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Résumé
L'ombrage partiel peut réduire considérablement la puissance d’un champ photovoltaique ainsi
gue provoquer |'apparition de pics dans la courbe caractéristique puissance tension (P-V). Ces
probléemes ne dépendent pas seulement de la quantité d'ombrage, mais beaucoup plus de la
forme d'ombrage. Dans ce travail, trois nouveaux arrangements physiques sont appliqués sur un
champ photovoltaique afin d’atténuer I'effet d'ombrage partiel. Les arrangements sont basés sur
la maximisation de la distance entre les modules PV adjacents d’'un champ, tout en disposant les
modules pour étre dans des lignées et des colonnes différentes sans changer les connexions
électriques initiales. Cela permet la redistribution de la forme d'ombrage sur I'ensemble d’un
champ PV d’une fagon uniforme, cela entraine une minimisation de la perte de puissance du aux
diodes de protection, en plus de maximiser la puissance de sortie du champ PV et d'éliminer
I’apparition des multi pics sur la courbe (P-V). Des simulations sont présentées afin d'évaluer les
arrangements physiques proposés. Cette évaluation est faite a travers une comparaison des
performances pour diverses configurations et arrangements sous différents modeéles et scénarios
d'ombrage.
Mots clés : Energie solaire, photovltaique (PV), Effet de L'ombrage partiel, diodes by-pass et
anti retour, Champ PV configuration, Poursuite de point de puissance maximale (MPPT).
Abstract
Partial shading can dramatically decrease PV array power output as wellas complicate operation
by causing multiple peak exhibitions in the power voltage (P-V) characteristic curve. These
problems depend not only on the shading area but also and much more significantly on the
shading pattern. In this work three new physical PV array arrangements to mitigate partial
shading effects, are proposed. These arrangements are based on maximizing the distance
between adjacent PV modules within a PV array, while rearranging modules to be in different
rows and columns without changing the electrical connections. This allows redistribution of the
shading patterns over the entire array. This result in a power dissipation minimization of the
protection diodes in addition to maximizing the power output and eliminating multi peaks.
Simulations are presented to assess the proposed physical PV array arrangements. This
assessment is done through performance comparisons for various PV array configurations and
arrangements under different shading patterns and scenarios. The new physical PV array
arrangements vyields the highest performance in terms of power output and eliminates the
problem of local multi peaks in the P-V array characteristic curve.
Keywords: Solar energy, Photovoltaic (PV), partial shading effects, Bypass and blocking
diodes, PV array configuration, Maximum power point tracking (MPPT).
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GENERAL INTRODUCTION

olar energy is one of the fastest growing renewable energy resources

[2, 3]. Solar power generation is economically and environmentally attractive

for meeting growth in electricity demand and reducing reliance on fossil fuels;
however, several challenges need to be addressed to allow its effective deployment [4].
The power output of photovoltaic (PV) cells arrays, the focus of this work, is optimal
only if an array is fully irradiated. when it is not, the efficiency of the PV array can
decrease dramatically. A decrease, in solar irradiance during operation, is mostly
caused by partial shading [5]. The extent and impact of shading depends on the end
use application, e.g. solar PV power plants, building-integrated photovoltaic, rural
electrification or electric vehicle. Alleviating the effect of partial shading is an
important practical challenge due to its significant impact on the efficiency of PV array
systems [6, 7]. In addition to reducing the PV array power output, partial shading also
causes the power-voltage (P-V) curve to exhibit multiple peaks. As a result, this can
cause conventional Maximum Power Point Tracking (MPPT) techniques to be trapped
at a Local Maximum Power Point (LMPP), which leads to significant power losses.
Sophisticated MPPT algorithms have been devised to address this problem and reach
the Global Maximum Power Point (GMPP) [8, 9]. These algorithms are unfortunately
complex and costly, and in some cases require embedded sensors [10, 11].
PV output power losses depend more on the shading pattern rather than shaded area
[12]. Researchers tried to overcome the power losses caused by the partial shading
effect using electrical configurations based on interleaving the PV modules [13]. Some

works as [14] has shown that partial shading losses can be reduced by modifying the

13



GENERAL INTRODUCTION

electrical configuration of the P-V array, opening a whole area of research. Another
configuration modification approach is the Electrical Array Reconfiguration (EAR),
consists of dynamically changing the electrical connections of PV modules. This
strategy requires a fully reconfigurable array and necessitates sensors and switches
necessary which increases the system complexity and cost [1, 15].

In this work a new electrical connection pattern is proposed by connecting modules
that are far apart but not on the same row and/or column [16, 17]. The shaded PV
modules are thereby distributed over the entire PV array. The proposed PV array
arrangement leads to P-V characteristic curves with only one peak which corresponds
to the GMPP. The proposed arrangement makes it easy to find the GMPP and thus
maximize power output. This proposed arrangement helps reshape the P-V
characteristic to ensure one peak even under severe partial shading conditions. The
protection diode configuration combined with the proposed array arrangement is
investigated and analyzed under a variety of shading patterns. We show that the
proposed approach leads to i) PV curves with one peak leading to easy identification of
GMPP; ii) Maximize PV array power output. iii) Reduces power dissipation by the
protection diodes.

Our work is arranged as follows: In chapter I, an overview of the PV system where a
description of the important parts are given. Chapter II gives an analysis of the partial
shading effect and its impact at different stage of the PV system. Chapter III reports
and analyzes different PV array configurations in order to increase the PV array power
output and the power dissipation under shading condition. it gives detail description of
the different proposed PV array configurations and their efficiency to distribute the
shading pattern. The proposed PV array arrangements with different PV array
configurations and recent PV array arrangement under different shading pattern and
scenarios in chapter IV are discussed and compared. The conclusion of this work and
the contribution of the presented PV array arrangement to minimize partial shading
effect and increase the efficiency of conventional MPPT algorithm to track MPP are

given at the end of this thesis work.
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CHAPTER 1. PHOTOVOLTAIC SYSTEM OVERVIEW

1.1 Introduction

This chapter is dedicated to the main concepts of photovoltaic system. it explains the
current visions of the photovoltaic system in literature. Understanding photovoltaic
system and being able to model each part of it, presents an essential step to start the
photovoltaic system analysis. Many challenges are facing users of photovoltaic systems
under different aspect mainly including cells, modules and arrays modeling,
characteristic curves setting out, MPPT controller ... etc.

The current literature is reviewed for several models, theory and a method comparing
its different contributions. Based on this comparison, potentially interesting PV
models and techniques for each part of PV system are chosen and selected which leads
to a useful tool for the full comprehension of the concepts described in the following
chapters of this thesis. This chapter is devoted to the description of the PV generator

system operation, in different weather conditions.

1.2 PV cell Modeling

The photovoltaic cell model is a nonlinear model and its output depends essentially on
sunlight and temperature.

Different equivalent circuits have been developed in the literature in order to assess
the behavior of the PV cell [18]. In our study, we consider the two-diode model which
provides an even better description of the solar cell [18, 19]. The two-diode model is
depicted in Fig.1.1. Using Kirchhoff’s first law, the output current of the cell is drawn
from Fig.1.1:

A PV module consists of many jointly connected PV cells. The equivalent module

circuit equation for an (Ncell) PV cells in series, leads to the eqt.1.1 [20, 21].

V+IRchell
I=Ipy—141-1go——— (1.1)
! Rchell

16



1.2. PVCELL MODELING

—

R,
NN 0

NI

R
@ d1 d2 P A
\Z

Figure 1.1: Equivalent two-diode circuit model of a PV cell.

Ipp =UpnsTe) +Ki(T - T(STC)))G (1.2)
(STC)
V+IRgN,
Igi=12=1o;exp % (1.3)
A; (T)Ncell

with the variables and parameters represented, in the standard test conditions
(STC) by:
STC : standard test conditions.
IppsTe): photo current at STC [A].
Tstc): PV Cell temperature at STC[K].
T: PV Cell temperature [K].
G(stc): irradiance at STC [W/m?2].
G: solar irradiance in [W/m?2].
K;: temperature short circuit coefficient.
Iy: reverse saturation current[Al].
g: electron charge(1.6021071°C).
k: Boltzmann constant (1.3810723J/K).
A;: diode ideality constants.
R;: series resistance [(2].
R ,: parallel resistance [(2].

N_.;;: number of series cells.

17



CHAPTER 1. PHOTOVOLTAIC SYSTEM OVERVIEW

Iy;: reverse saturation current.

A;: diode ideality factor.

All PV module datasheets bring basic information with reference to the standard test
conditions (STCs). Some of the parameters, required for adjusting PV system models,
such as Rs and Rp, are not specified. So, to use a more accurate model, these
parameters are calculated simultaneously [22]. The model is obtained with the
parameters of the I —V equation given by manufacturer datasheet such as open-circuit
voltage V,.; short-circuit current Isc, maximum output power Pmax, voltage and
current at the maximum power point (Vy,,pp,1mpp) [23]. The relation between Ipv and
Isc replaces the assumption that Ipv is equal to Isc. The two diodes model given in this
work present a good PV characteristic and I —V curve. However, this is done through
Newton-Raphson algorithm in order to compute , from eqt.1.1 , the module output
current [24].

Newton-Raphson algorithm has the advantage of a very quick convergence especially
when the initial values are chosen near to the root, as given in eqt.1.4 . So, after few
iteration steps, a occurrence solution, of Rp in function of Rs as in eqt.1.5 , is computed
until the maximum experimental power value coincides with the (Vi,pp,Impp)
maximum power point,P,qx m = Pmax.e, found in the corresponding module datasheet
[25], the variable p can be chosen to be P>2,2 in order to match between this PV model
and practical I-V curve [21].

Vmp Voc_Vmp
R :( )_( ) (1.4)
Po Isc _Imp Imp
R - Vip + ImpRs (15)
p - .
Vip+ImpR Vop+ImpR Pmax,e
q q

1.3 Modeling the photovoltaic array

Usually PV cells are connected in series to form a PV module and the PV modules are

then connected in series to form a string. Finally, the strings are connected in parallel

18



1.3. MODELING THE PHOTOVOLTAIC ARRAY

to form a PV array; in other words, this is can be done by connecting PV modules in
series and parallel. Hence, the PV array modeling can be compute easily base on the
PV cell model equations [26].

The PV array size is specified according to the required voltage, current and power
produced at the terminals of PV array [27].

Generally, PV arrays have protection diodes, called bypass and blocking diode,
connected in parallel with each individual module and series with PV string

respectively, as shown in Fig .1.2.

A i : T
Blocking Diode I

Module A Egp:?
io

l \'Illa'rag.-

String

Figure 1.2: PV array Structure.
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CHAPTER 1. PHOTOVOLTAIC SYSTEM OVERVIEW

1.4 PV characteristic curves

The photovoltaic effect, described by the above equations, defines a non-linear
dependency between current and voltage. This dependency is expressed by the current
versus voltage and the power versus voltage curves [28, 28].

The characteristics of a photovoltaic cell/module strongly depend on irradiance and
temperature as seen in the eqt.1.2. This becomes very apparent when the PV
characteristic equations for selected values of temperature and irradiance are

evaluated and plotted Fig.1.3 and 1.4 [29].

i(a) (W)

L (e

viv) L

[ ] F &l Ed L] ol i

(a) (b)

Figure 1.3: PV characteristic under various irradiances value S: (a) I-V curve. (b) P-V
curve.

Fig.1.3 shows that the PV output current is greatly influenced by the change in
irradiance, whereas the output voltage stays approximately constant. In contrast, for a
changing temperature one can see that the voltage varies widely while the current

remains almost unchanged as seen in Fig.1.4.

In addition, the PV power output not only depends on temperature and irradiance,
but also very strongly on its operating voltage. The point of maximum power indicated

as MPP (Maximum Power Point) in Fig.1.5 is the desired operating point for a
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Figure 1.4: PV characteristic under various temperatures: PV value T: (a) I-V curve. (b)
P-V curve.

photovoltaic array to obtain maximum efficiency [9]. The corresponding values for

voltage and current are called V,,, and I,,,, respectively.
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Figure 1.5: Maximum power point and the corresponding V,, and I,,, for PV
characteristic.

1.5 Maximal power point tracking (MPPT)

The MPP tracking is necessary to maximize the PV power output whatever the

electrical values (V,,, and I,,;,) and weather conditions. The objective of the
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electrical tracking of MPP is achieved through power conditioning converters as an
interface between the load and PV source as shown in Fig.1.6. The switching
converters are suitably controlled to change the load impedance to the required one to
achieve for the MPPT under the given environmental condition.

There are several algorithms for the control of power converters to track MPP. Some of
the widely used schemes are the Perturb and Observe (P&O) and
incremental-conductance method (INC) [9, 30]. But these are slow tracking techniques
and are not suitable for rapidly changing environmental conditions or particularly
under partial shading effect [8]. A lot of power remains unutilized during tracking
period due to slow speed. This, results in the requirement of fast and accurate method
for tracking MPP [31]. Some advantages and disadvantages of each MPPT technique

will be given in the coming section .

S

= -
Power
converter v, Laosad
Current
SeNsOr + \- J :

MPPT
Control

circuit

Figure 1.6: Structure of MPPT control for PV system.

1.6 MPPT controller and algorithm

Different MPPT controllers algorithms presented in the literature need in most cases
the PV current and voltage values. Direct sensing of the temperature and irradiance is

used for sophisticated MPPT controllers, as their measurement requires expensive
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devices that have to be placed throughout the PV generator, thus making the
measurement quite expensive [9].

Maximum power point controller allows operating the photovoltaic array at MPP. To
do so, the MPPT adjust the pulse width of a power converter such as the DC/DC or
DC/AC converter, as shown in Fig.1.6. The MPPT controller continuously adjusts the
duty cycle to follow the MPP, based on the instantaneous values of the current and
voltage sensed at the PV generator terminals for whatever irradiance and temperature
operating conditions.

The practical implementation of MPPT controllers is mostly realized in digital form.
The computations, required by MPPT algorithms allow the designer to use cheap
microcontrollers, for basic P&O and INC approaches. It uses much more expensive
devices, like digital signal processing (DSP) and/or Field-programmable gate array
(FPGA) systems [32], when the MPPT approach is based on much more involved and
difficult computations, as those required by neural networks, fuzzy logic and advanced
techniques [33-35]. A comparison between MPPT techniques under different
difficulties is given in the literature [30] .

1.6.1 Perturb and Observe algorithm

The perturb and observe (P&O) algorithm is the most popular algorithm; it is
characterized by the injection of a small perturbation into the system, whose effects
are used to drive the operating point (voltage, current) toward the MPP [36] .

The P&O algorithm is based on changing the Voltage at the PV terminals by
perturbing the PV operating points periodically, and after each perturbation, the
algorithm compares the values of the power produced by the PV source before and
after the perturbation. For each perturbation made the PV power increases or
decreases. Hence, if the PV power output has been increased that means that the
operating point has been moved toward the MPP; consequently, the next perturbation
will have the same sign as the previous one. If after a voltage perturbation the PV

power output decreases, this means that the operating point has been moved away
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from the MPP. Therefore, the sign of the next perturbation is reversed. Finally, if the
oscillations of the operating point and sign of the perturbation is altering (+/-) it means

that the MPP (V,,,, Inpp) is reached [37].

1.6.2 Incremental conductance algorithm

In the incremental conductance algorithm, the MPP is tracked by matching the PV
array impedance with the effective impedance of the power converter reflected across
the PV array terminals by increasing or decreasing voltage value perturbation [38, 39].

Mathematically, the algorithm can be explained as below:

VR

> ——— = Increase voltage value perturbation. (1.6)
Al pv I pv .
—— < ——— = Decrease voltage value perturbation . (1.7)
AVpy Vv

As a consequence, the method requires the application of a repeated perturbation of
the voltage value, until the following condition occurs:
ALy, Iy

=-— . (1.8)
AVyy Voo

1.7 Conclusion

This chapter has proposed an overall study of the photovoltaic system. Its objective was
to propose a short understanding of the photovoltaic system in literature. In additions,
only the important techniques and problems in PV system have been pointed in order

to address the challenges in the coming chapters of this work.
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CHAPTER 2. ANALYSIS OF PARTIAL SHADING EFFECT

2.1 Introduction

The main objective of this chapter is to establish a clear relationship between partial
shading effect, shadow pattern, PV array configuration and MPP of the PV system, in
order to maximize PV system output.

Shading analysis is one of the most essential steps in PV system design or analysis. In
photovoltaic, it is important to analyze the partial shading caused by surrounding
obstacles or other such as weather conditions environments [40]. To minimize the
influence of the partial shading effect in PV system different system optimization
techniques have to be operate, since the partial shading effect on PV systems reduces

dramatically their power output.

2.2 The partial shading effect

The partial shading effect is related to the power losses of a solar cell, module, or array
operating under different weather conditions. These include soiling, poorly soldered
cells, non-uniform irradiation, temperature variations, and cell cracking [41].

The partial shading effect regroups all conditions that lead to a change in the
photocurrent of the PV module/array. These conditions reduce current production of
the cell or module [42]. Thus, the modules, operating normally impose their higher
current over any shaded PV module connected in series, forcing these into reverse bias
and dissipating power. In addition, when the shaded PV module’s temperature exceeds
a critical value, allowed of PV cells in the PV module, cracking may occur. This

phenomenon is called Hot Spot [43].

2.3 The Hot-spot heating formation

PV modules under partial shading effect within an unprotected PV array, can result in
dissipating power as seen in the Fig.2.1. In the worst case, the whole output of the

unshaded PV modules can be dissipated in the unprotected shaded PV modules,
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especially when the PV array or string of PV modules is short-circuited due to the
highest current [44].

Dissipation of power in shaded PV modules leads to breakdown in localized regions of
the p-n junction cell . Enormous power dissipation can occur in a small area, leading to
local overheating, also known as Hot Spots, which leads to destructive effects, such as
cracking or melting in the shaded part. Similar effects occur to groups of cells, modules,

or string within the PV array [43].

+ @

Figure 2.1: Unprotected 2x2 PV array with one shaded PV module.

2.4 The impact of the protection diodes to prevent

the hot spot heating

One solution to the problem of hot spots and minimizing the partial shading effect in
the PV system is to add protection diodes such as blocking and bypass diodes to the PV

system. As shown in the Fig.2.2.
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+ @

Figure 2.2: 2x2 PV array protected by bypass and blocking diode with a shaded PV
module in PV string.

2.4.1 The bypass diodes impact

The bypass diode is reverse biased. When a PV module is shaded, it ceases to generate
and acts as a high resistance and tends to be reverse-biased to the other PV modules,
causing the bypass diode across the shaded PV module to conduct, thereby bypassing
the shaded PV module [45].

The Fig.2.2 shows a bypass diodes connected to each PV module or group of PV cells, in
a 2x2 PV array with a shaded PV module. The effect of these diodes is very
considerable, since it allows to increase the PV array power output and protect the
faulty PV module [6].

In practice, since one bypass diode per cell is generally too expensive, bypass diodes
are usually placed across groups of cells. The maximum power dissipation in the
shaded cell is then approximately equal to the generating capability of all cells in the
same string or group. Not all commercial PV modules include bypass diodes. If they do

not, care must be taken to ensure the modules are not short-circuited for long periods
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and that parts of the module are not shaded by surrounding structures or adjacent PV
modules [46]. As an example, the maximum silicon solar cells group size per bypass
diode without causing damage is about 10 to 18 cells per bypass diode. Hence for a
normal 36 cells divide in two equal parts in PV module, one or two bypass diodes are
needed to ensure the module will not be vulnerable to hot spot damage.

The MSX-60 with 36 cells has been chosen as an example for this work. Note the
developed GUI give the possibility to choose the number of bypass diode per cells as

will be described in the coming sections.

2.4.2 The blocking diodes impact

The blocking diode is the one which is connected to a PV string in series as shown in
Fig. 2.2. Blocking diodes are used to protect PV string from reverse current and ensure
that the current flows out of the PV string. This prevents the current of an unshaded
PV string to flow in the shaded PV string or when a battery is discharging through the
PV modules during the night.

Furthermore, even during a uniform irradiance (without shading) small voltage drop is

noticed due to forward biased of the blocking diode when it’s conducting [44].

2.4.3 Impact of bypass and blocking diodes under partial
shading

To recap, all PV modules within a PV array have the same characteristics. However
the PV array power output is limited by the shaded modules that dissipate significant
part of the generated power. The energy dissipated leads to overheating and hence
damage and degradation of the shaded PV modules [47]. One solution is to add bypass
diodes in reverse across each PV module.

The bypass diode is reverse biased when the PV module is generating power under
uniform irradiance. However, under partial shading conditions the PV module tends to

be reverse biased by other PV modules causing bypass conduction [46]. Thus, the
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bypass diodes will short-circuit the shaded PV module allowing the current to flow
through them, thereby reducing the power loss through the shaded PV modules.

In practice, typical power dissipation of the PV array with bypass protection is
illustrated in Fig. 2.3, showing a simulation of a PV string corresponding to the shaded

and unshaded PV modules in Fig. 2.4(a).

I{A)
; Unshaded FY
| module
Power dissipated
in the bypass —
diode Combined
/ Shaded PV | output
"--—-—.j module !
Power dissipated in Generated power
the shaded PV il S fram
module shaded PV module
0 V()

Figure 2.3: Impact of bypass diode on the (I-V) PV characteristic of two PV modules
connected in series.

The combined I-V curves, Fig. 2.3, obtained by summing individual PV modules I-V
curves, include the voltage when conducting current. Fig. 2.3 illustrates the power
dissipated in the bypass diode and the shaded PV module. The dissipation power
drawn in light gray in Fig. 2.3 depends on the severity of the shading, diode current
conduction, and number of shaded cells per bypass diode. Since power dissipation
increases with increasing current, through a bypass diode, it is effective to minimize
this current by minimizing the number of PV module in a string under TCT
configuration. The reduced power dissipation in the shaded PV modules is also
beneficial in reducing the number of cells per bypass diode or the number of PV

modules per string.
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Figure 2.4: Two PV modules (one of which is shaded) connected in (a) series with bypass
diodes protection, (b) parallel with blocking diodes protection.

Hot spot problems may arise in other ways, e.g. when strings or PV modules are wired
in parallel and one of them is shaded. Instead of generating power, such a module
would dissipate the power generated by other unshaded modules [48]. This problem
can be solved by adding blocking diodes on the top of each string in an SP configuration
or on each PV module in TCT configuration Fig.2.5, thus preventing the reverse
current flow through shaded PV modules. Fig.2.6 shows the I-V characteristic curve of
two PV modules connected in parallel one of which is partially shaded as in Fig. 2.4 (b).
The importance of inserting a blocking diode in each PV module, within a PV array
connected in TCT configuration (Fig.2.5(b)) is illustrated in Fig.2.6. For modules in
parallel, as shown in Fig. 2.4, an additional problem, thermal runaway, can occur when
bypass diodes are used. One string of bypass diodes becomes hotter than the rest,
therefore taking up a larger share of the current, hence becoming even hotter and so
on. Diodes should therefore be rated to handle the parallel current of the module

combination. However, in this study blocking diode resistance has been neglected.
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(a) (b)

Figure 2.5: 2x2 PV array with bypass diodes across each PV module, and blocking diodes
(a) in the top of each PV string within PV array connected in SP configuration, (b) across
each PV module within PV array connected in TCT configuration.

2.4.4 PV module Simulation and GUI development using

Matlab/Simulink software

The GUI is used to introduce the PV module where its parameters values are available
from the manufacturer’s datasheet and compute the two parameters R, , R, at STC. In
addition, The GUI takes into account the effects of temperature, irradiation, shading,
and diodes protection (bypass and blocking) [21].

In our case the PV module M SX —60 is taken as an example with the parameters values

given in the Table.2.1.

The developed GUI allows us, also, to select the number of cells per bypass diode as
shown in the Fig.2.7. Furthermore, selection of the bypass diode connection per

number of PV cells can be chosen in the pop-up menu of the GUI whether one bypass
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Figure 2.6: Impact of blocking diode on the (I-V) PV characteristic of two PV modules
connected in parallel.

I 3.8A | K, | -80mV/°C

Voo 1211V | K; 3m%/°C
Inpp | 3.5A | Neous 36
Vipp | 171V | Py 58 W

Table 2.1: Parameters of MSX-60 PV module.

diode is for 36 cells, 18 cells or none.

The I -V and P -V curves for the example simulation case given in the GUI at
temperature 25 ° C, with partial shading effect coefficients (1 K W/m2, 2/3 K W/m2)
applied respectively to the first and second half group of PV cells (18 PV cells in this
case) protected by separated bypass diode .
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Figure 2.7: PV block input parameters window for MSX-60 PV module .

2.5 Characteristics of a partial shadow effect

The characterization of the partial shading effect is made by dividing it into four main
part conditions, namely Short Wide (SW), Short Narrow (SN), Long Wide (LW), and
Long Narrow (LN) as seen in the Fig.2.8(a). The shading conditions are defined based
on the number of shaded columns (width) and shaded modules per column (length)

Fig.2.9 [13].
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Figure 2.8: The four main shading pattern types .
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Figure 2.9: The shading type for 3x3 PV array. ((a) Short and Wide. (b) Narrow and
Long. (c) Wide and Long. (d) Short and Narrow).
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2.6 Impact of shaded PV modules arrangement on

3x3 PV array

The reduced power output is not related just to the partial shading area but much
more to shading pattern [12]. Different shadow pattern, under four main types, is
investigated in order to find the optimal relation between shaded modules locations
and GMPP.

The simulation setup of 3x3 PV array for different shading pattern (Fig.2.9), is taken
as an example to explore all shaded PV module arrangements and GMPP is calculated
for each arrangement case.

The 3x3 PV array simulation setup is based on Matlab/Simulink built with nine
separate PV modules, where each PV module has its own interactive graphic interface
(GUI), as it was described in this chapter.

A PV array with two distinct groups is considered for all shading types. The first group
is maintained at 100% shading (no illumination), while the remaining modules have
full illumination, as it is described in Fig.2.9. Maximum power point (MPP) is
extracted from the array at different shaded PV modules physical location or by

another PV modules arrangement.

2.6.1 Short and Wide

GMPPs are extracted and investigated for all different locations of shaded PV modules
in a 3x3 PV array for short and wide shading patterns as shown in Fig.2.9(a).

The Table.2.2 shows that regardless of the PV array arrangement, the shaded modules
have three GMPPs values (346.7, 308.5 and 233.1 W). The GMPP is maximal when all
shaded modules are in different rows, decreases when shaded modules are in the same

row, and is the lowest for all other locations of shaded modules.
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Nbre | Shaded modules | MPP | Nbre | Shaded modules MPP
01 [11,21,31] 346,74 | 46 [21,22,33] 233,11
02 [11,21,12] 233,13 47 [21,32,13] 346,51
03 [11,21,22] 231,44 48 [21,32,23] 233,15
04 [11,21,32] 346,69 | 49 [21,32,33] 233,07
05 [11,21,13] 233,11 | 50 [21,13,23] 231,40
06 [11,21,23] 231,40 | 51 [21,13,33] 346,45
07 [11,21,33] 346,64 | 52 [21,23,33] 233,15
08 [11,21,33] 346,64 | 53 [21,23,33] 233,15
09 [11,31,12] 233,14 | 54 [31,12,22] 346,69
10 [11,31,12] 233,14 | 55 [31,12,22] 346,69
11 [11,31,22] 346,59 | 56 [31,12,32] 231,43
12 [11,31,32] 231,38 | 57 [31,12,13] 233,14
13 [11,31,13] 233,14 | 58 [31,12,23] 346,563
14 [11,31,23] 346,45 | 59 [31,12,33] 231,43
15 [11,31,33] 231,38 | 60 [31,22,32] 233,16
16 [11,12,22] 233,15 61 [31,22,13] 346,59
17 [11,12,22] 233,15 | 62 [31,22,13] 346,59
18 [11,12,32] 233,16 | 63 [31,22,23] 233,11
19 [11,12,13] 308,46 | 64 [31,22,33] 233,14
20 [11,12,23] 233,08 | 65 [31,32,13] 231,38
21 [11,12,33] 233,14 | 66 [31,32,23] 233,07
22 [11,22,32] 346,64 | 67 [31,32,33] 308,46

2.6.2 Narrow and Long

The simulations for the narrow and long type of shadow scenario on a 3x3 PV array,
are shown in Fig.2.9(b). The corresponding GMPPs are summarized in Table.2.3. The
simulations show two distinct GMPPs for some shaded PV module arrangements: 363.8
W and 316.2 W. The maximal value is obtained when all shaded modules are located in

different rows; otherwise the GMPP is minimal (316.2 W).

2.6.3 Wide and Long

Table.2.4 lists the GMPP data for the Wide and Long pattern shadow type (Fig.2.9(c)).
The GMPP is minimal (41.3 W) when the unshaded PV module is in the first row. For
other arrangements the GMPP is maximal (41.7 W). For small 3x3 PV arrays the

GMPPs remain almost identical for all possible arrangements, but for larger PV array
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Nbre | Shaded modules | MPP | Nbre | Shaded modules | MPP
23 [11,22,13] 233,14 | 68 [31,13,23] 346,64
24 [11,22,23] 231,31 | 69 [31,13,33] 231,38
25 [11,22,33] 346,59 | 70 [31,23,33] 233,11
26 [11,32,13] 233,16 | 71 [12,22,32] 346,74
27 [11,32,23] 346,51 | 72 [12,22,13] 233,15
28 [11,32,33] 231,38 | 173 [12,22,23] 231,44
29 [11,13,23] 233,11 | 74 [12,22,33] 346,69
30 [11,13,33] 233,14 | 75 [12,32,13] 233,16
31 [11,23,33] 346,56 | 76 [12,32,23] 346,61
32 [21,31,12] 346,67 | 77 [12,32,33] 231,43
33 [21,31,22] 233,17 | 78 [12,13,23] 233,13
34 [21,31,32] 233,14 | 79 [12,13,33] 233,14
35 [21,31,13] 346,56 | 80 [12,23,33] 346,67
36 [21,31,23] 233,15 | 81 [22,32,13] 346,64
37 [21,31,33] 233,11 | 82 [22,32,23] 233,17
38 [21,12,22] 231,44 83 [22,32,33] 233,16
39 [21,12,32] 346,61 | 84 [22,13,23] 231,44
40 [21,12,13] 233,08 | 85 [22,13,33] 346,59
41 [21,12,23] 231,40 | 86 [22,23,33] 233,17
42 [21,12,33] 346,56 | 87 [32,13,23] 346,69
43 [21,22,32] 233,17 | 88 [32,13,33] 231,38
44 [21,22,13] 231,31 | 89 [32,23,33] 233,14
45 [21,22,23] 308,46 | 90 [13,23,33] 346,74

Table 2.2: part 01 and 02 : GMPPs at different shaded PV module location for Short
and Wide shadow pattern type

the gap between GMPP values increases.

2.6.4 Short and Narrow

GMPP of shaded PV modules physical arrangements in a 3x3 PV array for Short and
Narrow shadow patterns (Fig.2.9(d)) are listed in Table.2.5. Two distinct GMPPs are
obtained; the smaller at 384.5 W occurs when the shaded PV modules are in the first
row; for all other arrangement GMPP increases to 386.5 W. These results indicate that
different shaded modules location have a small impact in PV array power production for
small PV arrays. Future research will investigate the impact of the shaded PV modules

arrangements for larger arrays.
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Nbre | Shaded modules | MPP | Nbre | Shaded modules | MPP
1 [11,21] 363,88 | 19 [31,13] 363,81
2 [11,31] 363,81 | 20 [31,23] 365,39
3 [11,12] 316,24 | 21 [31,33] 316,24
4 [11,22] 363,79 | 22 [12,22] 363,90
5 [11,32] 363,83 | 23 [12,32] 363,87
6 [11,13] 316,24 | 24 [12,13] 316,24
7 [11,23] 363,46 | 25 [12,23] 363,79
8 [11,33] 363,81 | 26 [12,33] 363,85
9 [21,31] 365,562 | 27 [22,32] 365,54
10 [21,12] 363,79 | 28 [22,13] 363,79
11 [21,22] 316,24 | 29 [22,23] 316,24
12 [21,32] 365,46 | 30 [22,33] 365,48
13 [21,13] 363,68 | 31 [32,13] 363,83
14 [21,23] 316,24 | 32 [32,23] 365,46
15 [21,33] 365,39 | 33 [32,33] 316,24
16 [31,12] 363,85 | 34 [13,23] 363,88
17 [31,22] 365,48 | 35 [13,33] 363,81
18 [31,32] 316,24 | 36 [23,33] 365,52

Table 2.3: GMPPs at different shaded PV module location for Narrow and Long shadow
pattern type.

Nbre | Unshaded modules MPP
1 [11] 41,2569
2 [21] 41,6996
3 [31] 41,718
4 [12] 41,2944
5 [22] 41,7214
6 [32] 41,7285
7 [13] 41,2569
8 [23] 41,6996
9 [33] 41,718

Table 2.4: GMPPs at different shaded PV module location for Wide and Long shadow
pattern type.
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Nbre | shaded modules MPP
1 [11] 384,4735
2 [21] 386,5805
3 [31] 386,6279
4 [12] 384,5215
5 [22] 386,6374
6 [32] 386,6557
7 [13] 384,4735
8 [23] 386,5805
9 [33] 386,6279

Table 2.5: GMPPs at different shaded PV module location for Short and Narrow shadow
pattern type.

2.7 Conclusion

An overview of photovoltaic systems problem under no uniform irradiance was
conducted to understand partial shading effect point of view from the PV cell to PV
array. Characterizing the partial shading effect and dividing it into four main types is
one of the result of this chapter. These results allow us to analyze the impact of the
partial shading effect in the PV array efficiently.

Furthermore in this chapter, an overall of the hot spot phenomenal has been analyzed
at different level of the PV system, pointing the important of the protection diodes in
order to minimize the partial shading effect and avoiding the PV cells and modules
damage.

A simulation at the end of this chapter proves that the shaded PV modules locations,
within the PV array, have a direct impact in the PV power output production. In
addition, the shaded PV module location and arrangements within PV array are
related to the severity of the partial shading effect power loss. Thus, it is crucial to
study and analyze the PV modules arrangement and configuration as an important
way to minimize the partial shading effect. This necessary study and analysis is

proposed in the next chapter.
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CHAPTER 3. IMPACT OF PV CONNECTIONS, CONFIGURATIONS AND
ARRANGEMENTS TO MINIMIZE THE PARTIAL SHADING EFFECT

3.1 Introduction

A PV array consists of individual PV modules electrically connected together to
increase their power output. However, these connections can be changed within a PV
array and so each new connection structure correspond to a new configuration .

The following chapter will study different type of PV array connections, configurations,
and arrangements. We examine some of the important issues which arise as a result of
partial shading effect especially power output reducing. Furthermore, it points the
importance and difference between configurations in order to minimize the partial
shading effect. As a result, a relationship between PV array configurations and the

power output of PV system under partial shading is concluded during this chapter.

3.2 PV modules connections

PV arrays are built by connecting the PV module together in either parallel or series
combinations to make larger arrays. This technique is the effective and simplest way
to increase the PV array output by increasing both the voltage and current output.
However, the types of the connection between PV modules determine the efficiency of
the PV array configuration especially under particular requirements. The principles of

how to connect multiple PV modules is discussed initially as follow:

3.2.1 PV modules in series connection

The connection in series is when the voltage of a PV array output is increased by
connection the PV modules to another PV module accordingly to the Fig.3.1. In
contrast, the current of the whole string is determined by the PV module that delivers
the smallest current. Hence, the total current in a string within PV array is equal to
the smallest current generated by one single PV module.

The I-V curve with blue color of the PV modules connected in series is shown in the

Fig.3.2.
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Figure 3.1:

PV modules connected in series.

T

< |?¥s parallel
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' 1 v, 2V, \
: . .
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Figure 3.2: I-V characteristic curves of PV modules connected in series and parallel.
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3.2.2 PV modules in parallel connection

The parallel connection between PV modules increases the current output of a PV array
while the voltage is kept the same. Parallel connection is when the positives terminals
of multiple modules are connected together and so, for all the negatives as illustrated
in Fig.3.3. In the PV modules with parallel connections, the voltage is the same over
all PV modules, while the currents of the PV modules add up, as illustrated in the I-V
curve with red color as shown in the Fig.3.2. However, the high output current with low
voltage in parallel connection will have to be properly conditioned to the required level

by using suitable DC-DC converter.

—
—q|
L ]

=

Figure 3.3: PV modules connected in parallel.

3.2.3 Series/ Parallel Combination between series and parallel

connections

Different connection between PV modules within PV array can be made by combining
the series and parallel connection, the simplest and the most known structure.
However, in general the type of the connection is related to the applications. Beside,
several groups of parallel-connected PV modules can be connected in series but for the

PV cells within PV modules the things are complicated; this type of connection can
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increase the current which needs cables with big sections, which this lead to increase

the resistivity losses in the cables that connect the PV cells together.

3.3 Performance of Parallel and Series connection

under partial shading condition

Series connection of PV modules within the PV array is essential to practically
increase the PV array voltage output. A number of such strings are connected in
parallel to get the requisite current PV array output. Besides, when PV modules,
under partial shading condition are connected in series, the voltages still add, but the
current is limited by the lowest current output of the shaded PV modules in series.

Theory and practice confirm that the effect of partial shading on a PV modules
connected in parallel is less compared to series PV modules, although there is a
decrease in the output current of the parallel PV modules [49]. Several studies had
compared series and parallel connection of PV modules within PV array under
different shaded conditions [50, 51]. It has shown that the parallel connection under
partial shading condition is dominating series connection. So, the parallel connection is
the best possible connection. The problem reside in high current and low voltage at the
PV array output in parallel connection; thus, the system requires optimal use of PV

modules interconnection and configuration.

3.4 Interconnection

Throughout all interconnection possibilities between PV modules in the PV array, the
series, parallel, even other complicated connections can be manipulated easily, hence
the importance of matrix connection conception.

Fig.3.4 shows the concept of connection matrix for a 3x3 PV array; the connection in
the 3x3 PV array refer practically to an ON/OFF switch in order to swap from any

configuration to another at any time.

45



CHAPTER 3. IMPACT OF PV CONNECTIONS, CONFIGURATIONS AND
ARRANGEMENTS TO MINIMIZE THE PARTIAL SHADING EFFECT

o 0/0 0/0 0|1 0/0 1|1 1(0 O|1 1|1 1|0
1

1/1 0|1 1
0 0(1 0/0 1/{0 0|0 O|O0O Of1 1|0 1|1 O 11 1|1 1

Table 3.1: Connection matrices values for 3x3 PV array to swap from to any PV array
configurations.

The Table.3.1 present the connection matrix composed by ones and zeros which
represents (ON/OFF) connections for 3x3 PV array respectively. The connections in
the PV array can be realized by switch to swap from ON/OFF as shown in the Fig .3.4.
In general, by combining different ON/OFF switching matrices, different PV array
configuration may be obtained. These connections possibilities between PV modules
within the PV array, given in the Table .3.1. These configurations will be discussed in

more detail in the coming sections.

+ 4

Figure 3.4: Visual concept of a connection matrix over a 3x3 PV array.
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3.5 Study of different configuration and
arrangements under partial shading effect

The partial Shading effect influences directly the PV module/array performance and
output power. Since it is usually not possible to avoid partial shading due to clouds,
dirt, ete. [562]. It is then, important to investigate the most favorable relationship
between shading pattern type, interconnection, configuration and PV module
arrangement in order to increase PV array power yield and eliminate multiple peaks
in the P-V characteristic [50]. Use of an optimal interconnection, conventional
configuration, Electrical Array Reconfiguration and PV array physical arrangement
are analyzed and investigated in order to determined which one is particularly
suitable for minimizing the partial shading effects on the PV array [1]. Furthermore,
power losses as well as PV degradation can also be reduced by adding bypass and
blocking diode [53].

In the following sections, the different configuration approaches proposed in the

literature will be discussed.

3.5.1 Conventional PV configurations

The PV arrays consist usually of PV modules connection in serie-parrallel (SP) to fit
power converter specifications. However, there is three more main configurations :
bridge-link (BL), honey comb (HC) and total cross tied (TCT) [1] as seen in Fig.3.5.

In Total cross-tied (TCT) configurations as seen Fig.3.5 (d), PV modules are first
parallel connected together so that voltages are equal and currents are added. Many of
these parallel PV modules groups are then connected in series. Whereas under the
partial shading conditions SP and TCT modules connection provide the same power
value, the TCT topology reduces the overall partial shading effect [26]. Several works
show that TCT configuration minimizes the partial shading effect losses and has the
highest performance under the most cases of partial shading conditions compared to

other PV configurations [54], .
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The SP configuration has the lowest performance under partial shading conditions
while BL and HC configuration have medium performances. Theirs connections for a
3x3 PV array are given in Fig.3.5 [26, 55]. Thus, the PV array power output is related
to the performance of these configurations. Even though the Bridge-link (BL)
configuration, in Fig. 3.5 (b), is about half of the interconnections of the TCT
configuration are avoided, so reducing cable losses and wiring installation. But, in
larger installations, the TCT arrangement can be easier to wire because of the
simplicity of the pattern. Advantages shown by both TCT and BL configurations have
been combined in the Honey Comb (HC) configuration Fig.3.5 (c). Besides of this, many
convenient interconnection configurations have been developed.so far the most
exploited solutions are TCT and SP configurations [55]. Many works prove that TCT
configuration has the highest performance in term of PV array power output,
especially under partial shading effect [26].

It is Important to note that the PV model of the PV cell/module can be used to
represent the I -V and P —V characteristic of a practical PV array. In order to avoid
using complicated mathematics equations for each configuration interconnection

between each PV module, blocking and bypass diodes protection are used.

3.5.2 The Electrical Array Reconfiguration (EAR)

The approach of EAR is to change the electrical connection of PV module within a PV
array according to shading pattern in order to minimize PV array power loss. The EAR
controller needs mainly switching matrix and sensors to do this adaptation [15, 56] as
resumed by the flow chart in the Fig.3.6.

The reconfiguration basic principle strategy of relocating and connecting PV
modules, the description is in Fig.3.7(a). This is done, in such a way that the sum of
irradiances at each row are equal as seen in the Fig.3.7(b) for a 3x3 PV array [56].
Furthermore, there are many possible configurations with different developed control
algorithm that determine how and when to adaptively turn the switches to ON or OFF.

The researchers have developed several approaches for adaptive reconfiguration of
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Figure 3.5: PV array configurations (a) SP, (b) BL, (c) HC and (d) TCT.

EN e

Figure 3.6: Flow chart of the AER configuration controller [1].

PV arrays [50, 57]. They proposed methods that require different switches and sensors
which can be either simple or complicated implementation in the real time control
algorithm. This becomes an adaptive algorithms to reconfigure connections within PV
arrays in real time, especially under partial shading conditions, in order to maximize
PV array power output and minimize the partial shading effect.

Another approach of EAR proposes to connect a matrix switches between a TCT fixed
PV array and a solar adaptive bank as seen in Fig.3.8 [58]. Thus a new approach of a
control algorithm reconfiguration to produce an optimal power, is needed. In addition
the implementation of such algorithm in real-time is needed as well. This new

approach makes EAR more complicated and expensive.
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Figure 3.7: Principle of the reconfiguration strategy. (a) Initial configuration. (b) Final
configuration.

3.5.3 PV array physical arrangement based on a TCT

configuration

The physical PV array arrangement is based on the TCT configuration. However, the
initial physical PV array arrangement is changed with the same electrical connections
[568]. In order to disperse as much as possible the shading pattern uniformly over the
entire PV array. Su Do Ku arrangement has been proposed in the paper [59]. This
arrangement, which is shown in in Fig.3.9, is taken as an example in our work.

The principle of a Su Do Ku arrangement is to alter the row of each PV module
position in a 9X9 PV array in order to improve the PV array power output under
partial shading conditions. The column number remains the same as in the TCT
configuration. The PV modules remain in the same column as in the TCT configuration.
However, theirs positions within the PV array column are changed in such a way that

only the row of the PV modules physical positions are changed. The electrical
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Figure 3.8: Practical circuit of the new approach of AER with adaptive bank.

connections of the PV modules remain unchanged as in a normal TCT configuration;
beside of this only the physical positions within PV array column of the PV modules
are changed. The PV module in the 3rd row and 2nd column is physically relocated to
the 4th row with the same initial column (2nd); besides, as the electrical connection is
still unchanged, it means that the PV module remains electrically connected to the PV
modules in the (2rd row , 2nd column) and the (4rd row , 2nd column) respectively.

The PV module physical relocation within PV array given by Su Do Ku arrangement
insures the distribution of the shaded PV modules over the entire PV array. This PV

modules distribution aims to reduce correlation between shaded modules in order to
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minimize the partial shading effect.

It is important to note that Su Do Ku or whatever other arrangement, with the same
principle is considered as a fixed arrangement and not as the EAR dynamical changing.
This means that the arrangement of the PV array remains the same once it is

configured and relocated for all shading patterns (static) at any time.
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(a) (b)

Figure 3.9: 9x9 PV array under partial shading condition with different irradiance level.
(a) The initial arrangement. (b) Su Do Ku arrangement.

3.6 Comparisons and summary of PV array

configurations and arrangements

The conventional configurations are the cheapest techniques that can overcome the
partial shading effect compare to the EAR configuration as shown in the Table.3.2,
based on the previous explications. However, these conventional configurations cannot
eliminate the local peaks exhibitions on the P-V characteristic. As a consequence, the
tracking by the conventional MPPT of the PV array power maximum output can be

trapped easily on one of these local peaks LMPPs.
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Cost Complexity | eliminate LMPPs | Power losses
Conventional Cheap Low No Vary
Configurations
Electrical Array | Expensive | Very high Yes Low
Reconfiguration
PV array physical Cheap Low Yes Low
Arrangements

Table 3.2: PV array configurations comparison summary.

On the other hand, the EAR use a controllable switching matrix and sensors that
make it complicated and expensive compared to PV array arrangement and
conventional configurations.

The PV array physical arrangements are cheap techniques since they don’t need a
sensors and controller. However, these arrangements techniques give better
performance to minimize shading effect power loss and eliminate the LMPPs
exhibition on the P-V curve characteristics. Thus, the importance to develop PV array
arrangement that can not only overcome the partial shading effect efficiency but also
the cost stays low.

The reduced power output and the LMPPs exhibition are not related just to the partial
shading effect but much more to shading pattern [60]. The PV array arrangement and
Electrical Array Reconfiguration (EAR) has a real impact to eliminate these LMPPs
under different partial shading types and patterns. Many arrangements have been
proposed such as Su do Ku and others shows the efficiency of such a technique to
improve the PV array yield and eliminate the exhibition of LMPPs on the P-V
characteristic [51, 61] as seen in the Fig.3.10.

3.7 Conclusion

A discussion on the research contribution for different connections, configurations and
arrangement, has been discussed. A Weakness and strength, in term of efficiency,

complication and cost, for each one of these PV configurations are deeply investigated.
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Figure 3.10: P-V characteristic of PV array with and without arrangement.

This state of art, given in this work, points the importance of the PV array
arrangements compared to other configurations. The PV array arrangements can avoid
the local maximum power points and maximizes the PV array power output even
under partial shading conditions efficiently and with the lowest cost.

It is important to develop a new PV arrangement in order to improve the existent
techniques under severe partial shading condition; this is the main objective of the

next chapter.
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CHAPTER 4. NEW SHIFTED PV ARRAY ARRANGEMENTS WITH COMPARISON

4.1 Introduction

The previous chapters prove that partial shading effect losses are dependent on the
shading pattern and the relative positions of shaded modules within the PV array. In
an earlier proposed PV array arrangements, the power generation is enhanced by
changing the physical position of the PV modules base on TCT configuration, for our
work Su Do Ku arrangement is taken as an example in order to point the efficiency of
our proposed arrangements via the existing works.

The improvement in the yield energy in the proposed PV array arrangement is
presented under different partial shading conditions with details further in this
chapter. The results of GMPP are compared with existing and recent arrangement PV

array configurations.

4.2 New physical PV array arrangement

The aim of the new proposed physical PV array arrangement connected in TCT is to
enhance the GMPP by mitigating the shading effect and minimizing the variation
between P-V characteristic curve peaks. To do this, we changed the initial physical
location of the PV modules within PV array as shown in Fig.4.1(a),(d) to the a new PV
array arrangement as given in Figs.4.1(b),(e) in order to improve the initial TCT
configuration arrangement, the Figs.4.1(b),(e) show how the changes are implemented
in each of the columns of the modified TCT (M-TCT) PV array arrangement. At the
same time, we kept the initial electrical connections between PV modules unchanged.
Therefore, the previously presented equations are still applicable for all the following
computing.

The position shifting efficiency of the PV modules within PV array are studied
through an example of 2x2 and 3x3 PV array as shown Fig.4.2. The impact of a cloud
shadow across a 2x2 and a 3x3 PV array with two PV array configurations under the

same cloud shading pattern: M-TCT and M-TCT with shifting, are illustrated in the
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Figure 4.1: 2x2 PV array: (a) TCT. (b) Modified TCT arrangement. (c) Modified TCT with
shifting . 3x3 PV array: (d) TCT. (e) Modified TCT arrangement. (f) Modified TCT with
shifting.

Fig.4.2. To improve the PV array power output, the shifting procedure is applied. The
GMPPs’ of the 2x2 and a 3x3 PV array power output values for these configurations
are given in the Table.4.1. In addition, the SP and TCT configuration power output are
also taken into account in this table in order to compare all their performances. In
other words, Table.4.1 compares the power output performances of these

configurations with the SP and TCT ones.

Introducing the shifting to the modified TCT (M-TCT) allows to decrease the
correlation between shaded PV modules and shadow patterns. The idea is to create an
empty array (4X4/9X9) divided in equal sub-arrays (2X2/3X3) and distribute its PV
modules in such way that it will not be at the same row and column as shown in

Fig.4.1.(c),(D.

57



CHAPTER 4. NEW SHIFTED PV ARRAY ARRANGEMENTS WITH COMPARISON

‘1.i 3 | 4-'

4
. . .
2.I.| Ze '

==

22

12

(a)

11] 32| 23 .
o, B3 7
31| A = g 3
2
1
3
i
0

(b)

Figure 4.2: M-TCT arrangement with and without shifting: (a) 2x2 PV array; (b) 3x3 PV
array.
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GMPP with comparison to unshaded PV Array
2x2 PV array 3x3 PV array
GMPP(W) | % GMPP | GMPP(W) | % GMPP
SP 0 0 % 174.60 33.33 %
TCT 0 0 % 185.33 35.38 %
M-TCT 0 0% 215.74 41.19 %
M-TCT 124.36 54.35% 523.80 100 %
with Shifting

Table 4.1: GMPP of different proposed configurations under shading for 2x2 and 3x3 PV
array.

Since all PV modules of the 2x2 array are shaded as shown in Fig.4.2(a), the array does
not produce any power with the SP, TCT and M-TCT configurations. However, the
application of the shifting to the M-TCT increase the power output by 54%.

Table.4.1 shows also that for a shaded 3x3 PV array Fig.4.2(b), GMPP with these
configurations attain only around 35% with STC, while by applying the shifting
procedure to the TCT modified configuration, the GMPP of a 2x2 PV array increases
from zero to about 54%, and 100% of GMPP is achieved for the 3x3 PV array, see the
Table.4.1.

The major contribution of this proposed arrangement with shifting is to increase
the space gap between adjacent PV modules as much as possible in different columns
and rows in order to minimize the impact of the partial shading effect.

The weakness, of the M-TCT arrangement with shifting, is the wasted space shown in
Fig.4.1. (c), (f). To resolve this problem, we fill up the extra space with PV modules
from separate PV sub-arrays (from A to I) as shown in Fig.4.3. (b); we arrange this
nine PV sub-arrays by changing their column, row, and even their position, in such a
way that we put just one PV module of each PV sub-array on the selected 3x3 PV
sub-array which is in the 9x9 PV array Fig.4.3. (a). As an example, the black
highlighted PV modules of Sub array [A] are distributed all around the 9X9 array
Fig.4.3. (a) which is the same thing for all other PV sub array.

We call this new proposed arrangement shift modified TCT (S-M-TCT), Fig.4.3.(a). Its
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electrical connection is shown in Fig.4.3.(b). The purpose of S-M-TCT is to mitigate
partial shading effects on the PV array by minimizing the correlation between shading
patterns and the mismatch losses in the PV array. Besides, the blocking diode
insertion for each PV module in the S-M-TCT arrangement has a real impact to
increase its efficacy compared to other arrangements and configurations that do not
use them or use just one at the top of the PV string. In addition, we need to make sure
that the blocking diode has a very small resistance to minimize its consumption
especially at uniform irradiance.

Fig.4.3.(c) shows the new proposed arrangement by connecting the sub-array of
M-S-TCT arrangement in a parallel connection (parallel M-S-TCT). In this way, we can

mitigate the shading effect and reduce the bypass diodes power dissipation.

4.3 The proposed PV arrangement: results and
discussion

The efficiency of the proposed PV array arrangement is analyzed and compared with
other configurations under different shading patterns. Their performances are shown
thru the GMPP and how it minimizes the numbers of peaks on P-V characteristics
curves.

Matlab/Simulink simulation tool is wused to evaluate the PV arrangement
performances.A PV array with two distinct groups is considered. The first group is
completely shaded (no illumination); while the remaining modules have full
illumination 1000 W/m2, as it is observed for a distinct shading type shown below .
The GMPP P-V curves characteristics of the following PV array configurations:
Parallel S-M-TCT, S-MTCT+BLK (S-M-TCT with the blocking diodes connected to each
PV modules), S-M-TCT, Su Do Ku, TCT and SP under different shading pattern are
shown respectively in Table.4.2 and Figs.4.4-4.13. For simplicity, we plot all the PV
characteristics curves on the same graph and display their GMPP values in a separate

table for each shadow pattern and scenario. The results are discussed as bellow:
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Figure 4.3: a). Physical location of S-M-TCT arrangement . b). Electrical connection of
S-M-TCT arrangement .c). Electrical connection of parallel S-M-TCT arrangement.
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4.3.1 Short and Narrow

The Short and Narrow shading pattern and physical S-M-TCT arrangement is depicted

in Fig.4.4(a); the electrical connection to disperse the shading pattern for S-M-TCT and

Parallel S-M-TCT are shown respectively in Fig.4.4.(b), Fig.4.4.(c).
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Figure 4.4: Short and Narrow shading pattern: (a) S-M-TCT physical arrangement; (b)
S-M-TCT electrical connection; (c) / S-M-TCT electrical connection.

All S-M-TCT have an important impact to enhance the P-V curve showing just one

peak MPP as shown in the Fig.4.5 .

Since S-M-TCT changes the PV modules

arrangement within PV array in such way that the generated current is the same for

different columns and even the same for rows in the case of TCT configuration. The

S-M-TCT with blocking diode and the parallel S-M-TCT have the highest GMPP with
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just one peak on the P-V characteristic curve. On the other hand, the Su Do Ku
arrangement has one MPP peak but the power generation is lower than the other
S-M-TCT arrangement. Besides, TCT, SP configurations give the lowest GMPP with

multiple peaks in the P-V characteristic curve.
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Figure 4.5: The P-V characteristics of different PV configuration of Short and Narrow
shading pattern.

4.3.2 Narrow and Long

In this shading pattern case Fig.4.6 (a), Table.4.2 shows that GMPP power output
generation of both //S-M-TCT and S-M-TCT+BLK proposed arrangement Fig.4.6(b),(c)
has a major improvement over the SP, TCT and slightly over Su Do Ku and S-M-TCT.
These P-V curves show that the S-M-TCT has a better performance to minimize
shading pattern effect with a higher GMPP compared to Su Do Ku arrangement. We
notice that there is just one MPP peak on the P-V characteristic curve for all proposed

S-M-TCT and Su Do Ku arrangement, Fig.4.7. Beside of that, a small peak at the
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begging of the P-V curve, shown in Fig.4.7 for the S-P and TCT configuration are noted,;
therefore the classic MPPT can be trapped easily at one of the LMPPs by using such

configurations.
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Figure 4.6: Narrow and Long shading pattern: (a) S-M-TCT physical arrangement; (b)
S-M-TCT electrical connection; (¢) / S-M-TCT electrical connection.

4.3.3 Short and Wide

The PV array power output, of the proposed physical PV array arrangement,
Fig.4.8(b),(c) were also superior compared to other PV configuration without showing
LMPP for this shading pattern, Fig.4.8(a), as shown in the Fig.4.9. The GMPP
efficiencies of /S-M-TCT or S-M-TCT+BLK arrangements compared to SP, TCT, Su Do
Ku, S-M-TCT are respectively as follows 19.73%, 19.73%,5% and 4.22%. These

percentages calculation are based in Table.4.2.
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V(v)

Figure 4.7: The P-V characteristics of different PV configuration of Narrow and Long
shading pattern.

4.3.4 Wide and Long

In the case of a wide and long shading pattern as seen in the Fig.4.10(a) the shadow is
distributed uniformly over the entire PV array by the proposed arrangement as shown
in Fig.4.10(b),(c). The S-M-TCT and Su Do Ku arrangement still have the highest
GMPP compared to other configurations Fig.4.11. In addition, the P-V curve in the
Fig.4.11 shows the nonexistence of LMPP for all presented configurations for this
shading pattern.
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Figure 4.8: Short and Wide shading pattern: (a) S-M-TCT physical arrangement; (b)
S-M-TCT electrical connection; (¢) / S-M-TCT electrical connection.
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Figure 4.9: The P-V characteristics of different PV configuration of Short and Wide
shading pattern.
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Figure 4.10: Wide and Long shading pattern: (a) S-M-TCT physical arrangement; (b)
S-M-TCT electrical connection; (¢) / S-M-TCT electrical connection.
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Figure 4.11: The P-V characteristics of different PV configuration of Wide and Long
shading pattern.
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4.3.5 Partial shading pattern scenarios with different

irradiation levels

The shading pattern with different irradiance levels can not only reduce the PV array
output but exhibit multi LMPPs on the P-V characteristic curve, which is its major
impact. As a consequence of this issue the conventional MPPT controller will be
trapped on one of these LMPP peaks. However, all proposed S-M-TCT arrangement
can overcome this problem, under given scenarios as seen in Fig.4.12(a),(e),(i) and (m)
giving just one MPP peak on the P-V curve as shown in Fig.4.12(d),(h),(1) and (p). This
is due mainly to the uniform distribution of the shading pattern whereas in Su Do Ku,
TCT and SP configurations it is not satisfied . The exact GMPPs values, for all
presented PV array configurations, are given in the Table.4.2, which shows that
S-M-TCT arrangement still has the highest power output.

4.3.6 Partial shading pattern scenarios among the PV Sub
Arrays

The three chosen shading scenarios, seen in the Fig.4.13, help us to see the impact of
the dynamic shading pattern effect minimization thru the three proposed PV array
arrangements. The shading PV modules positions in the scenario 05 are all along the
diagonal (Fig.4.13(a)) and across two sub arrays in the scenario 06 (Fig.4.13(e)).
Whereas in scenario 07, the shading pattern at the center of PV array is across the
three sub arrays (Fig.4.13(i)). The S-M-TCT arrangement distributes the Shading
pattern equally in each row and column of the PV array for all these scenarios as
shown in Fig.4.13(b),(f) and (j). Furthermore, Su Do Ku arrangements cannot achieve
the same equal distribution of shading patterns as shown in the Fig.4.13(b),(f) and (j).
In addition, the numbers of shaded PV modules for each row are not equal.
Consequently, the LMPPs exhibition on the P-V characteristic curve with big GMPP
decreases.

The proposed S-M-TCT arrangements get the highest GMPP compared to other PV
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Figure 4.12: Shading pattern scenarios from 1 to 4 with different irradiation levels: S-M-
TCT physical arrangement, shading dispersion using S-M-TCT arrangement, shading
dispersion using Su Do Ku arrangement, P-V characteristics curves for SP, TCT, Su Do
Ku, S-M-TCT, S-M-TCT+BLK, // S-M-TCT.

array configurations as shown in the Table.4.2. Furthermore, these arrangements

eliminate the LMPPs compared to SP, TCT and Su Do Ku Fig.4.13(d),(h) and (1).

4.4 Proposed PV array arrangements: comparison

and discussion

The GMPPs power outputs have been boosted for all the four-shadow types, under the
given shadow pattern described in the previous sections by the proposed arrangements

as shown in Fig. 4.14. The gains are higher compared to other configurations and
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Shadow Types MPP SP TCT Sudoku S-M-TCT | S-M-TCT+BLK | // S-M-TCT
Short & Narrow (W) | 2.9813e+03 | 3.3524e+03 | 3.9740e+03 | 3.9746e+03 4.0770e+03 4.0810e+03
(%) 66.67 % 74.97 % 88.84 % 88.88 % 91.14 % 91.20 %
Narrow & Long (W) | 2.9813e+03 | 3.1498e+03 | 3.4409e+03 | 3.4780e+03 3.5487e+03 3.5519e+03
(%) 66.67 % 70.44 % 76.51 % 77.77 % 79.35 % 79.40 %
Short & Wide (W) | 2.5138e+03 | 2.5138e+03 | 2.9755e+03 | 2.9996e+03 3.1315e+03 3.1319e+03
(%) 56.20 % 56.20 % 66.54 % 67.08 % 70.00 % 70.01%
Wide & Long (W) 220.9368 321.1002 471.8962 496.8783 538.3461 538.9947
(%) 4.94 % 7.18 % 10.55 % 11.10 % 12.03 % 12.05%
Shading Scenario 01 (W) | 2.0404e+03 | 2.2071e+03 | 3.2232e+03 | 3.3820e+03 3.5035e+03 3.5054e+03
(%) 45.61 % 49.34 % 72.05% 75.61% 78.31 % 78.34 %
Shading Scenario 02 (W) | 2.0626e+03 | 2.0754e+03 | 2.8428e+03 | 2.8739e+03 3.0528e+03 3.0532e+03
(%) 46.11% 46.39% 63.55 % 64.25 % 68.25 % 68.27 %
Shading Scenario 03 (W) | 3.3379e+03 | 3.5501e+03 | 3.8239e+03 | 3.8628e+03 4.0048e+03 4.0050e+03
(%) 74.62 % 79.36 % 85.49 % 86.36 % 89.53% 89.54%
Shading Scenario 04 (W) | 3.1905e+03 | 3.4237e+03 | 3.7148e+03 | 3.8136e+03 3.9481e+03 3.9489e+03
(%) 71.32 % 76.54 % 83.05% 85.25% 88.26 % 88.28
Shading Scenario 05 (W) | 3.8169e+03 | 3.9740e+03 | 3.7581e+03 | 3.9746e+03 4.0256e+03 4.0265e+03
(%) 85.35 % 88.87 % 84.04 % 88.88 % 90.00 % 90.02 %
Shading Scenario 06 (W) | 2.9813e+03 | 3.3524e+03 | 3.7581e+03 | 3.9746e+03 4.0761e+03 4.0772e+03
(%) 66.67 % 74.97 % 83.97% 88.88 % 91.12 % 91.15 %
Shading Scenario 07 (W) | 2.6246e+03 | 2.5842e+03 | 3.2756e+03 | 3.4780e+03 3.5487e+03 3.5490e+03
(%) 58.69 % 57.79 % 73.25 % 77.77 % 79.35 % 79.36 %

Table 4.2: GMPP of different proposed configurations and arrangement under different shading pattern and scenarios .
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Figure 4.13: Shading pattern scenarios 5 to 7: S-M-TCT physical arrangement;
shading dispersion using S-M-TCT arrangement; shading dispersion using Su do
ku arrangement; P-V characteristics curves for SP, TCT, Su Do Ku, S-M-TCT, S-M-
TCT+BLK, // S-M-TCT.

arrangements. In addition, the other shading scenarios GMPPs’ are either
summarized in the Fig. 4.14. These results prove that the proposed PV array
arrangements still allow to get the highest power output whatever the shading pattern
shape or the different irradiance levels.

Simulations show that the new PV array arrangements (S-M-TCT, //S-M-TCT and
S-M-TCT+BLK) are effective in reducing the impact of the partial shading. A
particularly significant result, obtained from the systematic assessment is that the
proposed technique outperforms previous techniques under all scenarios since the
multi-peaks problem is eliminated by the proposed PV array arrangements. So
effectively, the tracking of the GMPP, with simple algorithms is possible with no need
for complicated and costly MPPT controller based on complex algorithms.

Regarding PV array power output, we observe that / S-M-TCT and S-M-TCT+BLK
have achieved almost the same GMPP (with a small difference of 1 %, due to the
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blocking diodes power dissipation). Both techniques outperform S-M-TCT PV array
arrangement in terms of power output.

The // S-M-TCT modifies the initial S-M-TCT PV array size, since all S-M-TCT sub
arrays are connected in parallel. The new PV array column number increases and the
number of rows decreases. This reduces the voltage and raises the current.
Furthermore, if the PV system, with / S-M-TCT PV array arrangement, is required to
feed a load, (e.g. battery or grid connected appliance) with specific value requirements
for power, then voltage and current, should be matched to the load. The cost of the
power converter to adapt the load to the PV array output should be taken in
consideration. Such a power converter is not considered in either S-M-TCT or
S-M-TCT+BLK PV array arrangements. The S-M-TCT+BLK PV array arrangement is
based on the same S-M-TCT PV array arrangement; the only difference are the
blocking diodes in the top of each PV module. The insertions of blocking diodes
improve the S-M-TCT PV array energy yield and minimize the partial shading effect.
The additional cost of blocking diodes is minimal since they are inexpensive. it is worth
noting that all proposed PV array arrangements have generally the same
interconnections and total wiring since they are all connected under a TCT

configuration. They will therefore have the same total wire resistance.

4.5 Conclusion

This chapter proposes a new PV array physical arrangements in order to maximize the
PV array power output and minimize the partial shading effect.

The proposed three arrangements (S-M-TCT, S-M-TCT+BLK and // S-M-TCT) show
their efficiency compared to the existing PV configuration. In this approach, the
physical arrangements of the PV modules within the PV array are in agreement with
S-M-TCT, S-M-TCT+BLK and // S-M-TCT without altering the electrical connection.
These arrangements distribute the partial shading pattern over the PV array to reduce

the impact of shadow and increase the PV array output power. The performance of the
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proposed arrangements is studied and compared to different configurations for
different shading patterns and scenarios.
The S-M-TCT PV array arrangements show better performance under partially shaded

conditions compared to other PV configuration.
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GENERAL CONCLUSION AND FUTURE WORKS

he main aim of this thesis is to propose three new physical PV array

arrangements (S-M-TCT, S-M-TCT+BLK and / S-M-TCT), without changing

electrical connections. These arrangements can be applied to PV arrays of any
size but, at this time, it has been tested on a 9x9 PV array. The proposed PV array
arrangements were systematically analyzed under a range of shading scenarios and
compared to several existing techniques/arrangements; they enhance the PV power
output, minimize the protection diode power dissipation and eliminate the multiple
peaks (LMPP) in the P-V characteristics curve under severe partial shading conditions.
An alternative approach, to overcome the cost drawback of EAR and to achieve a
balance between cost/complexity versus efficiency, is to use static reconfigurations.
This approach consists of finding a PV module arrangement with a fixed predefined
Total Cross Tied configuration. This predefined reconfiguration is designed such that
the shading effect is minimized for a variety of shading patterns. Su DO Ku puzzle
pattern is shown to effectively mitigate partial shading and maximize power PV
generation. However, a Su Do Ku puzzle pattern is applicable only to 9x9 PV modules,
and furthermore the impact of protection diodes, especially blocking diodes, needs to be
taken into consideration. These techniques operate with an array of equal numbers of
rows and columns, and are restricted to modifying the electrical connections of PV
modules which are in the same physical PV array row. As a consequence, shading
dispersion is limited and protection diodes power consumption is high.
The proposed arrangement distributes the shading pattern uniformly over the entire

PV array so that the shaded PV module numbers are equal in rows and columns. As a
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consequence, It generates a single MPP that corresponds to the GMPP, allowing the
use of a simple MPPT controller that can track the MPP easily without the need for
complex algorithms and costly hardware.

Overall, the different proposed S-M-TCT arrangements enhance GMPP for all
presented shading pattern compared to other PV arrangements and configurations.
More details for other configurations comparison under shading pattern and scenarios
are given in the table.4.2. Though the analysis and performance was presented for up
to 9x9 PV array sizes, the proposed arrangement is not limited to these arrays sizes.
The generalization of the proposed arrangement to any arbitrary PV array size, by

developing an algorithm, will be the focus of future works.
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