and ]\/fid(lo)(B)V;)re (0)(3) >
M® . Hence the part eligible for the next iteration is decided by the sign of the slope at
M z'dg))(?)) which is positive. Therefore, the second part of the third eligible section is eligible
for the next iteration. Hence, VS(D(Z) - ]Wz'd(o)(?)) I(l)(Q) = ]\/Iz'dgo)(?)), Pél)(Q) i ]\/Mdg)(?)),
Vi(2) = v ©0@), 1) (2) = 1°03), and PV (2) = P0(3).

Therefore, V& &~ [62.63 96.34], I ~ [9.82 6.83], P{" ~ [614.90 658.31], V" ~ [77.98
125.48], IV ~ [7.56 2.28), PV ~ [589.83 285.97]. Mid\), Mid\", and Mid\) obtained are
[70.15 105.17], [9.46 6.79] and [663.61 713.78], respectively. These values are shown in Fig. 3.7.

d .
800F _ wmidD2)-713.78 — 3" Section P-V
¢ .
o —Sth Section P-V
600 PN\ P D N -- Eliminated
§ Mid{(1)=663.61 Section P-V
—
O =
= 400 >
@)
[l
(D) 4— £
200F id (1)=70.15 s 96'3‘1
Vit V(F )(2)=1145.48
v(1)=62.63 vii1)=77.98 P
ol S TN \ i i |
0 50 100 150

Mid{V(2)=105.17
Voltage (V) v

Figure 3.7: Demonstration figure of 1% iteration to determine the GMPP of the P-V curve using the
sub proposed method.
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Now, VEeW = vV ~ [62.63,96.34], 15 = 1V ~ [9.82,6.83], PL™ Y = PV ~ [614.90, 658.31],
vireW — vl ~ [77.98,125.48], I = 11V ~ [7.56,2.28], and Pr Y = PLY ~ [589.83,285.97).

Now, M?) = max(max(]\/[id( ), MW) ~ 713.78 W and Ng?t( = Ngg = 2. For the first
eligible section or third section, I57™M (1) Mid\" (1) < M@ and Mid" (1)VM (1) > M@,

Therefore, the second part of the first eligible section is eligible for the next iteration. So,
viP1) = Mid) (1), 1P(1) = MidV (1), PP (1) = Mid) (1), vP 1) = vieWa), 121) =
0 W(1), and PP (1) = PR (1),

For the second eligible section or fifth section, It " (2)Mid{}(2) > M® and
M idjl)(Q)V;re 1)(2) > M®. Hence the part eligible for the next iteration is decided by the
sign of the slope at M id%})@) which is positive. Therefore, the second part of the second eli-
gible section is eligible for the next iteration. Hence, VS(Q)(Q) = ]\Jid(l)(Z) Ié2)(2) = ]Wz'd(ll)(Q),
PP 2) = MidY (2), v (2) = v W), 19(2) = 177V (2), and PP (2) = PE*W(2). There-
fore, V& ~ [70.15,105.17), I ~ [9.46,6.79], P{” ~ [663.61,713.78], V\») ~ [77.98,125.48),
1Y ~ [7.56,2.28), PY ~ [589.83,285.97). Mid\?, Mid, and Mid? obtained are [73.84,
110.98], [8.86, 6.61], and [654.34, 733.16], respectively. These values are shown in Fig. 3.8.

d .
800 I Mid?(2)=733.16 —3" Section P-V
¢ .
- - —5" Section P-V
” . .
A , P - - Eliminated
600 \Mid<2>(1):654.34 e A Section P-V
P ’
3 |
5 an
S 400 R
I~ P
’ V(S2 (2)4105.17 |
/ i
2000, Mid2F1)=73.84 o A
% , Ve (2)|=“25.48
! VP08 | vO1)=77.98 N
0 1 \ J | \i P |
0 50 100 \Mid(vz)(z):l 1098 150

Voltage (V)

Figure 3.8: Demonstration figure of 27¢ iteration to determine the GMPP of the P-V curve using the
sub proposed method.

Now, Ve ® = V& ~ [70.15,105.17), I5°® = I{) ~ [9.46,6.79], P*® = Py

&

[663 61 713. 78] VPre(Q) = VIS‘) [77 98 125. 48] IPre( ) — I](:‘) [7 56 2. 28] and PFPre(Q) —
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P ~ [589.83,285.97).

v

Now, M® = max(max(Mid?), M®) ~ 733.16 W and Npo'® = NO) — 2,

For the first eligible section or third section, IPre( )( )]\/fidg)( 1) < M® and ]thd@)( YWt (2)(1) <
M®) . Therefore, no part of the first eligible section is eligible for the next iteration. Due to
the ineligibility of the first section, the number of eligible sections is reduced to 1 (= 2 - 1),
ie, Npo*® — 1 For the second eligible section or fifth section, I5™® (2)Mid?(2) > M®
and Ahd(IQ)(Q)V;re(Q)(Q) > M®) . The part eligible for the next iteration is decided by the
sign of the slope at M idg)(Q), which is negative. Therefore, the first part of the second eligi-
ble section is eligible for the next iteration. Hence, V}g)(l) ~ ]Wid@)@) ]}3)(1) = ]\/Md?)(Q),
PP(1) = Mid(2), Vi (1) = Vg™ @ (2), 1§(1) = I (2), and P (1) = Pg™ ) (2),

Therefore,

V¥ ~ [110.98].
I¥ ~ [6.61],
P ~[733.16],
V¥ ~ [105.17),
1$) ~ [6.79],
P¥ ~ [713.78).
The values M z'dg’), M idgg), and M idg’) obtained are [108.11], [6.73], and [727.37], respectively.
These values are shown in Fig. 3.9.. Now,

Vere®) ~ [105.17)

157 @) ~ [6.79]
PE®) ~ [713.78]
Vire® ~ [110.98]

1% ~ [6.61]
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Figure 3.9: Demonstration figure of 3" iteration to determine the GMPP of the P-V curve using the
sub proposed method.

Pre® ~ [733.16]

Furthermore,

M@ = max <maX (Midg’)) ,M(3)> ~ 733.16W

and

next(3 3
NESt( )= NJSEg =1

After few iterations error reches the desired tolerance and hence the LMPPV and LMPPP
obtained for the 5 section are 110.89 V and 733.15 W. Therefore, the GMPP values using the
proposed method are GMPPV ~ 110.89 V and GMPPP = 733.15 W. All the values in this
case is presented in a number of two digits after decimal point. All the required equations in
the GMPP estimation process are solved using ‘fsolve’ function of MATLAB in this and further

sections. However, other iterative techniques for solving the equations can be used.

Case 2 : Table 3.2 gives the irradiance and temperature of 3 W PV module. Table 3.3 gives

the temperature of the blocking and bypass diodes of the PV array in Fig. 3.4(c).

The resistances in the string-1 (R;) and 2 (Ry) are 0.5 and 0.3 Q, respectively. Also, the
resistances of the connecting wire between string-1 and 2 (R,,,) and between string-2 and output

(R.,;) are 0.1 and 0.2 €, respectively.
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Figure 3.10: Comparison of % error in estimated MPP values using bar chart for Cases 1, 2 and 3

Table 3.2: Irradiances and temperatures of PV modules in the PV array for Case 2

String-1
Group-1 Group-2
Irradiances (W/m?) G111 = 359.46, Gio1 = 264.86,

String-2
Group-1 Group-2
G211 = 24865, GQQ] = 16757,

Gii1o = 381.08 Giao = 386.49 Gz = 378.38 (Gaaa = 386.49
Temperature (°C') Ti11 = 58, Ti91 = 58, 1511 = 58, Ty91 = 58,
Ti12 = 58 Tio00 = 58 Tp12 = 58 Th92 = 58

Table 3.3: Diodes temperatures in the PV array for Case 2

Temperature (°C) String-1 String-2
Bypass diode T =49, Tio =49 Toy =51, The =49
Blocking diode T =32 Ty = 32

Following values are obtained during the application of the proposed method for Case 2:

0 14.4188 34.5487
0 14.8622 33.9792

By merging the rows V,(1,:) and V.(2,:), a single row Ay, is formed as follows, in accordance
with the procedure described in Subsection 3.2.
Hence, Ay, = [0 14.4188 14.8622 33.9792 34.5487], Apsvzm = [0 14.4188 14.8622].
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Figure 3.11: P-V and I-V curves for Cases 1, 2 and 3 to show accuracy of the proposed technique.

The estimated values of GMPPV and GMPPP are 28.4122 V and 4.3572 W, respectively.

Table 3.4: Comparison of the estimated GMPP using the proposed method with the GMPP using
other methods for the partially shaded PV array of Case 3

Proposed [50] 1] PSO [54]

GMPPV (V) 303.8059  301.5467 247.5996 295.1757
% error GMPPV 0.0342 0.8070 18.5528 2.9027
GMPPI (A) 16.5146 16.2087  20.8600  16.8021
% error GMPPI 0.0339 0.0170 26.3553 1.7754
GMPPP (W) 5018.7 4887.7 5164.9 4959.6
% error GMPPP 0 2.6102 2.9131 1.1776

Case 3 : Fig. 3.4(d) represents the configuration for Case 3. The values of irradiances of
the fifty 252 W PV modules are also given in the figure. All the modules and diodes are at a
common temperature of 25°C. The estimated value of the GMPPV and GMPPP are 303.8959
V and 5018.7 W, respectively. Table 3.4 shows the comparison of the proposed method with the

other methods for Case 3.

Comparisons of voltage, current, power and computational time of all methods in
all the three cases : The comparisons of the proposed method with other methods in terms
of accuracy are shown in Figs. 3.10(a), 3.10(b), and 3.10(c). It is observed from the figure and
Table 3.4 that the % error in accuracy using the proposed method is always less than 1%. Table
3.5 shows the comparison of computational times using different methods. From Table 3.4 and
3.5, it is observed that the proposed method is more accurate and computationally efficient.

Accuracy of the proposed method is also validated using the plots in Figs. 3.11(a) and 3.11(b)
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for the Case-1, 3 and Case-2, respectively. Both the figures obtained using (3.15) show that the

estimated value of GMPP is very close to the actual value of the GMPP.

Table 3.5: Comparison of time (second) to estimate the
GMPP for different methods for all the three cases of partially
shaded PV array

Proposed (s) [50] (s) [1] (s) PSO [54] (s)
Case 1 0.556724 10.583991  0.022921 0.841914
Case 2 0.557181 NA" NA™ 1.089763
Case 3 6.262844 1197.330917 0.021107 17.434296

* NA - Not applicable

Study on accuracy and computational time for 2000 random PSCs : The root mean
square (RMS) % error and maximum % error of the proposed technique for 2000 randomly
generated partially shading cases are shown in Table 3.6. Out of 2000 cases, 1000 cases are for
3x2 PV array of Case-1 while the other 1000 cases are for 4x2 PV array of Case-2 in which
3 W module is replaced by the 252 W module. In 3x2 PV array irradiances of all 6 modules
are generated randomly in the range of 100-1100 W/m? for every single case of 1000 cases. All
the diodes and modules in 3x2 PV array are at the temperature of 25°C. All the parameters
of diodes and temperatures of 4x2 PV array are same as in Case-2 however irradiances of 8
modules are randomly generated in the range of 100-1100 WW/m? for every case of 1000 cases. It
is observed from the Table 3.6 that RMS and maximum % error for all 2000 cases are less than

1 %. Average computational time for 1000 cases of 3x2 PV array and for 1000 cases for 4x2

1000 3
> %errory,

PV array of Case-2 are 0.3398 and 1.2300 s, respectively. Here, RMS %error = \/ =55

and %errory, is the % error in the GMPP value of the k" random case.

Table 3.6: Accuracy to estimate the GMPP for the 2000 cases of random irradiances for a partially
shaded PV array

3x2 PV array 4x2 PV array
RMS (%) Maximum (%) RMS (%) Maximum (%)
GMPPV 0.1107 0.3960 0.0634 0.2455
GMPPI 0.1098 0.3941 0.0631 0.2436
GMPPP 0.0012 0.0065 5.0462 x 10~ 0.0025
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Figure 3.13: Experimental and simulated P-V curve of Case 2

3.4.2 Experimental results

For the validation of the proposed method for GMPP estimation under PSCs for Case 2 (in Fig.
3.4(c)), an experimental setup with wiring resistances is developed in the laboratory as shown
in Fig. 3.12. The setup consists of the light source (10 halogen light bulbs) to emulate sun-light,
an auto-transformer to control the intensity of halogen light by varying the voltage across bulbs,
the PV array whose configuration and module specification is the same as of array in Case 2,
a variable resistor (rheostat) to vary operating point and a multimeter to measure the array
current and voltage. For emulating shade of different illuminance levels, same-thickness glass
slabs of different numbers have been used. Fig. 3.13 shows the comparison of the estimated MPP

power with the experimentally obtained value in a P-V curve. The reason for choosing halogen
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bulbs is that their spectrum is similar to the solar spectrum. The experimental comparison of
the GMPP is shown in Table 3.7. It is seen from the table that the error in the GMPPP obtained
using the proposed method is 2.5494 % with respect to the GMPPP obtained experimentally
which is well within the limit. The relatively higher % error in the estimated GMPP using the
proposed method, compared to the experimental value, may be due to errors in the measurement
of irradiance and temperature, as well as changes in parameters caused by the aging of the 3
W PV modules. Another reason could be the discrepancy between the solar and halogen bulb

spectra, particularly in the wavelengths at which their spectral irradiance peaks.

Table 3.7: Comparison of the estimated GMPP using proposed method with the experimentally
obtained value for Case 2

Proposed GMPP  Experimental GMPP % Error

GMPPV (V) 28.4122 28.8200 1.4150
GMPPI (A) 0.1534 0.1474 4.0706
GMPPP (W) 4.3572 4.2480 2.5494

3.5 Summary of the chapter

In this chapter, a novel model was developed for a generallized case of series-parallel (S-P) con-
nected PV arrays. Utilizing set theory, equations were formulated that describe the dynamics of
voltages and currents across strings and the entire array. These equations proved to be benefi-
cial for I-V curve representation and GMPP estimation under PSC. A mathematical expression,
influenced by the properties of the local maximum power point (LMPP), was also derived to aid
the iterative process towards the GMPP.

One notable aspect of this approach is the elimination of non-potential sections from the
P-V curve. This strategy enhances the speed of GMPP estimation, which could be particularly
beneficial for large PV arrays. When compared to established methods such as those by [1],
[50], and the Particle Swarm Optimization (PSO) [54] technique, this method exhibited a more

efficient computational performance and improved accuracy.
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Experimental validations, conducted using real-world PV modules, provided further support
for the method’s robustness and accuracy. The findings from this research suggest that the
method might offer a reliable and efficient way to estimate GMPP. It is hoped that this approach
could be a helpful tool for PV professionals, potentially aiding in the pursuit of optimal energy
output from PV arrays.

Chapter 2 and this chapter focused on estimating the maximum power point to enhance
the design, maintenance, operation, and power forecasting of PV plants. However, situations
arise where maximum power is not harvested from the PV source, underscoring the necessity
for a method to accurately calculate output power, voltage, and current under specific load
and environmental conditions. Addressing this gap, next chapter introduces a novel method
to precisely estimate the operating point, marking a significant advancement in PV system

optimization.

Note: This work, “Analysis and GMPP estimation of a generalized model of a series-parallel (S-P)
connected partially shaded PV array using Implicit double diode model of PV,” has been published in
Solar Compass, Volume 7, 2023, 100049, ISSN 2772-9400, DOI: 10.1016/j.solcom.2023.100049,
ScienceDirect
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Chapter 4

Operating point estimation of a PV
plus load system

Contents
4.1 InEroduction v« e oes w0 6w 0 6o e s om0 s s e e e b e B e e W e 6 72
4.2 Proposed circuit rearrangement of PV plus load circuit . ... ... 74
4.2.1 Determination of the Fr,(Vy,) for n-parallel R — E loads . . . ... .. 75
4.2.2 Determination of the Fp(Vyy) for n-parallel PMDC motors . . . . . . 76
4.2.3 Determination of the Fy (V) for n-parallel DC series motors . . . . . 78
4.3 Proposed algorithm for the estimation of operating point . . . . .. 81
4.3.1 Derivation of the vertex position of the parabola . . . . ... ... .. 84
4.4 Results and discussion . . . . . . . . ¢ v i v v v v v v vt v n 0 e n e 86
4.4.1 Simulation results . . . . .. 86
4.4.2 Experimental validation . . . . .. ... ... 0000 89
4.5 Chapter summary . . . . . ¢ o« t v v v v v st o v a4 v w e e e e 90

TH-3497 156102030 7



4.1 Introduction

Earlier in Chapters 2 and 3, the main emphasis was on the estimation of maximum power point
for the design, maintainence, operation and output power forecasting of a PV plant. However,
there may be some systems of PV source in which the maximum power is not being harvested
from the PV source. In those conditions, it is important to calculate the output power, voltage
and current at the given load and environmental condition. Therefore, there is a need to develop
a mathematical method to accurately and efficiently estimate the operatimg point at the given
load and environmental condition. In this regard, a novel method to estimate the operating point
of a PV system with different loading conditions is proposed. The operating point of a PV source
connected to a constant voltage load is easily calculated using explicit expression of PV. The
DDM and SDM both models provide implicit I-V characteristics. Due to implicit expression, it
is difficult to find the operating current of a PV module connected to a constant voltage source.
Therefore, some researchers have converted the implicit -V characteristics into the explicit form.
The biggest obstacle to get the Lambert W-function based exact representation of DDM is the
presence of two exponential terms [7]. However, researchers in [6] and [7] converted the implicit
DDM [-V expression into the Lambert-W function [57] based representation. The proposed
explicit expression of DDM PV module based on the Lambert-W function is computationaly less
efficient. In case of Lambert-W based function models, series expansion, Pade approximation,
and asymptotic expression are considered to estimate the current at various voltage levels, which
introduces error in estimation. Some authors have neglected the series and shunt resistances of
the PV cell[38]. An explicit expression of the DDM PV module is derived in [50] based on the 2nd
order polynomial approximation of the exponential term in implicit I-V DDM equation. Due to
approximations in the I-V expression of [38] and [50], the results provided in the literature are
less accurate.

Nevertheless, these explicit expressions can only calculate the operating current of a PV
module directly connected to a constant voltage source only. However, to estimate the operating

voltage and current for other loads (e.g., at a particular resistance) iterative methods such as
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Newton-Raphson (NR), Gauss-Siedel, etc., are used. Simulation tools like Spice are generally
used to solve the circuits such as PV connected to voltage source or resistor. However, these
softwares make circuit equations using the modified nodal analysis (MNA) technique. There-
after, multi-variable equations are solved using the multidimensional NR method. However, in
the process, MNA takes unnecessary variables for forming the equations. Also, the use of multi-
dimensional NR increases computational complexity and decreases robustness. In [24], authors
used one-dimensional NR to obtain the operating point. Wave digital technique are discussed in
[58-63].

Wave digital based method [12] is proposed for the operating point estimation of a PV and
resistive load. In [12], authors have applied single dimension NR on a modified function of
two extra independent parameters and a single variable i.e., voltage to get the operating point
voltage and current for a given load resistance connected to a PV system. Since the modified
expression is more complex and requires three manual initialization and derivative calculation,
it is computationally more expensive. Further, the Wave method requires a good initial guess
for convergence in a reasonable time and it is not applicable to all kinds of loads.

To overcome the aforementioned limitations, a novel method is proposed to estimate the
method, the operating point of PV with load system by two processes. The first process is
rearranging the circuit into two components such as (i) PV without R, and (ii) R, with load.
The second process is the characteristics matching between both components using a derivative-
free novel method based on the parabolas whose axis of symmetry is parallel to the y-axis while
the vertex is lying on the positive x-axis. The main advantage of the proposed method to
estimate the operating point is less computationaly complex, in the estimation of the operating
point. The complexity reduction is due to the unavailability of load characteristics expression
in the exponential terms of the PV without R, component. The complexity reduction becomes
more significant when the operating point is estimated for a large number of cases of PV and
load under various environmental conditions. Also, the proposed operating point estimation
method is fast because it generally tends to the operating point from one direction only. Hence,

it does not deviate much after reaching closer to the operating point. In this chapter, results

TH-3497 156102030 73



with various environmental and loading conditions are presented.

The explicit current expression of R, with different load combinations in terms of the shunt
voltage (Vi) of a PV module in uniform irradiance condition is derived in Section 4.2. The
proposed method for the operating point estimation of the PV with load is described in Section

4.3. Results-discussion and conclusion are described in Sections 4.4 and 4.5, respectively.

4.2 Proposed circuit rearrangement of PV plus load cir-
cuit

In this section, a novel method to rearrange the circuit of a PV source which is directly connected
to an electrical load as shown in Fig. 4.1 is described. The circuit of PV with load system is
divided into two components (i) PV without R, and (ii) R, with load as shown in the figure.
In this chapter, operating point is estimated by the current-voltage characteristics matching of

both the components.

with load
PV without - _.& _____ I
e e W MU
| frv—32 + |
Y $h
: oy 1,93 I...b |: :
| I| - |
| DY Y R 2 =
| 1;»‘? : D h Vd-:: 5 V :
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I _|I — |
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|

P
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g
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’7 ]h-.

I

Figure 4.1: Equivalent circuit for PV with the load and the proposed method of circuit rearrangement.
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The terminal current of the PV without R, is given below as a function of V.

_Ven__ Ve sh
I e (c-"'.t-"’g‘f’r = 1) =, (Pﬂh‘_ - 1) .7,
R.s'h

= fev(Vin) (4.1)

where Iy, o, Io,, Rs, Ran, A1, Aa, Vi and N, have the same meaning as described in [12].
Function fpy is an explicit expression of Vi;,. Also from the current-voltage characteristic of

the load, the following equation is obtained as follows:

I'=fp[V) (4.2)
Where, f;, (V) is a function of the load voltage, V' only.
From the Ohm'’s law,
V — Vgh - IRb (43)

For some (resistors, constant voltage loads, combinations of resistors and constant voltage, DC

motors, etc.) types of electrical load systems, (4.4) is obtained by combining (4.2) and (4.3).

I = Fr(Var) (4.4)

Where Fp (Vi) in (4.4) is current-voltage characteristics of R, with load system and is a func-
tion of only variable V. Function Fp (Vi) for Ry with different loads are derived in further

subsections.

4.2.1 Determination of the Fj (V) of n-parallel R— E loads connected
to a DDM PV module

b

[ ® Dy DY

ph

I

IR 2

sh

|
|

+-"'- e
f W
LYY 1, . |

v

Figure 4.2: Equivalent circuit of PV system with n-parallel R-E loads.
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In Fig. 4.2, R; and E;, V i €[l..n] are the resistance of resistor and voltage of the voltage

" branch of the voltage-source and resistor combination, respectively. Applying

source of the i
KCL and Ohm’s law for n-parallel resistor and voltage source connected with PV system as

shown in Fig. 4.2, the expression of the terminal current of the PV system is as follows:

I:ZV 'L—VZ——Z— (4.5)

i=1
Using (4.2) and (4.5), f. (V) is obtained as follows:

)=y Y= EJ/Z%—Z% (4.6)

i=1 ¢

Combining (4.5) and (4.3),

V7= 2 B
= =1 n-r=1 (4?)
L4+-R, > o
i=1
Hence, from (4.4) and (4.7),
Vsh 2 Rii_ £ %
F, (Vtsh.) = — = — (18)

1+R32RL
i=1

4.2.2 Determination of the F;(V;,) of PV module connected with n-
parallel PMDC motors

This subsection explains the mathematical formulation for PV module directly connected with

n parallel PMDC motors.

Case I: When torques applied on different motors are known:

Figure 4.3: Equivalent circuits of a PV system with directly connected to n parallel PMDC motors
with known electromagnetic torques.
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Fig. 4.3 represents the equivalent circuit of parallel connected n number of permanent magnet
DC motors along with known electromagnetic torques. Motor current, armature resistance, and

sth

applied electromagnetic torque on the i DC permanent magnet motor are represented as I,

R,,, and T, , respectively. Now from the torque equation,

.jﬂ

Ii==—Vie[l,...,n] (4.9)
i,
where K; (in NmA~') is a constant.
Therefore,
T Tr
= : 4.10
L%, o

Hence, f1 (V) of (4.2) using (4.10) is as follows:

L

T?‘e'. .
AGUEDY K, (4.11)
i=1 i
From (4.4) and (4.10),
T I—;
F,(Va) =) A (4.12)
=1 "

Case II: When speeds of different motors are known: The equivalent circuit for the

R T

A

Dy i) sh
[pﬂrcf) Dl i DJ! R.vh 3 V.;.i g: V
::49‘_'

Figure 4.4: Equivalent circuits of a PV system with directly connected to n parallel PMDC motors
with known speeds.

parallelly connected n number of PMDC motors with known speeds are presented in Fig. 4.4.

Motor current, armature resistance, and speed of the i

permanent magnet DC motors are rep-
resented as [;, R,,, and Nj, respectively. The expression of the current derived from DC motor

emf equation is given below.
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Vi B o s
I = %iwe [1,...,n] (4.13)

where Ky, (in V-min) is a constant.

Therefore, the terminal current of the PV system is as follows:

i V — I(N.J'\"T.;_
] — chi i} 4.14
2R -

Hence, f (V) of (4.2) using (4.14) is as follows:

n

V- KnN;
fu(V) :ZR—A (4.15)
i=1 e

Substituting (4.3) in (4.14), the expression of I is obtained as follows:

1 no Kpe N;
B o
where C; = —=—— and C; = ==L ——
1+Rs 21 ﬁ 14+R: 3 RL_&
From (4.4) and (4.16),
Fy, (Ven) = C1Ven — Cy (4.17)

4.2.3 Determination of the F(Vy,) of PV module directly connected
with n-parallel DC series motors

This subsection explains the mathematical formulation for PV module directly connected with
n number of different DC series motor connected in parallel.
Case I: When torques applied on different motors are known:
Fig. 4.5 represents the equivalent circuit for the parallel connected n DC series motors
with known electromagnetic torques. Motor current, armature resistance, field resistance, and
th

applied electromagnetic torque on the " DC series motor are represented as I;, R,,, Ry, and

T,,, respectively. From the torque equation; the derived expression of current is as follows:

Ii:“z,VIE[L...,R] ('—118)
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Figure 4.5: Equivalent circuits of a PV system with directly connected to n parallel DC series motors
with known electromagnetic torques.

Where K;, (in NmA~2) is constant.

Therefore, the total current drawn by the load from the PV system is as follows:

T,
I= Z A (4.19)

Since the motor is drawing the power from the PV system, the expression of this current given

in (4.19) is taken as positive.

Hence, fr, (V) of (4.2) using (4.19) is as follows:

Z K : (4.20)

From (4.4) and (4.19),

Visn 4.21
=37 (421

Case II: When speeds of different motors are known:

Figure 4.6: Equivalent circuits of a PV system with directly connected to n parallel DC series motors
with known speeds.

Fig. 4.6 represents the equivalent circuit for the parallel connected n DC series motors with
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known speeds. Motor current, armature resistance, field resistance, and speed of the i** motor
are represented as I;, R,,, Ry,, and N;, respectively. The expression of the current from the emf
equation of the DC series motor is given below.

V=L (R Ry

= }{N%_Ni NVEE [y iml (4.22)

Where, Ky, (in VA~!-min) used in (4.22) is a constant.

After simplifying (4.22), the expression of I, is written as:

V
I = Vi & |1, oy 4.23
i Kt\"} i‘\,?'ﬁ_ _I_ Rai + Rf' s V1 € [ } 3 n"] ( )

Therefore, the total current drawn by the load from the PV system is as follows:

.. Vv
I N ; K"N'ij\ri + Rﬂ-\t + Rfi (4l24)
The fr, (V) of (4.2) using (4.24) is as follows:
- 1
T 4.25
V)=V ; Kn.N; + R, + Ry, (&50)

From (4.3) and (4.24),

T
1
Vsn Zl KN, Ni+Ra, + Ry,
1= :

. n (4.26)
1
1+ R, ; R, Nt Ray 7By,
Hence, from (4.4) and (4.26),
n 1
Fr (Vi) = — e

n
1
1 + R8 Zl I"N.,; f\"i+Ra,-+Rf!-
1=

Similarly, F7(Vs,) can be formulated for various types of loads under different conditions.
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4.3 Proposed algorithm for the estimation of operating
point of PV module directly connected to load

From Section 4.2, the current expression obtained from the DDM characteristics of the PV
module, fpy (Vi) and the expression obtained from the electrical characteristics of the load,

Fy, (Vi) as described in (4.4) are explicit expressions of V. Let us consider, AF as:

AF = fpy (Van) — Fi, (Var) (4.28)

and

AF, = |AF| (4.29)

For analysis, let us define the operating point voltage of shunt resistance, Ry, and current for
the combination of PV module with load as Vi, and I, respectively. Mathematically, it can
be said that the operating point, (Vip,,, Iop) satisfies both (4.1) and (4.4). Therefore, from (4.1),

(4.4), (4.28) and (4.29) the voltage, Vyp,, will satisfy the following equation:
AF4 =0 (4.30)

The main objective of the method proposed in this chapter is to find the value of V,;, in power
delivering region of PV for which AF,4 becomes zero. Due to non-linear nature of AF}, it is very
difficult to find the V;, which makes AF4 equals to zero. However, the proposed method is useful

10F—AF 1% iteration
- _AF4 - 2nd

iteration

5 H (Vgh””’A(JSAOPcE:O))
oy Ve v vy

) |

i shi i S shy— Vs
ok NN IANY
0 10 20 30 40 50
Voltage (V) Vin

Current Difference (A)
fe)

Figure 4.7: Schematic of the proposed algorithm.

to estimate the V;, for which AF4 becomes nearly equal to zero. At last, it also checks whether
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I,y is non-positive or not. If I,, is found to be positive then the PV and load combination has
the operating point in the power delivering region of PV otherwise it has not. Fig. 4.7 shows
the working of the proposed estimation method for the estimation of operating point.

The proposed method is based on the parabola passing through two points of first quadrant
whose axis of symmetry is parallel to y-axis while vertex is lying on x-axis. The derivation of
vertex position of parabola is given in Subsection 4.3.1.

The steps of the proposed algorithm to determine the operating point are given as:
o k(.

e The initial boundary voltage, Vs(,?} (> I,Rs), should be chosen such that Fp(Vy,) is real
for VS(S“_} < Vo < VS(,?)E. Here, I . is the short circuit current of the PV array at the
given environmental condition. However, Vﬁ_} = I,n R is valid for many cases. While the
final boundary voltage I{q(,?j is given by A;N,V;In (% + 1), which can be assigned to Vq(,?f)

instead of actual open-circuit voltage, V..

e The value of the vertex voltage of the parabola at the &*" iteration is

(k) | (k) (k) (k)
k) l/shr- AF‘A.; + I/s.‘i,_,r AFAI

shyer
®) ®
VAR +,/aF

Where, functions AF Afk) and AF 4?“) are defined as follows:

AF,® = AF,

_yt and AF,W = AF,

shy

|.V;h:vu-) .

:ihf

| Vxh

The derivation of the expression (Vs(,f v)e) for the vertex position is given in subsection 4.3.1.

e The value of function AF and AF, at the k' iteration voltage Vf:}m are defined as AF.)

and AF A.Ef;}, respectively. These are found by substituting the value of voltage Vy;, as Vg(k)

shyer

in (4.28) and (4.29), respectively.

o If AFY) > 0 = Vi, > Vi . Hence, ViV = V¥ and Vﬁ:” = V. Similarly

shye
AF,& = AFLE) and ARG = AF,P.

ver f
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But if AR < 0= Vi, < VY

- shyer

. Hence, VS(:;FI) = VS(:)

ver

and VS(:Z,H) = Vs(hli) Similarly

AFATTY = AR,

ver

and AF," = AR,

e Check if, AF,®) < ¢.

ver —

If yes, exit the loop. But if no, k«—k+1 and go to step 3. Where, ¢ is the tolerance which

is less for the higher accuracy.

After finding Vi, , I, is found using (4.4) or (4.1) by substituting Vy,= Vih,, and the operating

op?
voltage at the output terminal i.e., V,, is obtained using (4.3) by substituting Vi,= Vish,, and
I= 1,, Also check whether I,, is positive. If I,, found to be positive then the PV and load
combination has the operating point in the power delivering region of PV.

A flowchart of the proposed method is shown in Fig. 4.8. Before applying the proposed

method, the condition AFZ-(O)AF}O) < 0 is checked.
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| [nitializing I-".hr*“lth.\ + Vg A N V(141 /1)

and setting tolerance ¢.

Calculate,
AF = for(Vay, ) - FJ’(I’;\&}- ),
AF_{r*—hF, :
AFC fi(Fag)-Fill )

.~.I'JJ,
andAFy — [\F,|
1

]
Calculate vertex voltage as.
V\J}f\: A }“4 . I,.'“r{r\l A F.-I
J f i

Vip  e—— -
YONAR 4N ARy,
Calculate . AF,,,— fi (Vi) - Fil Patseah
Fypi— Fof

4 [
/ \'.l'.l”p‘* V

Ly FilVa,)

i"up e I".\.l'iﬂ; R.Ju;l

End

Figure 4.8: Flowchart of the proposed algorithm.

4.3.1 Derivation of the vertex position of the parabola

Let (z1, y1) and (x9, y2) are two points in the first quadrant and a parabola whose vertex (cq,
0) lying on x-axis is passing through both the points as shown in Fig. 4.9. Since the axis of

symmetry of the parabola is parallel to the y-axis, the equation of the parabola is given below.

(=) = oy (4.31)
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Figure 4.9: Schematic diagram of the parabola to derive its vertex position.

After substituting the points, (z, y1) and (x4, y2) in (4.31), following equations are obtained.

(@1 — 1) = camn (4.32)
(22 — 1) = cot (4.33)
Rearranging (4.33),
oty = (z2 — 1)° (4.34)
Multiplying, (4.32) and (4.34),
(x) — 01)202y2 = (z3 — 01)2(?2?;1 (4.35)
= yo(z1 — 01)2 = y1(z2 — 01)2 (4.36)

As 21 < ¢y < 19, (4.36) is simplified as follows:

(1 — x1) VY2 = (223 — 1) VUL (4.37)

g gy VB P EV (4.38)
VUL + /72

Where, 1,70 or y.70.
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4.4 Results and discussion

4.4.1 Simulation results

In the present analysis, three types of loads are directly connected to 195.5 W (make: Topsun)
PV module. The datasheet values of modules are given in Table 4.1. The comparison of the
operating points for Wave and the proposed techniques in terms of computational time and %
errors for resistive load (R = 60 Q), PMDC motor (K; = 0.0047 NmA~!, Ky = 4.9218 x 10™*
V-min/A, R, = 4.2 Q) and DC series motor (K; = 0.1511 NmA~2, K = 0.0158 V-min/A, R,
=0.6 Q, Ry = 0.4 Q) are given in Table-4.2.

Table 4.1: Datasheet values of the PV modules

PV Isc Voo Vup  Iup N
module (A) (V) (V) (A)
250 W 8.76 37.7 30.9 8.09 60
195.5 W 5.77 44 36 5.43 72

10 W 0.63 21.07  17.03 0.59 36

Table 4.2: Comparison of estimated operating points for different loads

Methods Vg, (V) % Error 1I,, (A) % Error P, % Error 1,
of Vi, of Ty (W) of Py, (s)

Resistive load, R = 608

Wave [12]  41.7293 ~ 0 0.6955 ~ 0 29.0222 ~ 0 0.0251
Proposed  41.7293 ~( 0.6955 ~( 29.0222 ~0 0.0131

PMDC motor, T'= 0.0017 Nm

Proposed  42.0021 ~ 0 0.3617 ~( 15.1923 ~ 0 0.0137
PMDC motor, N = 15000 rpm

Proposed  30.8930 ~( 5.5977 ~( 172.9294 =0 0.0137

DC series motor, T'=1 Nm

Proposed  39.9754 ~( 2.5725 ~ 0 102.8360 =0 0.0122

DC series motor, N = 300 rpm

Proposed  31.8828 =0 5.55645 ~ 0 177.0924 =0 0.0139

In first case, the PV module of 195.5 W at the irradiance of 980 W/m? and temperature of
36 °C is connected to a resistive load of 60 2. The actual operating point calculated from Figure

4.10 is 41.7293 V, 0.6955 A, and 29.0222 W.
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Figure 4.10: Operating points of PV system with directly connected to (a) resistive load, (b) PMDC
motor with known torque, (¢) PMDC motor with known speed, (d) DC series motor with known torque,

and (e) DC series motor with known speed.

In second, third, fourth and fifth cases, 195.5 W PV module at the irradiance of 980 W /m?
and temperature of 36 °C is connected to a PMDC motor applying an electromagnetic torque
of 0.0017 N-m, a PMDC motor rotating at a speed of 15000 rpm, a DC series motor applying
an electromagnetic torque of 1 N-m and a DC series motor rotating at the speed of 300 rpm,
respectively. The actual operating point for the second case is 42.0021 V, 0.3617 A, and 15.1923
W, for the third case is 30.8930 V, 5.5977 A, and 172.9294 W, for the fourth case is 39.9754 V,
2.5725 A, and 102.8360 W, and for the fifth case is 31.8828 V, 5.5545 A and 177.0924 W. The
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results obtained using the proposed method are compared with the results obtained using Wave
method. It is observed from Table 4.2 that the proposed method is computationally more efficient
for all the five cases. Since the Wave method is only applicable for resistive load, the comparison
between the proposed and Wave method is not presented for PMDC and series motors in Table
4.2.

Table 4.3 presents the comparison between the proposed and Wave method in terms of %
error in operating power and computational time varying irradiance from 500 to 1000 W/m? for
R = 50 €, temperature of 20 °C and R = 75 2, temperature of 40 °C. It is observed from the
table that the proposed method is more computationally efficient than the Wave method. The
operating point of a PV module connected to the resistance from 125 to 9600 €2 with stepsize
of 1 2 estimated using proposed and Wave method are presented in Table 4.4. The simulation
results for three different PV modules under two different cases such as Case A (G = 980 W /m?

and T = 36 °C) and Case B (G = 500 W/m? and T = 10 °C) are depicted in this table.

Table 4.3: Detailed comparison between Wave and the proposed method

Irradiance 500 600 700 800 900 1000

(W/m?)
R=50Qand T = 20°C
Wave [12] % Pop ~0 ~0 &0 ~ 0 ~0 ~0
top (S) 0.0252  0.0244 0.0228 0.0236 0.0256 0.0258
Proposed % Py ~0 ~0 ~0 =0 =] ~

top (s) 0.0130 0.0137 0.0126 0.0126 0.0149 0.0129
R=75Qand T = 40°C

Wave [12] % Pop ~0 =0 ~0 ~0 ~ 0 ~ 0
top (s) 0.0273 0.0226 0.0255 0.0256 0.0232 0.0227
Proposed Yo Pap ~0 ~0 ~0 ~( =0 ~(

top (8) 0.0127  0.0126 0.0145 0.0124 0.0161 0.0142

It is observed from the table computational time in the proposed method compared to Wave
method decreases when the operating points are calculated for a large number of cases of PV and
load or when the f, (V') of given load combination connected to the PV unit is very complex.

The root mean square of percentage error in operating voltage, current and power and total

computation time (s) using Wave and proposed method are presented in this table. It is observed
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Table 4.4: Comparison between Wave and the proposed method

PV module Case % RMSE for Vi, % RMSE for I,, % RMSE for P,, Total time (s)

Wave
10 W Case A ~0 =0 ~0 0.7217
Case B S =0 =0 0.7676
195.5 W Case A =0 =2 () == 0 0.5881
Case B ~0 =0 =0 0.6835
250 W Case A ~0 ~0 =0 0.4891
Case B =~ =0 =~ 0 0.5838
Proposed
10 W Case A =~ 0 ~( ~0 0.0932
Case B =0 =0 =0 0.0812
195.5 W Case A ~0 ~0 ~0 0.0904
Case B ~( =0 ~0 0.0824
250 W Case A ~0 =0 =0 0.0964
Case B ~ 0 =0 =0 0.0931

from the table that the proposed method is more computationally efficient compared to Wave
method. And Wave method requires a good initial guess for the convergence which proposed
method does not require.

Wave method exploits the characteristics matching between load and PV whereas the pro-
posed method matches the characteristics of PV without R, and R, with load system. Accuracy
of the proposed method is depicted in Fig.4.10. From the Figure, it is observed that % errors in
the estimated values of the operating point parameters are very less.

The processor, Intel(R) core(TM) i5-3210M CPU @ 2.50 GHz with 4 GB of RAM and 64-
bit Windows operating system is used to run the MATLAB program to obtain the simulation

results.

4.4.2 Experimental validation

For experimental validation of the results obtained using proposed algorithm, a controlled ex-
perimental setup is developed in the laboratory considering the PV modules 195.5 W (make:
Topsun) loaded with three parallel-connected immersion rods (each of rating 1500 W, 230 V)
with equivalent resistance (R) of 14.0383 €2 as shown in Fig. 4.11. The datasheet values of the
PV module are provided in Table 4.1.

As seen in Fig. 4.11, all three immersion rods are dipped in a bucket filled with water. The
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Figure 4.11: Experimental setup of PV module connected to resistive load, R = 14.0383 Q

Table 4.5: Experimental comparison of the estimated operating point for three immersion rods of
resistance 14.0383

Estimated Experimental % error
result results
Resistive load, R = 14.0383Q2
Vop (V) 23.2055 22.7 2.2269
Iy (A) 1.6530 1.617 2.2263
P,y (W) 38.3589 36.7059 4.5034

195.5 W module is operating at the irradiance of 285.7 W/m? and temperature of 36 °C. The
comparison of the operating point obtained using the proposed method and experimentally is

provided in Table 4.5. It is observed from the table that the % error is less than 5%.

4.5 Chapter summary

In this chapter, a novel methodology is introduced to determine the operating point of a PV-
load system. The system is dissected into two primary components: the PV without R, and R,
coupled with the load. Subsequent to this, explicit expressions for the series combination of R,
and various loads are derived. The results obtained using the proposed is compared with the
results obtained using Wave method. Proposed approach consistently showcased, a significantly
diminished computational time in comparison to Wave method. The estimations derived from

the proposed algorithm are juxtaposed against empirical data from laboratory scale experiments,
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revealing a % error that is consistently below 5%. This methodology is poised to significantly
influence the planning, operation, and maintenance of standalone PV systems.

The preceding Chapters 2, 3, and this chapter concentrated on analyzing the performance of
PV sources and their connection to loads under specific environmental conditions. However, the
absence of PV parameter values at STC limits the applicability of these methods. Recognizing
this, the next chapter proposes a parameter estimation technique essential for accurately sim-

ulating a PV model across diverse environmental conditions, bridging a critical methodological

gap.
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Chapter 5

Parameter estimation of a DDM PV
module
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5.1 Introduction

The solar photovoltaic (PV) has shown the great potential for the replacement fossil fuels to meet
the energy demand in many countries globally especially in the area of distributed electric power
generation. Appropriate modelling of PV cells is crucial for simulation, design, evaluation, control
and optimisation of solar PV system [64]. The characteristics of a PV module are mainly studied
by using two types of models: single diode model (SDM) and double diode model (DDM). Single
diode model is simpler due to least number of parameters involved and only one exponential
term in current equation. However, the DDM is more accurate than SDM due to consideration of
recombination losses. The difference in accuracy is more visible at low irradiance condition. Some
researchers also studies a three diode model of PV module to account for the effect of the leakage
current and call the model as TDM [65]. Earlier in chapter 2, 3 and 4 the main focus was on the
performance analysis of a PV source and PV source connected to load at given environmental
condition. However, without the parameter values of PV at STC, it is not possible to utilize
the methods provided in these earlier chapters. Therefore, parameter estimation is necessary
to accurately simulate a PV model at varying environmental condition. Parameter estimation
algorithms can be devided into three main category: analytical, itterative and population search
based method. Analytical methods utilize extra equations, approximations, and information to
estimate parameters. For example, the analytical methods in [29] use datasheet information.
Iterative algorithms, such as nonlinear least squares (NLS) [30], essentially solve the error
minimization problem. In [26], a Levenberg-Marquardt (LM) based iterative method is used
for parameter estimation. A pattern search-based algorithm is proposed in [31] for parameter
estimation of PV modules. On the other hand, population search-based methods for parameter
estimation start with many sets of randomly generated parameters and use various techniques
to find the optimal set. Differential evolution algorithm is a type of population-based method
[32]. Many nature inspired algorithms are reviewed in [33]. In [34,35] population based methods
which utilize GA are used. However, population-based methods produce different values in each

run and is not very reliable.
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A separable non-linear least square search (SNLSS) is proposed in [36] to estimate the PV
parameters. For a fixed value of R,, the least square algorithm is applied to minimize the
error and determine the other four linear parameters. The parameter R, is optimized using the
Nelder-Mead algorithm, which is an iterative method.

However in this chapter, a itterative parameter estimation technique is proposed which does
not require any manual initialization. The proposed techique uses bisection based MPP estima-

tion technique to get error between estimated MPP and datasheet MPP.

5.2 Derivation of equations for /,, /,, and R, in terms of
R and I,

The electrical equivalent circuit of a DDM PV module is given in Fig. 5.1. The I-V characteristic

T
—~

l [ 3 sh

D1 D2

L(1) Y0, ¥p, 3R, |V

Figure 5.1: Equivalent circuit of a DDM PV module.

of a DDM PV module is expressed as follows:

Fefy=L {e(-ﬁ'ﬁ\"fﬁ) - 1} v {e(,‘;’;&:‘;z_) - 1} Y Tl (5.1)

R
The maximum power point voltage, maximum power point current, open circuit voltage and
short circuit current at STC are Visp, Iyp, Voo and Isc, respectively. As the points (Visp,
Ivp), Voo, 0) and (0, Ise) are the points on current-voltage (I-V) curve at STC, the following

equations are obtained by putting these points in (5.1) for (V, I).

Varp+iypRs Varp+InpRs
Ip = L — I, {e(_u%:‘%v_) - 1} T {e(_u%;lg’_) B 1} B Ve + InpRs (5.2)

1 83 h
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Vo Vo
L~ I, (e?‘\lc‘_r ~ 1) el (pﬁ%“% - 1) _Yoe _, (5.3)

Rxh.
IgoRs IscRs I ;

La=1, (e?‘f—t = 1) =i, (PES'C—V = 1) = SRERS T (5.4)
sh

In (5.1), the parameters I, L1, L2, Rs, Rsn, A1, Az, Vi and Ny have the same meaning as given

in [50]. Now, using (5.3),

Iph. - Io-), (e,qg,wsvf — 1) _ Yoc

o : (5.5)
((_J,A]Ns"r — 1)
Putting [, from (5.5) in (5.4),

(ezfi;{’{:fﬁ! _])

lsc Ry — Voo+——7—+

((J‘W‘%&‘Vg—l)
Rsh — — 5.6
B oo

b —Ise+ e

where

Ly, = +—r (5.8)

where
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Iy — Isc —

F= Tor R (5'10)

eldha ¥ ]

—Voc — + Isc R,
OcC ﬁ ﬁc) SC4L;

(5.12)

5.3 Parameter estimation algorithm

A flowchart for the parameter estimation method is preseted in Fig. 5.2.

Steps to find the parameters of a DDM PV module are as follow:

e Update the variables Voo, Ise, Iyp, Virp and Ny from the datasheet value of the PV

module.

Update A=1, A>,=2, V;=0.0257 V, miner = 1000 and tol=0.01.

Initialize I,,=Isc.

Increase I, as I,,=1,,+0.001.

Check if Iph< Is+0.5.
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e Initialize R,=0.
e Increase R, as R,=R,+0.01.

e Check if R, < 1.
if true go to next step.

otherwise go to step 4.
e Find the values of 1,5, Ry, and I, using equations (5.8), (5.6) and (5.5).

e Check if 1,1, I, and Ry, > 0.

if true go to next step, otherwise goto step 7.
e Apply the bisection method to get the maximum power point voltage V,,,.
e Find err=abs(Vy,-Varp).

e Check if err < miner
if true go to next step.
if false go to step 7.
e Update variables miner = err, minly, = Ipn, minl, = I, minly = I, minRy, = Ry,
and minR, = R,.
e Check if err < tol.
If true go to next step.

If false go to step 7.

e Update the estimated values of parameters to variables I, = minly,, I, = minl,,

I, = minl,, Ry, = minR,, and R, = minR,.
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5.4 Results and discussion

In this section, two parameter estimation techniques LM and SNLLS [36] are compared with the
proposed method. Datasheet values and estimated DDM parameters using proposed method for
five different ratings of PV modules of 140, 250, 252, 335 and 545 W are given in Table 5.1 and
5.2, respectively. Computation time and RMS error of the proposed method with LM and SNLLS
methods are compared. Further, experimental validation of proposed method is done. The I-V
curves of DDM of a PV modules are plotted under DEC using the estimated parameters. Then,
the plotted I-V curves matches with measured I-V curve provided by the manufacturer under
same environmental condition. The measured data provided in the datasheet of manufacturer is
generally obtained using photovoltaic module testing facility which uses flash of artificial light.
Also, two bar charts are used to show the RMS error of the simulated curve with respect to
(w.r.t) experimental data. Here, RMS error is calculated using following formula:

MT where, errory, is the absolute difference between the estimated current

RMS error =
value and the experimental value of current of the k** sample point on the current-voltage curve
and N is total number of sample points.

Table 5.1: Datasheet values of the PV modules

Modules Isc (A) Voo (V) Ve (V) Iup (A) N,

545 W 13.9 49.76 41.9 13.02 72
335 W 9.49 46.5 38.2 8.77 72
252 W 7.6 44 36 7 72
250 W 8.76 37.7 30.9 8.09 60
140 W 8.30 22.2 18.10 7.73 36

Table 5.2: Estimated parameters of the PV modules

Modules I, (A) I, (nA) I, (4A) R, (Q) R ()

545 W 13.9002 0.021590  4.8133  0.1000 7027.2
335 W 9.4902 0.074275  11.312 0.1900 9347.8
252 W 7.6002  0.23372 17.250  0.2200 8793.6
250 W 8.7601  0.13906 13.966  0.1700 16307
140 W 8.3013  0.26057 7.7939  0.1500 963.2416

The RMS error and computation time in the parameter estimation using LM, SNLLS and the
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proposed methods are given in Table 5.3 for PV modules of rating 335, 252, 250, and 140 W. From
the table, it is observed that RMS error and computation time using the proposed method are
less than LM and SNLLS methods. In a solar plant, PV modules are continuously used, leading
to changes in their parameters over time due to environmental effects. Therefore, it is important
to estimate these parameters while the plant is operational to account for the changes in module
characteristics. Minimizing the computational time of the parameter estimation technique would
be beneficial for efficient plant operation. Thus, a comparison of computational times among

different techniques is required.

Table 5.3: Comparison of different parameter estimation techniques

Modules LM SNLSS Proposed
RMSE Time (s) RMSE Time (s) RMSE Time (s)

140 W 3.4897 x 1076 0.106765 2.0031 x 10716 0.161220 9.7981 x 1071  0.080385
250 W 5.9890 x 1075 0.127060 1.3628 x 1071 0.209466 5.1288 x 1071  0.090075
252 W 6.8724 x 1075 0.122507 6.4099 x 10716 0.155993 3.0772 x 10~1°  0.083964
335 W 5.3614 x 1075 0.105862 1.0498 x 1071  0.162020 1.0314 x 1071  0.086878

20
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15} 0 Experimental [-V 1000 W/m’
" .
510 600 W/’
E . -
s
L=

A 200 W/’

0

0 10 20 30

Voltage (V)

Figure 5.3: Experimental validation of proposed parameter estimation technique through I-V curves
of a 545 W PV module for varying irradiance.
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Figure 5.4: Experimental validation of proposed parameter estimation technique through I-V curves
of a 545 W PV module for varying temperature.

RMS Error (A)

200 600 1000
Irradiance (W/mz)

Figure 5.5: Barchart for RMSE in parameter estimation of 545 W PV module at varrying irradiances.
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Figure 5.6: Barchart for RMSE in parameter estimation of 545 W PV module at varrying tempera-
tures.

The I-V curves by estimated value of parameters using the proposed method and using ex-
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perimental data obtained from the manufacturer’s datasheet of 545 W PV module for irradiances
1000, 600 and 200 W/m? at a temperature of 25°C are shown in Fig. 5.3. Also, the I-V curves
for temperatures 10°C, 40°C and 70°C at irradiance of 1000 W/m? are shown in Fig. 5.4. Tt is
seen from the figures that the error between simulated and the experimental curve is minimal.
Further, two bar charts as shown in Figs. 5.5 and 5.6 presents the RMS error in current w.r.t
experimental value for varying irradiances and temperatures. It is observed from both bar charts
that the RMS error under varying environmental conditions are below 1.5 A which is well within
the limit. The maximum RMS error of approximately 1 A in both Figs. 5.5 and 5.6 is primarily
due to errors in the I-V data provided in the manufacturer’s datasheet of 545 W PV module, as
well as errors during data recording for comparison.

5.5 Summary of the chapter

In this chapter, a novel and streamlined approach was introduced for the parameter estimation of
the DDM of a PV module utilizing datasheet values. Expressions for three dependent parameters,
based on two independent parameters, are formulated. Subsequently, a technique for parameter
estimation is proposed.

Comparative analysis is conducted between the LM and SNLLS methods in terms of RMS
error and computational time, juxtaposed against the proposed methodology. The findings
reveal that the proposed method consistently outperformed in terms of reduced RMS error and
computational time.

Furthermore, the estimated parameters of the DDM for a PV module are rigorously validated
using empirical data sourced from the manufacturer’s datasheet, spanning various environmental
conditions. Examination of the resultant curves and bar-charts underscore that the curves,
derived using the estimated parameters, exhibited a high degree of congruence with the datasheet
curves.

Given its simplicity and precision, this methodology is poised to be a valuable for PV pro-
fessionals.

Note: This work, “Parameter estimation of a DDM PV module,” has been published in 2022 IEEE
2nd International Conference on Sustainable Energy and Future Electric Transportation (SeFeT),
Hyderabad, India, 2022, pp. 1-6, doi: 10.1109/SeFeT55524.2022.99089358.
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6.1 Summary of the present work

This comprehensive thesis comprises meticulous research on photovoltaic (PV) modules, focus-
ing primarily on the development and validation of novel models and methodologies to enhance
PV performance and estimation accuracy. Chapter 2 introduces and validates an explicit I-V
formula for optimal power estimation under varying environmental conditions. The subsequent
chapter delves into a unique model for series-parallel connected PV arrays, emphasizing rapid
and accurate GMPP estimation. In Chapter 4, a novel technique is unveiled to discern the PV-
load system’s operating point, showcasing notable computational efficiency. Finally, Chapter 5
introduces a streamlined approach for the parameter estimation of PV modules, demonstrating
superior precision and congruence with manufacturer data. Chapter 2 of this thesis introduces
an explicit I-V formula for a PV module to determine its maximum power point (MPP) un-
der different environmental conditions. The explicit -V formula is compared with the implicit
one across three distinct modules to validate its accuracy. Simulation outcomes indicate that
the MPP estimation for a DDM PV module using the proposed method is both more precise
and faster than five other established techniques, namely PS, Saloux, GS, NR, and LM under
different environmental conditions. The results of the MPP estimation approach are further cor-
roborated through experiments on a 200W DDM PV module. Moreover, the global maximum
power point (GMPP) of a DDM PV array is deduced from the explicit I-V formula using a
mathematical framework under partial shading conditions. This mathematical representation of
a special case of series parallel partially shaded DDM PV array is fine-tuned to estimate GMPP
using the Genetic Algorithm (GA) optimization method. The findings highlight the accuracy
of the estimated GMPP when compared to both simulated and experimental GMPP values. In
conclusion, the proposed explicit I-V formula, MPP estimation for uniform irradiance case and
the mathematical model for a DDM PV array under partial shading conditions (PSCs) are both
precise and computationally efficient.

In Chapter 3 of this thesis, a novel model is developed for a generallized case of series-parallel

(S-P) connected PV arrays. Utilizing set theory, equations are formulated that describe the
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dynamics of voltages and currents across strings and the entire array. These equations prove to
be beneficial for [-V curve representation and GMPP estimation under PSC. A mathematical
expression, influenced by the properties of the local maximum power point (LMPP), is also
derived to aid the iterative process towards the GMPP.

One notable aspect of this approach is the elimination of non-potential sections from the
P-V curve. This strategy enhances the speed of GMPP estimation, which could be particularly
beneficial for large PV arrays. When compared to established methods such as those by [1],
[50], and the Particle Swarm Optimization (PSO) [54] technique, this method exhibits a more
efficient computational performance and improved accuracy.

Experimental validations, conducted using real-world PV modules, provides further support
for the method’s robustness and accuracy. The findings from this research suggest that the
method might offer a reliable and efficient way to estimate GMPP. It is hoped that this approach
could be a helpful tool for PV professionals, potentially aiding in the pursuit of optimal energy
output from PV arrays.

In Chapter 4 of this thesis, a novel methodology is introduced to determine the operating
point of a PV-load system. The system is dissected into two primary components: the PV
without R, and R, coupled with the load. Subsequent to this, explicit expressions for the series
combination of R, and various loads are derived.

This novel approach is compared with another method. Proposed approach consistently
showcases a significantly diminished computational time in comparison to other method. The
estimations derived from the proposed algorithm are juxtaposed against empirical data from
laboratory experiments, revealing a % error that is consistently below 5%. This methodology
is poised to significantly influence the planning, operation, and maintenance of standalone PV
systems.

In Chapter 5 of this thesis, a novel and streamlined approach is introduced for the param-
eter estimation of the DDM of a PV module utilizing datasheet values. Expressions for three
dependent parameters, based on two independent parameters, are formulated. Subsequently, a

technique for parameter estimation is proposed.
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Comparative analysis is conducted between the LM and SNLLS methods in terms of RMS
error and computational time, juxtaposed against the proposed methodology. The findings
reveal that the proposed method consistently outperformed in terms of reduced RMS error and
computational time.

Furthermore, the estimated parameters of the DDM for a PV module are rigorously validated
using empirical data sourced from the manufacturer’s datasheet, spanning various environmental
conditions. Examination of the resultant curves and bar-charts underscored that the curves,
derived using the estimated parameters, exhibits a high degree of congruence with the datasheet
curves.

Given its simplicity and precision, this methodology is poised to be a valuable for PV pro-

fessionals.

6.2 Future work suggestions

e Investigate various explicit current expressions as functions of voltage considering higher

order polynomial expression of current.

e Enhancement of the computational efficiency of MPP estimation of a PV system under

uniform and PSC by using the modified I'TM.

e Formulate an explicit expression for GMPP specifically designed for the special case of

series parallel partially shaded PV arrays.

e Development of an efficient general algorithm for estimation of GMPP of a series-parallel

partially shaded PV array.

e Development of a control algorithm tailored to optimize the combination of load and bat-

tery connected to PV source under uniform and partial shading conditions.

e Development of a robust and efficient MPPT algorithm of a PV array under PSCs.
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Chapter 7

Publications

7.1 Publications

7.1.1 Journal Papers

e Shashank Kumar, Himanshu Sekhar Sahu and Sisir Kumar Nayak, “Estimation of
MPP of a Double Diode Model PV Module From Explicit -V Characteristic,” in IFEE
Transactions on Industrial Electronics, vol. 66, no. 9, pp. 7032-7042, Sept. 2019, doi:
10.1109/TIE.2018.2877116. [Chapter 2]

e Shashank Kumar, Sisir Kumar Nayak, Himanshu Sekhar Sahu, “A novel GMPP estima-
tion technique for series parallel connected partially shaded PV array,” in Solar Compass,
Volume 7, 2023, 100049, ISSN 2772-9400, DOI: 10.1016/j.solcom.2023.100049, ScienceDirect.
[Chapter 3]

e Shivam Tripathi, Himanshu Sekhar Sahu, Shashank Kumar, Sisir Kumar Nayak and
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